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33RD INTERNATIONAL WIRE 
AND CABLE SYMPOSIUM 

SYMPOSIUM COMMITTEE 

Elmei F. Godwin, Director, GEF Associates (201) 741-8864 
Susan Burgher, Assistant, US Army CECOM (201) 544-2770 
William Chervenak, Corning Glass Works 
Robert Depp, Defense Electronics Supply Center 
Andrew Dunin, DuPont Canada Inc. 
Joseph McCann, US Army CECOM 
Kazuo Nomura, Sumitomo Electric, USA 
Eugene R-'ey, Anaconda-Ericsson, Inc. 
John Thompson, Nokia, Inc. 
James Tyler, Essex Group 
George Webster, Bell Laboratories 
Austin Wetherell, Underwriters Laboratories 

ADVISORY 

Michael A. DeLucia, David W. Taylor Naval Ship R&D Center 
Marta Farago, Northern Telecom Canada Ltd. 
Irving Kolodny, General Cable Company 
Joe Neigh, AMP, Inc. 
Frank Short, R. T. Vanderbilt Company, Inc. 

9:30 am. SESSION I 

2;00 p.m. SESSION II 
2;00 p.m. SESSION III 
2:00 p.m. SESSION IV 

9:00 a.m. SESSION V 
9:00 a.m. SESSION VI 
2:30 p.m. SESSION VII 
2:30 p.m. SESSION VIM 

9:00 a.m. SESSION IX 
9:00 a.m. SESSION X 
2:00 p.m. SESSION XI 
2:00 p.m. SESSION XII 

TECHNICAL SESSIONS 

Tuesday, 13 Novembor 1984 

Panel Discussion-TELCO Systems Standardization and Procurement Prac- 
tices—The Impact of Divestiture 
Fire, Smoke, and Toxicity Technology 
Connectors, Splices, Enclosures I 
Fiber Optic Cable Design 

Wednesday, 14 November 1984 
Cable Design and Testing I 
Connectors, Splices, Enclosures II 
Cable Design and Testing II 
Fiber Optic Cable Design and Single-Mode Fiber System 

Thursday, 15 November 1984 

Cable Materials and Processing 
Undercarpet, Interoffice Cable 
Fiber Optic Applications and Installations 
Fiber Optic Materials and Testing 

■i 

PAPERS 

Responsibility for contents rests upon the authors and not the symposium committee or its members. 
After the symposium, all the publication rights of each paper are reserved by their authors, and requests 
for republication of a paper should be addressed to the appropriate author. Abstracting is permitted, and it 
would be appreciated if the symposium is credited when abstracts or papers are republished. Requests 
for individual copies of papers should be addressed to the authors. 
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Message from the Director 

On behalf of the US Army Communications-Electronics Command 
(CECOM) and the symposium committee, welcome to the 33rd 
International Wire and Cable Symposium (IWCS).  The conflict in 
meeting dates with the Wire Association caused a slight drop in 
attendance last year, however, the number of foreign attendees 
(226) from 26 countries increased significantly over the previous 
year. 

The response this year to the call for papers was greater 
than ever, with many excellent abstracts (133) submitted for 
consideration.  As a result, the committee expects this year's 
excellent technical program of 63 papers and a tutorial session 
on "Telco Systems Standardization and Procurement Practices - The 
Impact of Divestiture" to provide the interest and enthusiasm for 
the most successful symposium to date.  In addition, it is hoped 
that the move to the MGM Grand Hotel, Reno, with its excellent 
facilities will provide all the attendees with the comfort and 
conveniences essential for an enjoyable and productive meeting. 

Committee members William Chervenak of Corning Glass Works, 
Andrew Dunin of DuPont Canada and James Tyler of the Essex Group, 
are retiring from the committee.  Each member contributed 
significantly to the success of the symposium.  On behalf of the 
committee, I extend to each, a very special thanks for their 
sincere dedication, cooperation, and support of the symposium 
objectives and activities.  I wish to express my appreciation to 
all committee members for their dedicated efforts and cooperation 
and to the individual governmental and industrial organizations 
that provide technical assistance and/or contributions. 

To ensure success in years to come, the committee solicits 
the continued support of all members of the wire and cable 
industry.  Therefore, comments and suggestions are solicited and 
warranted from all attendees of the symposium. 

The symposium (34th) will return to the Cherry Hill Hyatt 
Hotel, Cherry Hill, New Jersey in 1985.  If this year's symposium 
in the MGM Grand Hotel, Reno, is successful, as expected, it is 
anticipated that the 35th symposium (1986) will return to the MGM 
Grand Hotel in Reno, Nevada. 

^LMER P. GODWIN 
Director, IWCS 
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PROCEEDINGS 
INTERNATIONAL WIRE & CABLE SYMPOSIUM 
BOUND-AVAILABLE AT FORT MONMOUTH 

27th International Wire & Cable 
2Bth International Wire & Cable 
29th International Wire & Cable 
30th International Wire & Cable 
31st International Wire & Cable 
32nd International Wire & Cable 

'33rd International Wire & Cable 

Symposium Proceedings- 
Symposium Proceedings- 
Symposium Proceedings- 
Symposium Proceedings- 
Symposium Proceedings- 
Symposium Procpedings— 
Symposium Proceedings— 

1978—$8.00 
1979—$8.00 
Not Available 
1981—$8.00 
1982—$8.00 
1983-$10.00 
1984—$15.00 

'Extra copies: 1-3 $15.00; next 4-10 $10.00; next 11 & above $8.00 each 

Make check or bank draft payable in US dollars to the INTERNATIONAL WIRE & CABLE SYMPOSIUM and 
forward request to: 

International Wire & Cable Symposium 
US Army Communications-Electronics Command 
ATTN: AMSEL-COM-D-4 
Fort Monmouth, NJ 07703-5202 
USA 

■ 

■ 

PHOTOCOPIES-AVAILABLE AT DEPARTMENT OF COMMERCE 

Photocopies are available for complete sets of papers for 1964 and 1966 thru 1982. Information on prices 
ahd shipping charges should be requested from the: 

US Department of Commerce 
National Technical Information Service 
Springfield, Virginia 22151 
USA 

Include Title, Year and "AD" Number 
13th Annual Wire & Cable Symposium (1964) 
15th Annual Wire & Cable Symposium (1966) 
16th International Wire & Cable Symposium (1967) 
17th International Wire & Cable Symposium (1968) 
18th International Wire & Cable Symposium (1969) 
19th International Wire & Cable Symposium Proceedings 1970 
20th International Wire & Cable Symposium Proceedings 1971 
21st International Wire & Cable Symposium Proceedings 1972 
22nd International Wire & Cable Symposium Proceedings 1973 
23rd International Wire & Cable Symposium Proceedings 1974 
24th International Wire & Cable Symposium Proceedings 1975 
25th International Wire & Cabl? Symposium Proceedings 1976 
26th International Wire & Cable Symposium Proceedings 1977 
27th International Wire & Cable Symposium Proceedings 1978 
28th International Wire & Cable Symposium Proceedings 1979 
29th International Wire & Cable Symposium Proceedings 1980 
30th International Wire & Cable Symposium Proceedings 1981 
31st International Wire & Cable Symposium Proceedings 1982 
32nd International Wire & Cable Symposium Proceedings 1983 

-AD 787164 
-AD A006601 
-AD 787165 
-AD 787166 
-AD 787167 
-AD 714985 
-AD 733399 
-AD 752908 
-AD 772914 
-AD A003251 
-AD A017787 
-AD A032801 
-AD A047609 
-AD A062322 
-AD A081428 
-AD A096308 
-AD A110859 
-AD A125662 
-AD A136749 

Kwic Index of Technical Papers, International Wire & Cable Symposium (1952-1975)      —AD A027558 
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Highlights of the 32nd 
International Wire and Cable Symposium 

November 15, 16, 17, 1983 
Hyatt Cherry Hill, Cherry Hill, NJ 
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Panel Members—Tutorial Session: 
(left to right) Mr C. E Gabrielson. Principle Engineer, 
Ericsson Communication: Dr. R. Jones, Dir o' Engineer- 
ing, Siecor FiberLan: Dr. D. Hanson, Section Manager, 
Fiber Op» ^s Products. Hewlett Packard and Mr H Dor- 
ns, District Manager, Systems Standards AT&T Informa- 
tion Systems. 
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Committee member Dr. VV, Chervenak (center). Corning 
Glass Works, presenting the awards for Outstanding 
Technical Paper to (right) Mr. R. H Whitely, Raychem 
Ltd and for Best Presentation to (left) Mr. T, Nishikawa: 
accepting for Mi. A. Yoshizawa, The Furukawa Electric 
Co 

Committee member Mr E. Riley (right), Anaconda- 
Ericsson, Inc. presenting Retirement Certificate to com- 
mittee member Mr. J. Brazee (left). 

• 

Banquet Guest Speaker—Mr. Vico E. Hennques, Presi- 
dent of The Computer and Business Equipment 
Manufacturers Association (CBEMA) 

Advisory member Mr J Neigh (right) AMP, Inc., present- 
ing to IWCS Director, Mr. E. Godwin, an award for ten 
years of service to the symposium 
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AWARDS 
Outstanding Technical Paper 

H. Lübars and J. A. Olszewski. General Cable 
Corp—"Analysis of Structural Return Loss in 
CATV Coaxial Cable" 

J. P. McCann. R. Sabia and B. Wargotz, Bell 
Laboratories—"Characterization of Filler and In- 
sulation in Waterproof Cable" 

D. E. Setzer and A. S. Windeler, Bell 
Laboratories—"A Low Capacitance Cable for the 
12 Digital Transmission Line" 

R. Lyenger, R. McClean and T. McManus, Bell 
Northern Research—"An Advanced Multi-Unit 
Coaxial Cable for Toll PCM Systems" 

J. B. Howard, Bell Laboratories—"Stabilization 
Problems with Low Density Polyethylene 
Insulations" 

Dr. H. Margin, Kabelmetal- 
Frequency Coaxial Cables, 
Rating" 

'High Power Radio 
Their  Design   and 

D. Doty, AMP Inc.—"Mass Wire Insulation 
Displacing Termination of Flat Cable" 

T. S. Choo, Dow Chemical U.S.A.—"Corrosion 
Studies on Shielding Materials for Underground 
Telephone Cables" 

N. J. Cogelia, Bell Telephone Laboratories and G. 
K. Lavoie and J. F. Glahn, US Department of In- 
terior—"Rodent Biting Pressure and Chemical Ac- 
tion and Their Effects on Wire and Cable Sheath" 

Thomas K. McManus, Northern Telecom Canada 
Ltd. and R. Bevendge, Saskatchewan Telecom- 
munications, Canada—"A New Generp.don of Fill- 
ed Core Cable" 
Fumio Suzuki, Shizuyoshi Sato, Akinori Mori and 
Yoichi Suzuki; Sumitomo Electric Industries, Ltd., 
Japan —"Microcoaxial Cables Insulated with 
Highly Expanded Polyethylene By Chemical Blow- 
ing Method" 
S. Masaki, Y. Yamazaki and T. Ideguchi, Nippon 
Telegraph and Telephone Public Corporation, 
Japan —"New Aluminum Sheath Cable Used for 
Electromagnetic Shielding" 
P. Kish and Y. LeBorgne, Northern Telecom 
Canada Limited, Montreal, Canada—"General 
Crosstalk Model For Paired Communication 
Cables" 
C. J. Arroyo, H. J. Cogelia, Bell Laboratories, and 
R. J. Darsey, Western Electric —"Thermal 
Beha/ior of Experimental Plenum Cable Sheaths 
Determined in a Radiant Heat Chamber" 

R. H. Whiteley, Raychem Ltd. —"A Comprehensive 
Small Scale Smoke Test" 

V. A. Fentress, Raychem Corp. and D. V. Nelson, 
Stanford University —"Fracture Mechanics 
Evaluation of the Static Fatigue Life of Optical 
Fibers in Bending" 

Best Presentation 

1968 N. Dean, B.I.C.C—"The Development of Fully Fill- 
ed Cables for Distribution Network" 

1969 J- D. Kirk, Alberta jovernment Telephones— 
"Progress and Pitfalls of Rural Buried Cable" 

1970 Dr. 0. Leuchs, Kable and Metalwerke—"A New 
Self-Extinguishing Hydrogen Chloride Binding 
PVC Jacketing Compound for Cables" 

1971 S. Nordblad, Telefonaktiebolaget L. M. Erics- 
son—"Multi-Paired Cable of Nonlayer Design for 
Low Capacitance Unbalance Telecommunications 
Network" 
N. Kojima, Nippon Telegraph and Telephone— 
"New Type Paired Cable for High Speed PCM 
Transmission" 

1972 S. Kaufman, Bell Laboratories—"Reclamation of 
Water-Logged Buried PIC Telephone Cable" 

1973 R. J. Oakley, Northern Electric Co., Ltd.—"A Study 
Into Paired Cable Crosstalk" 

1974 G, H. Webster, Bell Laboratories—"Material Sav- 
ings by Design in Exchange and Trunk Telephone 
Cable" 

1975 J. E. Wimsey, United States Air Force—"The Bare 
Base Electrical Systems" 

1976 Michael DeLucia, Naval Ship Research and 
Development Center—"Highly Flre-Retardant 
Navy Shipboard Cable" 

1977 William L. Schmacher, AMP Inc.—"Design Con- 
siderations for Single Fiber Connector" 

1978 Richard C. Mondello, Be'l  Labs.—"Design and 
Manufacture of an Experimental Lightguide Cable 
For Undersea Transmission S^iems" 

1979 I. Wadehra, IBM Corporation—"Performance of 
Polyvinyl Chloride Communication Cables in 
Modified Steiner Tunnel Test" 

1980 J. J. Refi, Bell Laboratories—"Mean Power Sum 
Far-End Crosstalk of PIC Cables as a Function of 
Average Twist Helix Angle" 

1981 G. S. Anderson, Beiden Corporation—"Installa- 
tion of Fiber Optic Cable on 457 Meter Tower" 

1982 A. Yoshizawa, The Furukawa Electric Co., 
Ltd.—"Structure and Characteristics of Cables for 
Robots" 

1983 J. R. Bury, Standard Telecommunication 
Laboratories. Ltd., Hallow, England—"Develop- 
ment of Flame Retardant, Low Aggressivity 
Cables" 
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CONTRIBUTORS 

A-C Polyethylene 
Morristown, NJ 
AFA Industries 
Garfield, NJ 
Alambres y Cables Venezolanos 
CA. "ALCAVE" 
Caracas, Venezuela 
Allied Corporation (Engineered Plastics) 
Morristown, NJ 
Alpha Wire Corporation 
Elizabeth, NJ 
AMP Incorporated 
Harrlsburg, PA 
Anaconda Wire & Cable Company 
Greenwich, CT 
Anixter Bros., Inc. 
Skokle, IL 
Arco Chemical Co. 
Philadelphia, PA 
Arvey Corporation—Lamcote Division 
Cedar Gruve, NJ 
Associated Lead Inc. 
Philadelphia, PA 
Astro Wire & Cable Corporation 
Worcester, MA 
ATC (PTY) Limited 
Brits. Transvaal., South Africa 
Austral Standard Cables PTY Limited 
Australia 
Badische Corporation 
Williamsburg, VA 
Barcel Wire & Cable Corporation 
Irvine, CA 
Bayshore Industrial, Inc. 
La Porte, TX 
Beacon Reel Co. 
Beacon Falls, CT 
Beiden Cooper Industries 
Richmond, IN 
Beiden Technical Research Center 
Geneva, IL 
Belding Corticelli Thread Company 
New York, NY 
Bell Canada 
Ontario, Canada 
Bell Communications Research 
Basking Ridge, NJ 
Bentley-Harris Mfg. Co. 
Lionville, PA 
Berkshire Electric Cable Co. 
Leeds, MA 
Berk-Tek Inc. 
Reading, PA 
BICC Telecommunications Cables Ltd. 
Merseyside, England 
Borden Chemical—Thermoplastics Div. 
Leomlnster, MA 
Boston Insulated Wire & Cable Company, Ltd. 
Hamilton, Ont., Canada 
BRAND-REX Company 
Willimantic, CT 
Breen Color Concentrates, Inc. 
Lambertville, NJ 
Burgess Pigment Company 
Sandersville, GA 
Camden Wire Co., Inc. 
Camden, NY 
Canada Wire and Cable Limited 
Winnipeg, Canada 

Carlew Chemicals Ltd. 
Montreal, Quebec 
R. E. Carroll Inc. 
Trenton, NJ 
Gary Chemicals Inc. 
Howell, NJ 
CasChem, Inc. 
Bayonne, NJ 
Chase & Sons Inc. 
Randolph, MA 
Chromatics—Colorant Group 
Danbury, CT 
Chromatics, Inc. 
Danbury. CT 
Ciba-Geigy Corporation 
Hawthorne, NY 
Colorant AB 
Knivsta, Sweden 
Colorite Plastics Co. 
Rldgefield, NJ 
Communications Technology Corporation 
Los Angeles, CA 
Condustron Corporation 
Leomlnster, MA 
Conoco Chemicals 
Houston, TX 
Conoco Chemicals 
Saddle Brook, NJ 
Corning Glass Works 
Telecommunications Products Division 
Corning, NY 
Crellin, Inc. 
Chatham, NY 
Dainichi-Nippon Cables, Ltd. 
Japan 
Davis-Standard Division 
Crompton & Knowles Corporation 
Pawcatuck, CT 
Dow Chemical U.S.A. 
Midland, Ml 
Dow Corning Corporation 
Midland, Ml 
Eastman Chemical Products, Inc. 
Klngsport, TN 
The Electric Wire & Cable Co. of Israel Ltd. 
Haifa, Israel 
Electrical Wire Products Bay Associates, Inc. 
Menlo Park, CA 
EnviroStrand, Inc. 
Leomlnster, MA 
Essex Group 
Decatur, IL 
Ethyl Corporation 
Sayreville, NJ 
Excelsior Wire Corp. 
Los Angeles, CA 
F&G Telecommunication Cables and Systems 
A Member of Philips Kommunikations Industrie AG 
West Germany 
Facile Techno'ogies, Inc. 
Paterson, NJ 
Formulabs Ind. Inks, Inc. 
Escondido, CA 
Freeport Kaolin Co. 
Gordon, GA 
Fujikura Ltd. 
Tokyo, Japan 
Gary Chemical Corp. 
Leomlnster, MA 
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Gavitt Wire and Cable Co., Inc. 
Brookfield, MA 
Gem Gi vure Company 
Hanover, MA 
General Cable Co.—Fiber Optics Div. 
Edison, NJ 
Global Plastics Polymers Div. 
Leominster, MA 
BF Goodrich Company—Chemical Division 
Cleveland, OH 
W.L. Gore & Associates, Inc. 
Lakewood, CO 
Great Lakes Chemical Corporation 
West Lafayette, IN 
Harbour Industries, Inc. 
Arlington, TX 
Hitemp Wires 
Bohemia, NY 
Hong Kong Telephone 
Hong Kong 
Hudson Wire Co. 
Ossining, NY 
Ibaraki Electrical Communications Lab., 
Nippon Telegraph & Telephone Public Corp. 
Japan 
International Wire Product Company 
Wyckoff, NJ 
ITT Surprenant Division 
Clinton, MA 
Joyo Bank Ltd. 
Tokyo, Japan 
Judd Wire Div., HVE 
Turners Falls, MA 
Jutland Telephone 
Denmark 
Kables Tapes Ltd. 
Manitoba, Canada 
Kenrich Petrochemicals, Inc. 
Bayonne, NJ 
Kingsley Machine Co. 
Hollywood, CA 
Lamart Corp. 
Clifton, NJ 
Lignes Telegraphiques et Telephoniques 
France 
J. J. Lowe Associates, Inc. 
Bedford Hills, NY 
Lynn Plastics Corporation 
Lynn, MA 
M&T Chemicals Inc. 
Woodbridge, NJ 
Maillefer Company 
South Hadley, MA 
Manning Paper Company 
Troy, NY 
Mitsubishi Petrochemical Co., Ltd. 
Japan 
Mobay Chemical Corporation 
Pittsburgh, PA 
Monsanto Polymer Products Co. 
St. Louis, MO 
The Montgomery Co. Canal Bank 
Windsor Locks, CT 
Montrose Products Company 
Auburn, MA 
Mossberg Industries inc. 
Cumberland, Rl 
Neptco Incorporated 
Pawtucket, Rl 
Nesor Alloy Corporation 
West Caldwell, NJ 

The New Brunswick Telephone Co. 
Canada 
New Zealand Post Office 
Wellington, New Zealand 
NKF Kabel B.V. 
The Netherlands 
NKT Electronik 
Denmark 
Nokia Inc. 
Atlanta. GA 
Northern Telecom Canada Limited 
Montrc. ', Canada 
Northern Tolecom—Optical Systems Division 
Kanata. Ontario, Canada 
Occidental Chemical Corporation 
Niagara Falls, NY 
OKI Electric Cable Co. Ltd. 
Japan 
Omego Wire Inc. 
Camden, NY 
The Ore & Chemical Corporation 
A Member of the Metallgesellschaft Group 
New York, NY 
Pantasote Inc. 
Passaic, NJ 
Pennwalt Corporation 
Philadelphia, PA 
Penreco 
Butler, PA 
A.E. Petsche Company, Inc. 
Arlington, TX 
Phalo Corporation 
Shrewsbury, MA 
Phillips Cables Ltd. 
Vancouver, B.C., Canada 
Phillips Chemical Company 
Pasadena, TX 
Prestollte 
Sidney, NE 
Prestollte Wire 
Sidney, Nebraska, and Port Huron, Ml 
Raychem Corporation 
Fuquay-Varina, NC 
Raychem Corporation 
Menlo Park, CA 
Rea Magnet Wire Company, Inc. 
Ft. Wayne, IN 
Reichhold Chemicals, Inc. 
Hackettstown, NJ 
Reliance Comm/Tec 
Chicago, IL 
Walter Rose GmbH & Co. KG 
West Germany 
Santech Inc. 
Ontario, Canada 
Shell Chemical Company 
Houston, TX 
Showa Electric Wire and Cable Co., Ltd. 
Japan 
Siecor Corporation 
Hickory, NC 
Siemens AG 
Munich, Germany 
Siemens AG, NK E LWL 
Germany 
Sieverts Kabelverk AB 
Hudikvallsfabriken 
Sweden 
Sieverts Kabelverk AB 
Sundbyberg, Sweden 
Societe Anonyme de Telecommunications 
France 
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Solem Industries Inc./J.M. Huber Corp. 
Norcross, GA 
Soltex Polymer Corporation 
Houston, TX 
Southwest Chemical Services Inc. 
Houston, TX 
Southwire Company 
Carrollton, GA 
Standard Electrica, S.A. 
Santander, Spain 
Sterling Davis Electric 
Wallingford, CT 
Symplex Wire and Cable Company 
Portsmouth, NH 
SYNCRO Machine Company 
Perth Amboy, NJ 
Taconic Plastics, Lid. 
Petersburg, NY 
Tamaqua Cable Products Corp. 
Schuylkill Haven, PA 
Teknor Apex Co. 
Pawtucket, Rl 
TELECOM 
Melbourne, Australia 
Teledyne Farris Engineering 
Palisades Park, NJ 
Teledyne Thermatics 
Elm City, NC 
Tensolite Company 
Division Carlisle Corp. 
Buchanan, NY 
Thermax Wire Corp. 
Flushing, NY 
Thomas & Betts—Insulation 
Products Division 
Raritan, NJ 
3M 
St. Paul, MN 

Times Fiber Communications, Inc. 
Wallingford, CT 
Torpedo Wire & Strip, Inc. 
Pittsfield, PA 
Trea International Ltd. 
North Kingstown, Rl 
TRW Inc. 
Philadelphia, PA 
UBE Industries 
Jcpan 
Union Carbide Corporation 
Danbury, CT 
Union Carbide Corporation 
Long Beach, CA 
U.S. Industrial Chemicals Co. 
Cincinnati, OH 
USS Chemicals Division 
Pittsburgh, PA 
Valtec 
W. Woylston, MA 
R. T. Vanderbilt Co. Inc. 
Norwalk, CT 
The Watson Machine Co. 
Paterson, NJ 
Weber & Scher Mfg. Co., Inc. 
Newark, NJ 
Whitmor Wire & Cable Corp. 
No. Hollywood, CA 
Wilson Fiberfll International 
Neshanic Station, NJ 
Wyre Wynd Inc. 
Jewett City, CT 
Wyrough and Loser Inc. 
Trenton NJ 
Zumbach Electronics Corp. 
Mount Kisco, NY 
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TABLE OF CONTENTS 

»: 

TUESDAY. NOVEMBER 13,1984-9:30 AM • 12:00 PM 

Grand Ballroom, Hall of Fame Area 

Greeting: Mr. Theodore Pfeiffer, Technical Direc- 
tor, US Army Communications- 
Electronics Command, Fort Monmouth, 
N.J. 

SESSION I: TELCO   SYSTEMS   STANDARDIZA- 
TION AND PROCUREMENT PRAC- 
TICES-THE IMPACT OF 
DIVESTITURE. 

Chairperson: James Tyler, Essex Group 

Panel Members: 
Mr. E. J. Cohen, Engineering Management and 

Standards Engineer, Rural Electrification Ad- 
ministration, Washington, D.C. 

Mr. M. Cain, Assistant Manager Technology and 
Standards, National Communication System, 
Washington, D.C. 

Mr. F. Andrews, V.P. Technology Systems, 
Bellcore, Red Bank, New Jersey. 

Mr. 0. J. Gasella, Executive Director, Exchange 
Carriers Standards Association, Parsippany, 
New Jersey. 

Mr. R. Cole, District Manager, Procurement Ad- 
ministration, Pacific Bell, San Francisco, 
California. 

TUESDAY, NOVEMBER 13,1984-2:00-5:00 PM 

Bijou Com, jx 

SESSION II: FIRE, SMOKE, and TOXICITY 
TECHNOLOGY 

Chairperson: Austin   Wetherell,   Underwriters 
Laboratories 

Arlyoxphosphazene Elastomers—New Flame 
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ARLYOXPHOSPHAZENE ELASTOMERS - 

NEW FLAME RETARDANT INSULATION MATERIALS 

.1. T. Books, Ü. M. Indyke and W. Ü. Muenchingcr 

Ethyl Corporation 

Baton Rouge, Louisiana 
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In  the   1%0's,   several   investigators 
found   that   the chlorine atoms  could   be  re- 
placed  with certain  organic  groups   to  give 
hydrolytica!1y  stable  polyorganophospha- 
zenes.     Soon many different   compositions 
were  discovered,   all   based  upon  the   phos- 
phorus-nitrogen  backbone.     Subsequent  de- 
velopment   has  shown  the  utility  of   these 
polymers   for many applications. 

Early  in  the   1970's,   Horizons 
Research,   Inc.,   under contract   to  the  U.S. 
Navy,   began working  on  i nhereri. 1 y   flame- 
retardant,   low  toxicity wire  and cable 
compounds   based  on  phosphazene  polymers. 
Some   filled  poly   (aryloxyphosphazene)compo- 
sitions   for wire  coverings were disclosed 
in a   1978 patent  assigned  to The Firestone 
Tire &  Rubber  Co.-'     Firestone  commercial- 
ized  the   firs;   polvphosphazene  product, 
PNF®,   phosphonitri1ic   f1uoroelastomer,   in 
the   late   1970ls.     The  Ethyl   Corporation 
obtained  an  exclusive world wide  license 
for  phosphazene  polymer technology  and 
patents   from Firestone  in  1983.     Ethyl 
Corporation  Is  now developing  polyphospha- 
zenes   for  several   application areas,   in- 
cluding   the  wire and  cable  field.     Ethyl 
has  announced  a  plant   to  produce phospha- 
zene  polymers  which   is  scheduled  for  start- 
up  in early  1985. 

Chemistry 

Linear phosphazene high polymers are 
classically made from cyclic trimer.  A 
catalyst or heat induces polymerization of 
the trimer rings to form chloropolymer 
chains.  The chlorine atoms are subse- 
quently replaced with organic groups. 
Many organic groups can be used.  Mixtures 
of groups are used to make polymers with 
elastomeric properties.  Obviously many 
combinations are possible.  Both plastic 
and elastomeric resins with a wide range 
of thermal, mechanical, and f1ammabi1ity 
properties have been prepared. 

T.i particular, poly (phenoxy, g-ethyl- 
phenoxy phosphazene), which will hereafter 
be referred to by the generic designation 
for poly (aryloxyphosphazenes), PZ (as per 
ASTM L)1418), is a composition of signifi- 
cant interest for the development of wire 
and cable covering compounds.  PZ is a 
peroxide-curable elastomer with a glass 
transition temperature of -IS^C and a 
limiting oxygen index (LOI) of J8^.  PZ 
tailored for wire and cable use can be 
virtually halogen-free and has low toxic- 
ity and corrosivity of combustion off- 
gases.  The combination of high LOI and 
low toxicity and corrosivity are highly 
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desirable characteristics for electrical 
insulation applications that must take in- 
to account the current concerns about fire 
safety of polymeric materials. 

Compounds and Properties 

The early work by Horizons Research^-^ 
resulted in two different PZ compounds that 
were label! d "wire covering" and "cable 
covering".  iho reported properties of each 
are 1i sted beiow: 

4.0 dielectric constant at ICT Hz, 0.02 
dlssispation factor at 10 Hz, and volume 
resistivity of 1 x U)1^ ohm-cm. 

PZ wire and cable coating compounds 
have significant resistance to attack by 
many functional fluids.  In side by side 
tests, PZ performed very well compared to 
other materials: 

PZ CR* CSM* ANM" 

Cable Wire 
Covering     Covering 

1 ,000 
140 
47 

760 
135 

38 

8 

(ensile  Strength,   psi 
Elongation at   break, 
LOI,   ASTM D2863 
Flame  Spread   Index, 

ASTM  El62 
M>;i   smoKe  uensity,   ^>mc'- 

Smoldering 
Flaming 

Dielectric  Strength, 
\' f rri  1 V / 111 I 1 

Dielect'-ic Constant 
at 104 Hz 

Dissipation Factor 
a'.   104 Hz 

The   initial   development  work  by  Ethyl 
yielded  a compound  with  higher  tensile 
strength.     Extrudabi1ity  on  conventional 
equipment   was  also  demonstrated. 

L8 
49 

20 
75 

30 >870 

4.98 

0.0233 

Tensile Strength, psi 1270 
Elongation at break. 135 
NBS Smoke Density, Dm,;: 

Smoldering 6 5 
Dielectric Strength, 

V/mi 1 1000 
Dielectric Constant 

at 10* Hz 4.7 

Although  this  compound demonstrated 
outstanding  resistance   to  fire,   low  smoke 
generation and  excellent   processing  char- 
acteristics,   its  overall   "toughness" was 
deemed   inadequate   for most   applications. 

The Naval Sea Syst 
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s be en made toward 
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ths above 40 ppi , 
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i have been pre- 
ertios inc1ude: 

7, Weight Change 
after 24 hrs. 
@   100oC   in: 

ASTM Oil 
ASTM Oil 
ASTM Oil 

>n 
#2 
#3 

%  Retention 
Elongation 

0. 
2, 

11, 

-fter 24 hours 
@ 230C in 
Isopropyl 
Alcohol: 

% Weight Gain 
7a Reter.tion 

Tensile 
Strength 

% Retention 
Elongation 

After 24 hours 
<a>  230C in 
Monsanto 
CoolanolTM 25 
Fluid: 

% Weight Gain 
7, Retention 

Tens 11e 
Strength 

7« Retention 
Elongation 

After 24 hours 
@ 50oC in 
MIL-H-5606 
Hvdraulic 
Fluid: 

%  Weight Gain 
7, Retention 

Tensile 
Strength    74 

94 

8 - 0.5 
4 +19.8 
4 +44.0 

3.7 

98 

57 

4.8 

87 

95 

23 

- 6.3 
+2.7 
16.1 

h 0.6 
► 7.9 
-20.7 

CR  o Polychloroprene 
CSM - Chlorosulfonated Polyethylene 
ANM = Copolymer (of) ethylene and 

methyl methacrylate 
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Fire Rotardance and Combustion Toxicity 

The phosphorus-nitrogen combination 
that forms the polymer backbone gives the 
organophosphazenc molecule its inherent 
flame resistance.  Uncompounded PZ has an 
LOI of 2>, and is self-extinguishing under 
ambient conditions.  Compounding techniques 
can be used to raise the LOI further.  Com- 
pounds can be designed to char rather than 
drip or flow when exposed to flame.  The 
residue that is left after combustion 
could help to preserve circuit integrity. 

The toxicity of combustion products 
of poly (aryloxyphosphazenes) has been 
studied by Magi 11, Alarie, and coworkers , 
as reported in a series of papers from 
1978-19807-10.  Kxtensive testing was con- 
ducted on foams and cured slabs, including 
thermo-gravimetric analyses, flame spread, 
smoke density and LOI measurements, as well 
as exposure of small animals to combustion 
gases.  These researchers rated the poly 
(ary 1 oxyphosphazene) compounds on relative 
toxicity scales.  These studies indicated 
that the combustion products of PZ were 
less toxic than most other materials 
studied''. 

Processing of Poly (Aryloxyphosphazene) 
Compounds 

PZ compounds can be easily processed 
on conventional equipment.  Extrusion onto 
bare wire has been done without difficulty 
using a standard single screw extruder with 
a crosshead die.  Processing temperatures 
of about 100oC are recommended.  Limited 
Instron capillary rhoometer tests of PZ 
compounds at shear rates up to 3000 B-l 
indicate melt fracture at 50oC but not it 
90oC.  The proper choice of a peroxide 
curing agent provides a combination of suf- 
ficient scorch safety, fast cure, and non- 
irritating vulcanization products.  Uibo- 
ratory compression molding of slab sanpil »a 
is complete in 15-20 minutes at 1770C. 
PZ compounds have not been tested in ccrn- 
tinuous vulcanization systems.  Conven- 
tional steam continuous vulcanization and 
salt bath curing are expected to yield 
satisfactory results. 

Future Directions 

The composition, poly (phenoxy, £- 
ethylphenoxy phosphazene), can provide a 
beneficial range of pro^.-rtles in wire and 
cable applications.  Many other poly (orga- 
nophosphazene) structures are possible. 
Polymers containing different organic side 
groups are being evaluated. 

Other compounding techniques are being 
explored.  Compositions with combined prop- 

erties of 1650 psi tensile strength, 4907 
elongation and 34 ppi tear strength have 
been prepared. 

Significant progress has recently 
been made toward preparing phosphazene 
polymers and iompositions which exhibit 
useful combinations of physical, electri- 
cal, and fire safety properties.  Addi- 
tional progress can be expected as we gain 
experience with this now class of polymers. 
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ABSTRACT 

A vertical riser fire test has been 
developed to evaluate cables for Clas- 
sification in accordance with the ver- 
tical fire spread requirements of the 
1984 National Electrical Code.  The 
test simulates a cable installation in 
a riser shaft with exposure to a large 
fire source.  A variety of copper con- 
ductor cables and optical fiber cables 
were tested.  Some cables exhibited 
only minor flame propagation and are 
now Classified by Underwriters 
Laboratories for use in riser shafts. 

INTRODUCTION 

Cables should be designed and installed 
so they do not spread fire through a 
building.  This common-sense notion is 
expressed in several parts of the 1984 
National Electrical Code.  Paragraph 
800-3(b) of the Code covers communica- 
tions circuits in vertical runs and 
states that: 

"Communications wires and cables, 
both metallic conductor and opti- 
cal fiber types, in a vertical run 
in a shaft shall be listed as 
having fire-resistant character- 
istics capable of preventing the 
carrying of fire from floor to 
floor."* 

The term "listed" is defined in the 
Code.  Part of the definition is, 
"Equipment or materials included in a 
list published by an organization 
acceptable to the authority having 

♦Similar requirements are contained in 
Article 760 - Fire Protective 
Signaling Systems (Section 760-28(b) 
(4) and Article 770 - Optical Fiber 
Cables (Section 770-6). 

jurisdiction and concerned with product 
evaluation...".  One such organization 
is Underwriters Laboratories, which is 
now Classifying communications cables 
in accordance with this requirement. 

This paper reports on the 
of a test for evaluating 
propagation of cables ins 
vertical runs and on the 
different constructions o 
tions cables.  The cables 
copper conductor and opti 
cables, so-called "riser" 
well as "station cables" 
which could also be insta 
handling plenums. 

development 
the flame 
tailed in 
performance of 
t communica- 
tested were 

cal fiber 
cables, as 

and cables 
lied in air 

Much of the background 
development of the test 
ously reported.'  First 
telephone riser shafts 
determine the typical s 
tion, number of cables 
A typical shaft was fou 
series of vertically al 
connected by holes or s 
each floor for passage 
on the survey results, 
facility was built that 
story of a typical rise 
and shape.  Although ho 
common than slots in sh 
were used in the test f 
a slot offers more oppo 
propagation because of 
area. 

researcii for the 
has been previ- 

, a survey of 
was conducted to 
hal:t construc- 
anc' fuel load. 
nd '■.o be a 
igned rcoms, 
lots through 
of cable.  Based 
a tire test 
modeled one 

r shaft in size 
les are more 
aft rooms, slots 
acility because 
rtunity for fire 
its larger open 

A propane bur 
simulate a fi 
may be presen 
size of the f 
large enough 
cables but no 
from floor to 
cables. Prel 
that a 145 kW 
criteria. Th 
temperature o 
the upper slo 
test room, wh 
flash ignitio 

ner flame was used to 
re from combustibles which 
t in a shaft room.  The 
lame was chosen to be 
to rapidly ignite the 
t cause fire propagation 
floor in the absence of 

iminary work demonstrated 
propane flame met these 

is test flame produced a 
f approximately 230oC at 
t in the ceiling of the 
ich is slightly below the 
n temperature of wood. 
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FIRE TEST FACILITY 
The fire tests were conducted inside a 
test enclosure consisting of two com- 
partments, one lor te.'itimj and the 
other for observation and smoke collec- 
tion (Fig. 1).  The test compartment 
was 4 feet by 8 feet by 12 feet high. 
Vertically aligned rectangular slots, 1 
foot by 2 feet, were located in boch 
the floor and the ceiling near one 
corner.  The observation and collection 
compartment was located above the test 
compartment and was 4 feet by 8 feet, 
but only 8 feet, 8 inches high.  A 16 
inch diameter exhaust duct was located 
in the roof.  The exhaust was natural 
convection.  The test enclosure was 
located inside of a laboratory build- 
ing. 

TEST  METHOD 

16 INCH flPf 

IIUILOINC, 
).d fLOOt 

ItUllDIN'SI 
]nd HOC» 

BUINE* 

FIRE T€ST FACIIITY     SIMULATED RISER SHAFT 

FIGURE   1 

The burner apparatus for the ignition 
flame consisted of a 1/2 inch diameter 
steel pipe with a diffusion plate.  The 
plate was 12 inches square and formed 
from 1/4 inch thick cold rolled steel 
with nine 1/2 inch diameter holes (Fig. 
2).  The plate was placed 3-3/4 inches 
above the end of the pipe. 

For each 
pieces w 
and faste 
shown in 
of pieces 
layer of 
wide (Tab 
procedure 
mental te 
tion was 
of a sing 
few 3 inc 
pieces. 

test 
re i 
ned 
Figu 
wet 

cabl 
les 
was 

sts 
grea 
le 1 
h di 

, multi 
nstal le 
at the 
re 2. 
e used 
es, app 
I and I 
select 

showed 
ter for 
ayer th 
ameter 

pie 16 
d throu 
top and 
A suffi 
to make 
roximat 
I) . Th 
ed afte 
that fl 
sample 

an a sa 
bundles 

foot cable 
gh the slots 
bottom as 

cient number 
a single 

ely 1 foot 
is sample 
r develop- 
ame propaga- 
s consisting 
mple of a 

of  cable 

I     i M ••' 

2nd   FLOOR 
5'   CONCRETE C2 

1 11   FLOOR 
5'   CONCRE TE dE 

TE»T   FLOOR 
LINE 

PLATFORM 

IW> 

I'«' 

77rr/7 '//?7/ /?"//? ??/77777??, 

SCHEMATIC   OF   FIRE   TEST   FACILITY   SHOWING 
PLACEMENT   OF   BUHNER AND   CABLES 

FIGURE  2 
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air velocity through the test cham- 
, as measured at the bottom slot, 
Led from 3 to 4 m/s due to the igni- 
i flame, natural convection and test 
llity design.  A temperature of 75 * 
f  was established inside the enclo- 
? prior to each test.  For supple- 
:al information, thermocouples were 
i to measure temperatures at differ- 
locations within the test enclo- 

;.  The locations of these thermo- 
3les are shown in Figure 3. 

THERMOCOUPLES 12* ABOVE SLOT 

THERMOCOUPLES 2* ABOVE SLOT 

i 

THERMOCOUPLES 3* BELOW SLOT 

THERMOCOUPLE LOCATIONS 
SECOND FLOOR SLOT 

FIGURE 3 

The 
was 
maxi 
cabl 
t ion 
ute. 
minu 
befo 
test 
the 
reco 

flow 
estab 
mum f 
es as 
was 
Eac 

tes, 
re th 
was 

maxim 
rded 

rate of propane to the burner 
lished as 211 ±11 SCFl.. The 
lame height of the burning 
determined by visual observa- 
recorded at least every min- 
h test was continued for 30 
unless the sample was consumed 
at time, in which case, the 
terminated.  After each test, 
um cable damage height was 

CABLES TESTED 

The riser cables tested (Figure 4) had 
a flame retardant PVC jacket adhesively 
bonded to a corrugated aluminum shield. 
The copper wires were insulated with a 
dual insulation of foamed high density 
polyethylene with a PVC skin, and the 
core was covered with composite wrap of 
polypropylene film and nonwoven poly- 
ester.  Theso cables were made with ?2, 
24 or 26 AWG copper conductors, and 
pair sizes ranging from 100 to 3600. 
The smallest and largest cable in each 
gauge was tested.  The development of 
the materials and construction of these 
cables are described in the paper by 
Dillow and Dougherty.2 

RISER CABLES TESTED 

FIGURE 4 
■ 
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The inside wiring cables (Figure 5) had 
24 gauge copper conductors insulated 
with a flame retaidant semirigid PVC 
insulation and jacketed with a flame 
retardant flexible PVC jacket.  The 
development and fire properties of 
these cables have been described by 
Kaufman and Landreth,' and by Kaufman 
and Yocum.^ 

The plenum cables (Figure 5) had the 
same PVC insulated wires as inside 
wiring cable, a nonwoven aramid thermal 
wrap and a polyviny1idene fluoride 
jacket.  Some of the characteristics of 
this cable have been published by 
Arroyo and Uursh.5 

^TMNVOTWIBW^TTT 

Plenum cable was expected to have the 
least amount of flame propagation since 
it is UL Classified to a demanding 
flame spread requirement, viz., no 
than 5 feet7 in the UL 910 test.y» 

more 

DUPUX OPIICAl HBtB ( ABil 

Ttie PVC jackets on the inside wiring 
cable and riser cable had the same 
degree of flame retardation.  The insu- 
lation on the conductors for the inside 
wiring cable was flame retardant PVC, 
whereas the insulation on the conduc- 
tors for the riser cable was about 60 
percent of this PVC and 40 percent 
foamed polyethylene.'1 Since the insu- 
lation of the inside wiring conductors 
had a higher degree of flame retarda- 
tion than the insulation of the riser 
conductors, it was anticipated that the 
inside wiring cables would exhibit less 
flame propagation than similarly sized 
riser cables. 

The optical fiber interconnection 
cables utilized a more flexible (and 
hence slightly less flame retardant) 
jacket than inside wiring cable, which 
would make these cables less flame 
retardant than they would otherwise be 
if they utilized the same jacket as 
inside wiring cable.  On the other 
hand, these optical fiber cables con- 
tained no metallic members which could 
conduct heat and more quickly pyrolyze 
the jacket in front of the flame and 
thereby promote flame propagation along 
the cable. 

RESULTS 

OUAD OPTIC Al HBfB rABK 

BUILDING DISTRIBUTION CABLES TESTED 

FIGURE 5 

The duplex and quad optical fiber 
interconnection cables (Figure 5) had 
two or four, respectively, single fiber 
interconnection cables in a flame re- 
tardant PVC jacket.  The single fiber 
cable had a flame retardant PVC buffer 
over the coated fiber, an aramid 
strength member over the buffer and a 
flame retardant PVC jacket over the 
aramid.  Further details are given by 
Loadholt and Williamson.6 

Based on the results of other fire 
tests and a knowledge of the flame 
retardant properties of the materials 
used in the cables, we anticipated the 
following rank ordering of performance 
of the copper cables; 

Figures 6-8 show the flame height ver- 
sus time curves for the three large 
riser cables.  Since each test was run 
in triplicate, three curves are shown 
in each figure.  The ignition flame was 
approximately 4 feet high; at the be- 
ginning of each test, it was close to, 
but not impinging on the cables.  Con- 
sequently, all of the flame height 
versus time curves exhibit a short 
delay before the flame propagated up 
the first 4 feet of cable.  The large 
riser cables all exhibited low values 
of peak flame height of 8.5 feet or 
less. 

Figures 9-11 show the results for the 
three small riser cables.  In general, 
these cables exhibited higher peak 
flame heights than the larger riser 
cables.  Two cables did not propagate 
flames through the upper slot (100 
pair, 24 gauge; 200 pair, 22 gauge). 
The 300 pair, 26 gauge cable was tested 
four times; in three of the tests 
flames propagated through the upper 
slot, and in the remaining test, the 
peak flame height was only 8 feet. 

:: 

■; 
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UL RISER TEST: COPPER RISER 
900 Pair 22 GRUGE 

FIGURE 6 

7.S 15 22.5 
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UL RISER TEST: COPPER RISER 
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FIGURE 9 ■ 
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FIGURE 7 
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FIGURE   10 
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UL   RISER   TEST:    COPPER  RISER 
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FIGURE   8 
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UL RISER TEST: COPPER RISER 

300 Pair 26 GAUGE 
FIGURE 11 

International Wire & Cable Symposium Proceedings 1984   9 

S      - - ■■.-■vv-v ■ ■■-•■■... ;.•■•• • • ■"•".''•.   -.•'   •' ': 
i -^. ^ - --<-<:- i. - - 

■_» :^\v:k 



■ V '.-' IV 'J-.'.- K-'-V 

Figure   12   s 
flame  heigh 
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riGURE   12 

The   results   for   inside wiring   cable  are 
shown   in  Figures   13-15.      These   figures 
exhibit  two   features   1)   good   reproduci- 
bility and   2)  a dependence on  cable 
size.     The   100 pair  cables propagated 
flame   to  the  8  foot   level   and   2C)  pair 
cables  8-9   feot,   whereas   the  4   pair 
cable  propagated   flame   through   the 
upper  slot. 

TIME   (ifilnutaa) 
UL RISER TEST: 25 P«(r 

INSIDE WIRING CRBLE 
FIGURE H 

7.3 IS 22.9 
TIME (mlnutas) 

UL RISER TEST: 4 P«1r 
INSIDE WIRING CABLE 

FIGURE 15 

Four pair plenum cable, which had a 
fluoropolymer jacket, performed well 
(as expected). Figure 16. 
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Both  of   the  rjtical   fiber   interconnec- 
tion   cables   jxhibited   low peak   flame 
heights,   Figures   17-18,   notwithstanding 
the   fact   that   the  duplex   cable   had   a 
smaller  diameter   than   the  4  pair  inside 
wiring  cable. 

TIME (nMnutSJ) 

UL RISER TEST: LIGHTGUIDE DUPLEX 
INNERCONNECTION CRBLE 

FIGURE 17 

•.  tn _ 

if     is — 

I    - 

TIME (mlnutst) 

UL RISER TEST: LIGHTGUIDE QUAD 
INNERCONNECTION CRBLE 

FIGURE 18 

Peak   flame  height   versus   diameter  for 
the   riser,   inside   wiring,   and   inter- 
connection  cables   is  shown   in   Figure 
19.     Within  each   cable  design,   peak 
flame   height  generally   increased  as 
cable  diameter  decreased.     The   absence 
of  a  metallic  member  appears  to   be an 
important   factor   in   the   low  flame pro- 
pagation  of   the   optical   fiber   cables. 
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FIGURE 19 

DISCUSSION AND CONCLUSIONS 

A vertical riser fire test has been 
developed for the purpose of evaluating 
the flame propagation of cables for 
Classification in accordance with the 
vertical fire spread requirements of 
the 1984 National Electrical Code. 
This test simulates a cable installa- 
tion in a riser shaft and provides an 
intense fire exposure. 

Several aspects of the simulation were 
arranged in order to increase the se- 
verity of the test and thus represent a 
worst case fire scenario. One of the 
most important factors in this test 
procedure is the size of the ignition 
source.  The 145 kW propane flame is 
considerably larger than ignition 
sources in other large scale cable 
tests, 10 21 kW in the IEEE-383 verti- 
cal rack fire test and 88 kW in the UL 
910 horizontal rack fire test for plen- 
um cables.  Earlier research1 has shown 
that the size of the ignition flame is 
an important factor in determining 
whether cables will propagate fire 
through the upper slot of a riser 
shaft.  The fire source used is slight- 
ly smaller than one that could propa- 
gate fire even in the absence of cable. 
Furthermore, using a slot rather than 
holes for cable penetration, and mount- 
ing the cables along the edge of the 
slot closest to the fire source, re- 
sults in a very rigorous fire test that 
separates cables according to their 
degree of flame retardation.  Under the 
conditions of this test only the most 
highly flame retardant cables exhibited 
relatively minor flame propagation. 
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A variety of copper conductor cables 
and optical fiber cables were evaluated 
in this program.  Some exhibited only a 
small amount of flame propagation in 
this test while others propagated flame 
through to the upper floor.  Two fac- 
tors which greatly influenced the Per- 
formance of the cables were the diam- 
eter of the cable as well as the degree 
of flame retardation of the jacket. 
Other factors influencing performance 
were the degree of flame retardation of 
insulation materials and the presence 
or absence of metallic members in the 
cable. 

The dependence of peak flame height on 
cable diameter in this test is opposite 
of the trend observed in the horizontal 
fire test for plenum cables (UL 910). 
Kaufman and Yocum3 found that the flame 
spread of inside wiring cable in the UL 
910 test increases as diameter (and 
number of pairs in the cable) in- 
creases.  More investigation is needed 
to understand this phenomenon. 

The largest and smallest pair size of 
22 and 24 gauge riser cables did not 
propagate flames through the upper slot 
and these cables, including all inter- 
mediate pair sizes, have been Classi- 
fied by UL per Section 800-3(b) of the 
Code.  Testing is continuing on the 26 
gauge riser cables.  Inside wiring 
cables, 25 pair through 100 pair, have 
been Classified by UL and testing of 
smaller inside wiring cables is contin- 
uing.  Plenum cable was tested in the 
smallest size only because at the time 
of testing, the effects of cable size 
had been discovered.  Plenum cable from 
4 pair through 25 pair is now dually 
Classified by UL for both plenum and 
riser use. 

Both the duplex and quad optical fiber 
interconnection cables have been Clas- 
sified for riser use per Section 770-6 
of the Code. 

-■^ 
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TABLE I TABLE II 

Copp« r Conductor Cables Tested Optical Fiber Cables Tested 

Gauc 

12 

12. 
24 
2H 
26 
26 

1£ 
Number 

Pairs 
of Diameter 

Inches 

2.7 
1.4 
3.0 
0.9 
3.4 
1 . 1 

Number of 
,   Cables 

Per Test 

S 
9 
4 

14 
3 

1 1 

Type 

Duplex 

Quad 

Number of  Dimensions, 
Fibers     Inches 

Number of 
Cables 
Per Test 

Riser 
900 
200 
1800 
100 

3600 
300 

2      0.12 x 0.22 
(oval) 

4      0.38 (round) 

80 

34 

Inside 
Wiring 

24 
24 
24 

4 
25 
100 

0. 19 
0. 38 
0.71 

8L 

24 
12 

Plenum 
24 0. 18 80 
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NEW REDUCED SMOKE,   FLAME RETARDANT WIRE AND CABLE FORMULATIONS CONTAINING HALOGENATED ADDITIVES 

Dr.  James J.  Duffy and Mr. Charles S.  Ilardo 

Occidental  Chemical  Corporation 

ABSTRACT 

Halogenated additives  in combination with 
antimony oxide have provided well  accepted flame 
retardant wire and cable formulations.    These 
materials have proven to  increase the smoke 
emission during combustion versus non-flame 
retardant compositions.     Technology is now 
available which will allow the development of new 
low smoke wire and cable  formulations containing 
traditional   halogen additives. 

The selection of a chlorinated additive 
versus a brominated additive yields an advantage 
in smoke emission.    Further reduction in the 
level of smoke can be achieved by the addition of 
small amounts of an iron compound along with a 
surface treated talc to the formulation. 

Formulations have been developed in various 
polyolefin copolymers giving levels of smoke 
emission very close to those obtained from 
non-flame retardant compositions.    These starting 
formulations should serve to allow development of 
future products based on well known halogen 
additives. 

INTRODUCTION 

Millions of pounds of polyolefins and 
polyolefin copolymers containing halogenated 
additives have been produced over a number of 
years to meet the high standards of the wire and 
cable industry.    Formulators are now faced with 
the additional task of how to provide the same 
critical  performance in combustion properties 
while providing reduced smoke during combustion. 

Progress is continually being made to 
introduce compositions with reduced smoke 
generation by formulation modification    or by the 
use of halogen substitutes such as aluminum 
tnhydrate.      Technology has now been developed 
which will  allow the continued use of the 
traditionally accepted halogenated additives. 
Formulations based on these additives will 
provide reduced smoke generation versus current 
materials while maintaining the critical 
properties of previous formulations. 

This performance is achieved by proper 
selection of the halogenated additive, an iron 
containing additive and a  surface modified talc. 
Chlorinated alicyclic additives offer the best 
choice of halogenated materials.    They are 
superior to brominated additives  in their ability 
to promote char and less  smoke in current flame 
retardant formulations. 

The technology developed is concentrated on 
polyolefins.    The formulations should provide a 
starting    point    for    further    work    and    final 
formulation   development   in   other   laboratories. 
Test   data   presented   is   based  on  standard   small 
scale     laboratory    procedures.       Typical     tests 
include   the   Oxygen    Index   evaluation,   Arapahoe 
Smoke    evaluations   and   the    NBS   Smoke   Chamber. 
While these may not be the ultimate in procedures 
versus   large scale  testing  they should serve  to 
stimulate further research and development and 
serve    as    the    basis    of    product    development. 

MATERIALS AND PROCEDURES 

Materials 

The polymers and other materials used in 
these evaluations are those generally available 
from  commercial  sources.  The  experimental 
samples were mixed on a two roll mill to obtain a 
homogeneous sample.  Compounded polymer samples 
were sheeted and granulated prior to molding. 
Molding was accomplished by standard techniques. 
Samples for smoke evaluation were molded into 6 
by 6 by 0.075 inch sheets from which specimens 
were cut. 

Testing 

Physical Properties. Properties were 
determined by standard ASTM methods in the 
laboratory. 

Oxygen Index. The test employed is the ASTM 
D-2863-70. The volume proportion of oxygen and 
nitrogen flowing through the test apparatus is 
adjusted until ignition and combustion of the 
test sample is just possible. 

Smoke Generation ASTM E-662-79. Testing was 
performed in a National Bureau of Standards (NBS) 
Smoke Chamber according to ASTM E-662-79. The 
samples are exposed to a source of radiant heat 
(smoldering combustion) or radiant heat plus 
propane microburners (flaming combustion). Smoke 
evolution is continually recorded during the test 
period. Results are reported as specific optical 
density Ds or the maximum optical density Dmax 
versus time. 

Arapahoe testing was performed according to 
standard procedures for this test. Samples are 
exposed to a propane flame for thirty seconds and 
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no flame for an additional  thirty seconds.     The 
amount of filterable volatile products produced 
during this period is collected.    Results are 
reported as material collected and as char yield 
from the sample remaining after the test. 

■ i   ^al  Formulations 

Flainc -vtardant wire and cable formulations 
have been developed for specific applications 
over many years.    A typical  generalized 
formulation for polyolefin copolymer-  is shown in 
Table 1. 

TABLf   1 

GENERALIZED FLAME «ETABDANT POLyOLEFIN  FORMULATION 

FOR WIDE  AND CABLE 

MI'DNtNI 

Polyolefin 

Filler 

Hrtlogenated Additive 

Antimony Oxide 

Other 

(Coupling Agenti, 
Crosslinker, etc.) 

HEIGHT PERCENT 

Insulation Material 

50-60 

5-?6 

15-25 

6-10 

0.5-5 

Jacket Material 

50-60 

10-40 

5-20 

5-10 

0.5-5 

Halogenated Additives 

In the current work the halogenated 
additives were selected to be representative of 
materials useful in typical formulations. The 
structures of the additives used and the 
designation used below are rhown in Figure 1. 

RESULTS 

Samples of formulations were prepared as 
described previously and evaluated in the 
National  Bureau of Standards Smoke Chamber. 

Figure 2 shows a typical performance in ^VA 
for flaming combustion.    TMs figure serves to 
illustrate the difference in smoke generation 
attainable by selection of tlie halogenated 
additive.     This is  further exemplified by the 
data contained in Table 2 where flaming 
combustion results for the different halogenated 
additives   in a number of polymer systems is 
shown.    Data is displayed here in terms of Ds at 
4 minutes and Dmax obtained.    The chlorinated 
additive in the formulation yields less smoke 
than the brominated additives.    This tendency is 
supported by data developed in evaluations where 
char yield  is measured.    The char yield from the 
chlorinated material  is significantly larger than 
that obtained from the brominated materials. 
These results are from the Arapahoe Chamber 
determination. 

Srnok* Ganaration Flam« Retardanl 
EVA Compositions ASTM E-662-79 

Comparison of Parformance of 
Brominated Versus Chlorinated Additives 

.• 

•■   •■ 

.'■■ 

4 6 

Time in Minutes 

CA   I 

BA-1 

BA-2 

lb) 

Figure 1 

Halogenated Additives 

Table ? 

Bi      Bi Br      Br 

Br      Br Br      Br 

(a) Dechloran« Plus" Occidental Chemical 
Corporeiion 

(b) Dacatromodiphenyl Oxid« 

kl Saytech BT-93" Ethyl Corporation 

SMOKE GENERATION FROM FLAME RETADOANT POLYOLEFIN 

COPOLYMER COMPOSITIONS [ASTM E-662-79] 

Pol/mer 

XLPE 

EVA 

EP0M 

Halogenated Add tiva Optical Density 

Us P 4 

5?5 • 

Min. 

59 

Dmax 

CA-1 592 63 

BA-1 463 • 16 491 13 

BA-? 679 ■ 50 690 61 

CA-1 430 ■ V 484 4" 

BA-1 584 • 11 601 8 

HA-2 6?4 ■ 111 627 m 

CA-1 3?1 • ?1 441 S3 

SA-I 643 • 11? 711 65 

HA-? 586 • 119 641 116 

••. 
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The formulations used in the above 
evaluations are shown in Tables 3A and 3B. 

TVPICAI.  FLAMf «CTARDANT CBOSSllNKEO POirCTHYLENE fORMULATlONS 

COMPOIEN; 

CA-1 

BA-l 

■:•■.- 

Antimony ÜÄidt* 

PolyethyUnp 

/inc Oxi'l«1 

Stdbil u»r 

Paraffin Wa« 

Antionidant 

■ 

Coup IInq Aqent 

Peroxide 

Table 3B 

TYPICAL   FLAME  RETARDANT  EPDW FOBmiLATlONS 

WEIGHT  PERCENT 

(Po« c«-: 

38.? 

13.9 

5.1 

. 1 

2.\ 

:A 

2.1 

1.0 

?5.3 

.'. 
1.2 

EPDM/BA-J 

38.5 

13.6 

5.1 

8.4 

2.1 

M 

2.1 

1.0 

25.3 

' .• 
1.2 

EPDW/BA-2 

J8.5 

13.6 

5.1 

8.A 

2.1 

2.1 

2.1 

:. 
25.3 

0.6 

1.2 

While selection of a chlorinated additive 
led to low smoke values versus brominated 
additives further reduction in smoke generation 
was desired.    Various approaches  led to the 
selection of a combination of a  low level of an 
iron containing compound in combination with a 
talc containing a zinc stearate coating as an 
effective method of further reducing smoke. 

This system once again led to Increased 
values of char formation and smoke reduction.    It 
was especially effective in the formulations 
containing chlorinated additives.    Figure 3 shows 
the effectiveness of XLPE in the flaming 
combustion mode.    Figure 4 compares  the 
performance in EPDM in flaming and non-flaming 
modes.    Table 4 indicates the effectiveness in 
other pol^olefin systems. 

Smoke Generation Flam« Retardant 
XLPE Composition« ASTM E-662-79 

Comparison of Standard and Low Smoke Modified Formulations 

600 

500 

iMPfWNI WEIGHT PERCENT 

XLPE/CA-1 UPE/BA-1 HLPE/BA-? 
400 

,   , . 67.5 77.9 . 1 
300 

CA-1 ".. 
M.] 200 

BA-' IS.O 
100 

AntTnony  OK id- 5.0 4.0 4,11 

Peroxide 1.8 1.4 1.4 0 

Mif vldant .. . ■ 

500 

4 6 

Time in Minutes 

F igure 4 

Smoke Generation Flame Retardant 
EPDM Compositions ASTM E-662-79 

Comparison of Standard and Low Smoke Modified 
Formulations Flaming Non-Flaming 

4 6 

Time in Minutes 

Table 4 

SMOKE fiENERATlON  FROM FLAME   RETARDANT LOW  SMOKE POLYOlEFIN COPGLYMER 

COMPOSITIONS  [ASTM £-662-79] 

Polymer 

«LW 

EVA 

n •" 

Halogenated Optical Dens ity 

Additive Flatniny Mode 

Os 

Non-Flaming Mode 

Ds   1? 4 Min. li™ X D 4 Mtn.       Dmax 

CA-1 330 •  33 310 23 '5                 262 

RA-I 594 •  78 657 86 

BA-? 501 •  35 536 32 

CA-1 216 •   19 343 26 75                 243 

BA-l 679 •  78 740 94 

BA-2 507 •   32 606 54 

CA-i i •  45 385 40 100               ^59 

RA-1 686 ■  88 715 se 
BA-2 54H '. 606 90 

. -'. -" 

•V-VJ 
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Typical formulations are given in Table 5. SUMMARY 

Table SA 

TyPICAL FlAME  «EIARDANT 10« SMOKE  EVA F0RMUAT10NS 

(.UMCONf'iT «EIGHT PERCENT 

U«/tA- IVA'BA-l EVA/BA-? 

EV* 47.; 47.7 47.7 

■i  : ?5.0 

B*-l 16.7 

BA- 16.7 

Antimony Onide 5.0 3.3 3.3 

'. 
[line Stfjrdte Coated]        ?0.0 30.0 30.0 

Iron Compound 0.2 0.2 

F«»ro»ldP 1.4 1.4 1.4 

Antioxidant 0.7 1.7 0.7 

Table SB 

TYPICAL FlAME   »ETAROANT LOW SMOKE  [POM FORMULATIONS 

r/.   :•,(.,! «EIGHT PERCENT 

EPDM 

CA-1 

BA-] 

BA-2 

Antimony Oxide 

Polyetiiylene 

2inc OKide 

Stabi1i/er 

Para»'in Wax 

AntIOXidanl 

Tak 

[2inc Stearate Coated] 

Couplinq Agent 

Peroxide 

I run Compound 

K'DM A-: 

38.2 

13.9 

6.1 

H.4 

M 

, .1 

.1 

1.0 

25.3 

0.6 

1.2 

EP0M/6A-I 

.-.■1 

13.6 

5.1 

8.4 

2.1 

2.1 

2.1 

1.0 

25.3 

0.6 

1.2 

0.05 

EPDM/BA-? 

38.4 

13.6 

5.1 

8.4 

2.1 

2.1 

:.l 

1.0 

25.3 

O.h 

1.2 

D.OS 

The historical  use of halogenated additives 
along with antimony oxide in conventional 
polyolefin systems has  led to widely used and 
accepted insulation and jacketing formulations. 
The current emphasis on reducing smoke in wire 
and cable has led some to move in the direction 
of alternate technologies where properties or 
experience may be lacking.    Proper selection of 
the total  formulation package will allow 
continued use of accepted additive systems. 

Figure 5 summarizes the effectiveness of 
proper selection of the formulation.    Halogenated 
additives containing cycloaliphatic chlorine 
offer an advantage over other halogen types. 
Smoke can be further controlled by use of 
additional  additives significantly reducing smoke 
for all halogens but especially the chlorine 
containing materials.     In fact, the level of 
smoke generation which can be achieved approaches 
the level expected from a non-flame retarded 
version of the same polymer tested under similar 
conditions.    Figure 6 illustrates this point. 

Flaws 
Smoke Generation Flam« Retardant 

Polyolefin Composition» ASTM £-062-70 

Summary of Composition of 
Brominated and Chlorinated Additives Low Smoke 

4 6 

Time in Minutes 

Figure 6 

Smoke Generation XLPE Compositions ASTM £-862-79 

Comparison of Performance 
Flame Retardant, Low Smoke, Unmodified XLPE 

600 

• 

4 6 

Time in Minutes 
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CONCLUSIONS 

This report has shown that well  accepted 
wire and cable formulations containing 
halogerated additives do not have to be abandoned 
in the face of the need to reduce smoke.    The 
selection of the halogenated additive is of prime 
concern  in creating low smoke compositions with 
conventional  polyolefin copolymers.    Further with 
the addition of other readily available and 
acceptable fillers significant smoke reduction 
may be achieved. 

The formulation data presented is considered 
as a starting point for further development which 
will allow the overall  safety of wire and cable 
compositions to be further improved. 

1) M.  J. Keough, "Flame Retardant Acrylene-Alkyl 
Acrylate Copolymer Composition"   ,U.S.P. 
4,243,579, January 6,  1981  (Union Carbide 
Corporation) 

2) J.   R. Pedersen, et.al., "Low-Smoke, Halogen 
Free Ship-Off Shore/On Shore Cables with 
Improved Flame Retardance and Fire 
Recistance",  IWCS, Cherry Hill, November 
1983. 
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ABSTRACT 

This paper describes the concepts .jnd the 
measurement techniques for evaluatun of fire 
parameters of wires and cables needed for the 
assessment of fire hazard.  The parameters 
reflect the behavior of wires and cables in 
terms of Ignition, electrical failure, fuel 
vapor geiMrstion, heat Xfieratlon, toxic product 
generatl»', corrosivlty of fire products, and 
light t ansmlsslon through smoke.  In the study, 
different types of wires and cables, ranging In 
size from 10 AWG to 2000 MOM, of various insula- 
tlon/jacket materials, have been examined In the 
Factory Mutual Combustibility Apparatus, In 
which materials are examined over a wide range 
of environmental conditions expected in large- 
scale fires. 

In addition to fire hazard evaluation, this 
technique can be applied to the development of 
new and Improved fire-resistant polymers. 

INTRODUCTION 

The   fire  hazards  expected  from wire   and 
cable   depend   on  the   generic   nature  of   the   insu- 
lation/jacket  materials,   on  additives  and   on 
size  and  construction     5.     Under  a given   thermal 
environment,   the  wires  and   cables  may  undergo  a 
series  of   fire  stages  such as  Initiation  of 
degradation   of  the   insulation/jacket   materials. 
Ignition,   fire  growth,  maximum burning,   fire 
decay,   and   extinction.     Therefore,   the   important 
aspects  o.:   fire hazard evaluations   Include 
damage,  ease  of  ignition or   rate  of  surface 
spread  of   flame,  electrical   failure,  generation 
of   fuel  vapors,  heat,   toxic  and corrosive   fire 
products  and   light  obscuration   (visibility),   all 
of   which  need   to  be   quantified.     This   paper 
reviews  the  concepts  and  measurement   techniques 
for   fire  parameters   needed   for  the  assessment  of 
fire  hazard   from wires  and  cables. 

FIKK   PARAMETERS   CONCEPTS 

The  concepts  used  for  obtaining  the   fire 
hazard   parameters  are  presented   In  the   following 
discussion.     These   parameters  are  apparatus 
Independent   as   long  as  they are measured   pro- 
perly  and   accurately. 

Damage,   Ignition,   Flame   Spread,   and  E'ectrtcal 
Failure 

When  a wire  or  cable  is  subjected   to heat, 
the  temperature  at   the   surface   increases with 
time as  governed  by  transient   heat  conduction 
relationships  .    Those   relationships  can  be 
modified   by  using  empirical   constants. 

or. 

(k ATj)2 

Pa (q")2 

n 

(k ATj)2 

Pa a" 
n 

(I) 

il) 

where  t.   ■ time  in  sec;   E.   ■ total  absorbed 
energy  In  kJ/m2,  and  AT    ■ temperature   rise 
above  the  normal  cable  operating temperature 
(K),    The  subscript   1   denotes   the  processes 
occurring during  the   thermal  exposure   such as 
damage   (d) of  polymers   in  insulation/Jacket 
materials   (i.e.,   initiation of   combustible 
vapors),   ignition   (ig)   or electrical   failure 
(ef).     k  is  the   thermal   conductivity  (kW/mK), 
and  a Is   the  thermal   diffusivity   (m'Vs)  of  the 
polymeric  materials  of   the  sample,   respec- 
tively.     P  is an empirical   constant  derived  for 
the  specific  cable   type  and  configuration; 
q"   (kW/m2)  is  the  net   heat   flux   received  by  the 
sample.     The  heat   transferred   to  the  cable  by a 
fire  can  be  in  the  form  of  radiation,   convec- 
tion,  and/or  conduction.     Part   of  the   heat 
transferred  to  the  cable   is expended   in   raising 
the  cable   temperature   above  its   normal   operating 
temperature and  part   of   it   is  balanced  by com- 
pensating  reradiation  and  ronvectlve  heat   losses 
from the  surface.    Considering  all   the   probable 
heat  gains  and   losses,   q"   in  Eq   (I)  or   (2)  is 
given  as. 

'<\"n = (4; + q;) (6  q' rt «^ (!) 

where q" ■ heat supplied by external source in 
kW/m2 (For radiative heat sources, q" is 
multiplied by the surface absorptivity.); q" ■ 
heat flux in kW/m2 supplied by the cable flame 
and any additional sources; ti is surface 
emisslvity; q" ■ surface reradiation loss 
in kW/m  ; and q"  = convectlve heat losses from 
the surface in kW*m2. 

. L" 
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As   (q1;  + q")   equals   (6 q"^ + «^J  ln  F-1'   (3)» 
the  critical   condition occurs when  the heat 
fluxes   received  and   lost  are   In equilibrium. 
Prom F.qs.   (1)   and  (2),   tj  and  F.j will  approach 
Infinity.     The  heat   flux for  this condition   Is 
defined  as  critical   heat   flux,  q"   .  at  or   below 

cr 
whlc!i   the  process,   1,   cannot   occur. 

When q"   » q"  In  Eqs   (1)  or  (2),   q"  can  be 
neglected,   in   which   case  the   equation  represents 
a   process  sustained   by  Its  own  flame  or  sources 
other   than  external.     When  q"   » q",   the   process 

e a 
Is   then  sustained  by  external   sources. 

k AT 
In   Kq   (2), Is  related  to  the   thermal 

thickness  of   the  cable.    Cables  can  behave   as: 
I)   thermally   thick  because  they are  physically 
thick,   e.g.   a  2000  MCM cable,   or  because 
k  AT 
  <<   t  (where   i  Is  actual   thickness);   or  2) 

thermally  thin,  e.g.,   a single   12  AWG wire,   or 
k  AT, 

because 
i 

where C-'c  is  in g/ra  s;   q"  is  the  net  heat   flux 
received  by  the  sample,  defined  In Eq   (3);   L • 
heat  of  gasification  of   the   sample   (in  kJ/g) 
which  is  the heat   required   to  generate  a unit 
mass of  vapors.     Normalizing  Eq   (4)  by  q"   , 

G"    jr 
comb    n 

1/L (5) 

The   larger  the   value  of   1/L,   the  higher  is 
the  generation  rate  of   the  fuel   vapors,   and  thus 
I/L can  be  defined  as  the   fuel   vapor  generation 
parameter   (g/kj)  which   Is   the   amount   of   fuel 
vapor  generated   per  unit   of   heat   received  by   the 
sample. 

In  large  fires,   q"   in  Eq   (3)  is  predomi- 
nantly due   to  flame   raalation  and  In  small 
fires q"   Is  predominantly due   to  flame   convec- 
tion.    Thus,   In  order  to  simulate   large-scale 
fire conditions  for  small  samples,  oxygen con- 
centration   In  the  environment   Is  Increased 
for  radlatlon-scaling7 to determine  flame  heat 
flux to  the  surface. 

For  large q"  values   in  Eq   (3),   in  normal 
sir  and  noriiallzlng   by q"   , 

»   I. 

For high q"  values or   if  thermal  properties 
change  because  of  structural   and  physical 

k  AT, 
changes  In   the   polymer, 

1 may  become 

w 1 + 
(6 q^ + q^) ^rJl /L      (6) 

extremely  small;   under  this  condition  the   major 
portion of   the  heat   Is  carried  away  In  the 
physical   removal  of   fuel  vapors  and  E,   becomes  a 
constant   In   Eq   (2)  or   1/tj   becomes  a  linear 
function of   q"  rather  than  q"^ in  Eq   (1). 

n n 

After   ignition,   the  flame  propagation 
depends on   the  magnitudes  of  heat   flux  provided 
by   the  flame   of  the   burning  material  and  exter- 
nal   heat  source  such  that   critical  heat   flux and 
Ignition energy  requirements  are  satisfied.     For 
self-sustained   flame   propagation,   heat   flux  from 
the   flame  becomes   Important;   the  flame  will 
continue  to   propagate  on  the   surface  of   the 
material  without  the  assistance  of  external   heat 
sources,  as   long as   heat  flux  from the   flames  Is 
sufficient   to  satisfy  Ignition energy  require- 
ments.     The   magnitude  of   the   heat   flux  from  the 
flame  depends  on  the   size  and  geometry  of   the 
material.     For   the  quantification  of  damage. 
Ignition and  electrical  failure,  Eqs  (1)   and   (2) 
are   used. 

when Kl + ^ 
«   1.0 

then,     G^/q^'   -  1/L   . 

Heat  Reneration 

(7) 

The   fire  products  generated  from  the  sample 
consist of  heat and  various  chemical  compounds 
such as   "smoke",   toxic,   and  corrosive   pro- 
ducts.    The generation  rate  of  heat  actually 
released   in flaming  fires  is  defined  as  the 
actua^heat   release   rate  per  unit  sample  surface 
area,  Q'l   (kW/') and  can  be  expressed  as: 

a; - Q; * QR (8) 

where 0" convectlve  heat   release  rate 
(kW/raz);   and  QÖ  =  radiative  heat   release   rate 
kW/ra2). 

Fuel   Generation 

The  generation   rate  of   fuel  vapors   per  unit 
sample  surface  area,   G'f,  can  be expressed   as: 

c," qVL (4) 

''A*   '^C'  
an<* ^R are   functi0118 of   the  gene- 

ration  rate  of  the   combustible  vapors. 
G'r 

0Ä   "  MA  Gf 

o; H Gy 
c  f 

(9) 

(10) 
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where H., H , and H„ are the actual, convectlve, 
and radiative heat of combustion respectively In 
kj/g.  From Eqs (4) and (9) to (11), 

nÄ - i\'v \ 
'r - (HC/I.) % 

h; - (HR/L) i; 
and H./L = Hc/L + HR/L 

(12) 

(13) 

(14) 

(15) 

Normalizing eqs (12) to (14) by q" we obtain: 

(1ft) 

(17) 

(1«) 

H./L,   H /L,   and  H„/L are  the  amounts  of 
actual,   convectlve,  and   radiative  heat   produced 
per  unit   amount   of  heat   received   by  the  sample 
and,   thus,   can  be  defined  as  the  heat  generation 
parameter   (kJ/kJ)   of   the   sample   (actual,   convec- 
tlve,   or   radiative). 

w ■ HA/L 

fyk; a HCA 

W* - HR/L 

NorraalizinK   Eq   (24)   by  q"   ,  we   have 
n 

6j/4^   - «j/l   • (") 

Y,/L  is  the   amount  of   toxic  compound,  J,   pro- 
duced  per unit  amount   of  heat   received  by  the 
sample.    Thus,  Y./L can   be  defined  as   the   toxic 
compound generation  parameter   (g/kj)  of   the 
sample. 

For  large q"  values   in F,q.   (3)   for  snail 
samples  in  normal  air,   and  normalizing  Eq.   (25) 

G^/q"  -  Y./L 1   + CL&+jij (2ft) 

4: - (a a;t + 4:,) if ^ Li CJL < <  LO 

G'Vq;   - Yj/L   . 

Light  Transmission Through  "Smoke" 

(27) 

€ 

The higher the values of the heat genera- 
tion parameters, the higher are the generation 
rates  of   heat   expected   in  fires. 

For   large  q"  values   in Eq   (3),   for small 
samples   in  normal  air,   and  normalizing Eq.   (12), 

OV/q"-   (H./L) 
A     e A 

I   + 
';-(8 "^ + w 

when   <  <   1.0 

(19) 

The  fraction of   light   transmitted  through 
"smoke",   I/I   ,  can  be  expressed  as: o r 

<n  (1   /I)  -  Hoc 
o 

(28) 

where   i is   the  optical   path  length   (m);   o is  the 
mass   attentuatlon coefficient  of   "smoke"   (m /g); 
and   c  is  the  mass  concentration  of   "smoke" 
(g/ra   ).     «n   (I  /I)  is  defined as   the  optical 
density,  D.     The concentration of   "smoke"   in  Eq. 
(28)   can be  expressed  as: 

c  " "smoke Gf  A/v   ' (29) 

where  A ■ sample  surface  area  (m   );   yq-oUp  * 
yield  of  "smoke"  (g/g);   and  v " volumetric  flow 
rate   of  fire   product-air  mixture   (m/s). 

then.   0^/q;   - HA/L 

Similarly,   O'Vq"   » H  /L ■' '    c    e c 

and 0R/q;   .  HR/L 

(20) 

(21) 

(22) 

From Eqs   (28) and   (29): 

D "  ° "smoke 6f  Ai/0 (30) 

Converting D  from  in  (I0/I)   to  logln  (I  /I)  and 
rearranging  Eq   (30)   , 

Toxic   Product   Generation 

The   generation  rates  of  toxic  compounds  are 
functions  of   the   generation  rate  of   fuel  vapors: 

D  §_ 
0 "smoke  = TTIÜT    ": 

G'j  At 
(31) 

,;i 
Yj   fij (23) 

where  Y.   is  the   yield  of   compound,   J   (g/g); 
compouna   }   represents  a  toxic compound  such  as 
CO,   HCN,   HC«,   etc.     From  Eqs  (4)   and   (23), 

Gj"   " Y1   qn/L (24) 

For a closed system,   such as   the  NBS  smoke 
chamber,  Eq   (31) can  be  expressed  as: 

o y 
DL 

smoke       US. 
(32) 
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r./..-   tu    r   r. 

where   D   Is  t-xpressed  as   I0«],!  (1   /O,   V  Is   the 
tfolnmp  of   the  rh.imber  (m   );   and  w  Is  he might 
of  sample   vaporized   (g).     The  specific  optical 
((entityi   D  ,   In   the  NRS  smoke  chamber   is  defined 
as: 

s 

From Kqs   (32)  and   (33), 

(33) 

Corrosive  Products 

The  corrosion  parameter,   C  ,   ( ^im/kJ)  was 
ohtalned  for  ■   100-ml   solution  of  water  loluble 
fire   products,   by dividing   the  corrosion of   mild 
steel   (4 mils   thick)  by W,   the  total  weight   loss 
(in g)   of  the   sample   in  the   test  and  multiplying 
it  by   the  fuel   vapor  generation  parameter 
(g/kJ).   i.e.. 

I       ,      =   D  A/W 
smoke s 

(34) 

The  mass  attentuatlon  coefficient,   o,   is   a 
function  of   the   chemical   and  physical   properties 
of   the   "smoke";   v„„ i.„   is   a  function  of   the 
chemical   and  physical   properties  of   the  combus- 
tible.     Thus,   the   value  of   o yg-okn   for  a 
material   is  expected  to  be  similar   In  different 
types   of   experiments,   as   long as   the   comhus- 
tion/pvrolysts  chemistry   remains   invariant. 

From  Eqs   (4)   and   (30),   we  have, 

(39) 

where q" Is the net heat flux received by the 
sample nefined in Eq (3) 

For large q" values in F.q. (3), for small 
sample in normal air, and using Eq. (7), we 
have: 

un of metal loss 
cr * IT (40) 

J 

oy 
I) = smoke, .At 

U i—i 4: (35) 

EXPERIMENTAL  APPROACH 

Mormalizing  Eq   (35)  by q"   , General  Background 

ay 
D/q' 

smoke ,    , M 
I. 

I    1 — 1 (3ft) 

Since A, i,   and v are known, from 
D/q" values, Oy.__v_/L can be calculated.  o Is 
a characteristic property of the "smoke"; 
V  , /I. is the amount of "smoke" In grams smoke " 
generated per unit of heat received by the 
sample.  oy  . /L thus can be defined as the K     - smoke 2 
light obscuration parameter (m /kJ) of "smoke. 

For large q" values in Eq (3), for small 
sample in normal air, and normalizing Eq. (3b) 
hV   q" 

m: smoke . 
I. 

V 

1 + K- (äKi + Ki\ 

(37) 

The experimental  approach  taken  in this 
study   is  based  on work  performed  during  the   last 
12  years on  the   combustibility of   polymeric 
materials  at  Factory Mutual   Research  Corporation 
(FMRC).     To  simulate  the   fire  environment,   the 
following parameters are  varied:     I)  external 
heat   flux  (by  exposure  of   samples   to  varying 
heat   flux  from  radiant  heaters);   2)   flame   radia- 
tion   (by varying oxygen  concentration  in air), 
3)  ventilation   (by varying  inlet  air  flow  rate, 
temperature  and  contaminants   in  the  air);  and 
(4)  surface  area of  the  fuel. 

By  using   small   samples   and  proper combina- 
tions   of external  heat   flux,   oxygen   concentra- 
tions   and  inlet   air  flow  rate   (Including 
temperature  and  contaminants),   the   generalized 
fire   behavior  of  materials   is  established   for 
variable  fire   size,   flame   radiation,   and  venti- 
lation   (defined  as  the  combined  simulation   of 
flame  and external  radiation).    Predictions   are 
then  made  for  a  particular   fire  scenario and 
confirmed  by  direct  measurements  using  larger- 
sacle   fires.     For  this  purpose,   the   following 
three  apparatuses,  shown  in  Figure   1,  are  used: 

i 
: 

if   ^- UKi + ilJ 

oy 
then,   D/q"   ■   . 

e L 

<   <   1.0     , 

smoke,   ,A4 (38) 

1) Factory  Mutual   Small-Scale  Combusti- 
bility Apparatus,   for  samples  ~0.1-m    diameter, 
~0.l-m high,   and  ~0.02-m  thick.    The  external 
heat   source   is  simulated  by  using  four coaxially 
placed   quartz-tungsten   radiant  heaters  (peak  at 
1.15   u).    Flame   radiative  heat  flux   Is  simulated 
by  varying  the   mass   fraction  of  oxygen  in 
air   •     Ventilation  is  provided  by   introducing 
air  at   the  bottom of   the  apparatus  with  variable 
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n 
flow rate, temperature, and rontanlnatIon. 

Kxperiments can also he  performed under natural 
air flow,  A small pilot flame is  provided for 
i »;ni t Ion. 

2) Factory Mutual Intermediate-Scale 
ft f'ombust I hi 11 ty Apparatus     for  samplos  ~0.3 x  0.3 

x  O.l-m  hlghi     The  external   heat   source   Is   simu- 
lated  hy  usln»;  four   coaxlally  placed, 
high-dentlty   radiant   heaters.     Experiments  are 
performed   in   natural   as well   as   forced  air 
flow. 

Q 
3) Factory Mutual Lar<»e-Scale Apparatus 

for samples ~3 x 3 x 3-m hl^h.  No external heat 

source Is used and experiments are performed 

under natural air flow. 

In all three apparatuses, fire products are 

captured in the respective samplinR ducts, 
diluted with ambient air, and well mixed before 

samplim;.  Measurements are made for total flow 

rate, Ras temperature, concentrations of CO, 

CO,, 0-, total gaseous hydrocarbons "smoke" 

(defined as a mixture of soot and low vapor- 

pressure liquids), HCI, HCN, and NO , and opti- 

cal transmission through fire products.  Other 
measurements include time to Ignition (auto or 

piloted), generation rate of combustible vapors, 

and water application rate for fire suppression 

and extinguishment.  For toxlclty evaluations, 

animal exposure experiments are performed 
Heat of gasification and surface reradlatlon 

loss are determined from the mass loss as a 

function of external heat flux In pyrolysls 
experiments.  Standard methods are used for the 

measurement of elemental composition of the 
sample and "smoke", heat of complete combustion 

of the sample and "smoke", corrosion properties 
of the fire products, and electrical failure. 

All measurements are made at intervals of 

~ 1 s (or longer) for the entire fire 
duration.  Analog-to-dlgltal data acquisition 

systems collect data for analysis. 

It has been shown that reliable predictions 

can be made for overventIlated, large-scale, 
horizontal pool fires, based on small-scale 

apparatus results  .  In addition, the fire 
properties of materials obtained from the small- 

scale apparatus can be used as Input parameters 

for various fire models for the evaluation of 

fire hazards and protection from such hazards. 

All important fire properties can be measured 

siraultaneously in the small-scale apparatus with 

accuracy and repeatability. 

Kxperimental Procedure 

Experiments were conducted In the Factory 

Mutual Small-Scale Combustibility Apparatus with 

radiant heaters used as external heat sources. 

Prior to the experiments, the radiant heat flux 

at the sample location was precalIbrated with a 

heat flux gage covering a range up to about 

70 kW/m2. 

Wire and cable samples, about 0.06 m in 

length, were placed vertically as well as hori- 

zontally Inside the apparatus.  A small premixed 

C H^-alr pilot flame (~ 0.01 m in length) was 

positioned about 0.01 in above the top surface of 
the sample to ignite combustible vapors (for 

piloted Ignition).  The experiments were con- 

ducted at an air flow rate of 0.003 m/s (an 
overventIlated fire condition) In normal air and 

under natural air flow In normal air.  Using 

several external radiant heat flux values, 

simultaneous measurements were made for time to 

ignition, fuel vapor generation rate, heat 

release rate, generation rate of toxic and 

corrosive products, and light obscuration 

through smoke.  Detailed descriptions of the 

apparatus and experimental procedures are given 
in References 1-4. 

For the quantification of the corroslvity 

of fire products', fire products (fuel vapor) 

were bubbled through a fixed volume of distilled 

water (100 ml).  A mild steel probe was Immersed 

in the solution and its resistance was measured 

as a function of time.  The resistance of metal 

changes because of loss of metal due to corro- 

sion.  From the measurements, the rate of 

cumulitlve corrosion of the metal was deter- 

mined. 

For measurement of time to electrical 

failure In wire or cable as a function of exter- 

nal heat flux, the Cecnnlques developed in 

Reference 2 for multIconductor cables and In 

Reference 1 for single-conductor cables were 
used.  Electrical failure In a cable is defined 

as the electrical shorting between two or "»re 
conductors or between conductor to ground. 

Experiments were conducted in conjunction with 
rhe FM Combustibility Apparatus under natural 

air flow conditions with a pilot flame as 

igniter.  Details are given In References 1-3. 

These electrical failure measurement techniques 
use only 24 or 70 Vdc on each conductor; there- 

could be different effects if the cables were 
tested under higher voltage.  In addition, 

stresses placed on the cables, as well as cable 

arrangements, could also produce different 

results.  Recently,^*»e have developed a new 

technique which can be used In conjunction with 

a mini-computer for both single-and multi- 

conductor cables, up to a maximum of 16 

conductors.  Currently the technique Is limited 
to a maximum of 300 V on each conductor, 

although it can be modified for higher 
voltages.  Using this new technique, it Is 

possible to quantify electric faults In wires or 
cable quite repeatably by measuring the extent 

of change In the initially applied voltage as a 
function of time. 
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RESULTS   AND   DISCUSSIONS 

Damage,   Ignition,   Flame   Spread,   and  Electrical 
Fal lure 

As  a  result   of   fire   exposure,   insulation/ 
jacket  materials   in a  cable will   reach  the 
decomposition   temperature   (AT.);  at   that   time 
the  damage   process  will   initiate.     With con- 
tinued  fire  exposure,   the   temperature  of   the 
Insulation/Jacket  will   increase above AT. and, 
depending  upon   the   presence  or  absence  of  an 
Ignition  source,   and  of   melting or  nonmelting 
polymers,   the   cable   will   reach either  its   igni- 
tion  temperature   (AT.   )   or  the temperature  for 
electrical   failure   (ATef).     The  order   in  which 
those  processes  occurs  will  be either AT.   < AT| 
(piloted  ignition)   < ATef,   or,  A^  < ATef   < ATig 

(autolgnition). 

The  damage   process   is  defined   in  terms  of 
the  generation  of   combustible  vapors  and  quanti- 
fied   in  terms  of   the   time  at  which  the  genera- 
tion  of  combustible   vapors   from  the  cable   is 
initiated  as  a  function  of  heat  flux.     Insula- 
tion/jacke^   damage   implies  decrease   in 
insulation   resistance,   dielectric   loss,  etc., 
causing  Impairment   to   the  normal   function  of 
the  cable2-3'5. 

The energy.   F.,   associated  with  cable 
damage.   Ignition,   and  electrical  failure  pro- 
cesses   is  equal   to   the   time   to  initiate each 
process  multiplied  by  the  external  heat  flux. 
And,   the  minimum  value   of   heat   flux  needed   to 
initiate each  of   the  above  processes   is defined 
as   the  critical   heat   flux   (q"   )  for  that 

cr 
process.    Critical   heat   flux  remains  approxi- 
mately  the  same   for  various  processes,  as 
determined   in our  studies2-3.    Table   1  presents 
the   critical   heat   flux  and  energy associated 
with damage   for  selected  wires and  cables.    The 
higher  the   value  of  critical   flux and  energy  for 
damage,   the   higher  will   be  the  resistance  to 
damage   Initiation. 

Ignition  data 
shown   In Figures   2 
autolgnltion  under 
conditions,   using  a 
radiant  heat   flux, 
follows  q"   as  expec 
slope   ^in  cases   whe 
<<   1.0)   is  expected 
Pa/(kAT1   )

2  and  the 
(critical   flux)  at 
t.     approaches   infi 
cannot  occur.    The 
for damage  and elec 

(for   selected cables)  are 
through  4  for  piloted- and 
natural   and   forced  air   ilo'i 
single  cable exposed  to 
The   figures  show that   1/Ej„ 

ted   from Eq.   (2),  where   the 

re (84"  + 4:,)/4" + q;) 
to be approximately equal to 
Intercept is equal to a flux 

or below which l/E, ■ 0 or 
nlry and the ignition process 
snme conclusions can be drawn 
trlcal failure processes. 

AT.  is higher for autolgnltion than for 
piloted ignition.  Also, the ignition source is 
absent in the autolgnltion case; thus, q" is 
smaller for autolgnltion than for piloted Igni- 
tion, indicating that t.  will be longer or Ej 
will be higher for autolgnltion than for the 

piloted ignition, as can be noted in Figures 2 
and 3. 

q" .  is smaller under natural than under 
forced a'ir flow and increases as air flow rate 
(i.e., ventilation) is Increased.  Thus, t. will 
be longer or E, will be higher under forced than 
under natural air flow, as indicated by our data 
in Figures 2 and 3 for ignition. 

As q" is varied, t. or E. will vary, 
q" will vary as a result of changes in:  Igni- 
tion source strength, location of the ignition 
source from the surface, internal cable tempera- 
ture, oxygen concentration in air.  For example, 
as oxygen concentration is decreased (air con- 
taminated with fire products), flame heat flux will 
decrease and t. or E. will increase' . 

Cable coatings and wrappings will decrease 
a [in Eq. (I) or (2)1 and thus increase E., E, , 

This is supported and 'ig'   an',   '•ef 
by  our  study' as  ähown  in Figure   4  for   ignition. 

E , or t,, ef   . <J' 

As kAT /q" becomes very small for larger 
q" values, E. will become a constant.  This can 
e 1 

be noted in Figures 2 to 4. 

Table 2 lists the critical flux and energy 
associated with Ignition and electrical failure 
(at 50 kW/m or higher external heat flux 
values) for some selected wire and cable 
samples.  For comparison, ignition energy values 
for red oak and flexible polyurcthane foams are 
also listed. The higher the value of energy and 
critical flux, the higher will be the resistance 
of the canle to fire initiation, flame propaga- 
tion on the surface, and electrical failure.  As 
can be noted in Table 2, wire and cable samples 
listed are expected to show higher resistance to 
ignition and flame propagation on the surface 
than red oak and flexible polyurethane foams. 

Except for some PTFE and ECTFE cables which 
melt, in general the ignition energy is lower 
than the electrical failure energy 1,5,13 . 
Electrical failure energy Increases as the size 
of the cable increases.  For some cables, no 
electrical failure was observed as a result of 
charring. 

The resistance to damage, ignition, elec- 
trical failure, and flame propagation on the 
surface are functions not only of the insula- 
tion-Jacket material, but also of wire and cable 
construction and size. 

Fire Parameters 

Table 3 presents the fire parameters of 
some selected wire and cable samples together 
with the fire parameters of some research poly- 
mers (at 30 kW/m or higher external heat flux 
values) for comparison purposes.  In addition to 
critical heat flux and energy associated with 
damage, ignition, flame spread and electrical 

••: 
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failure,   these   fire   parameters  are  also  needed 
for  the  assessment   of   fire  hazard   from  the 
rahles.     These   parameters   have   been  defined   In 
terms  of   fuel   vapor,   heat   and   toxic  products 
generation,   corroslvlty  of   fire  products,   and 
light   obscuration   through   "smoke".     The  smaller 
the  values  of   these   parameters,   the  better   the 
cables  art-   expected   to  be   In   terms  of   reduced 
contribution  of   fuel   vapors,   heat,   toxic  and 
corrosive  products,   and   light   obscuration   In  a 
fire  accident . 

Table   3  Indicates   that   the   fire  properties 
of  cables  are  not   only  the   functions  of   Insula- 
tion/jacket   materials,   but   also  of  cable   size 
and  construction.     As   compared   to  the  fire 
parameters   for   research   polymers,   le.,   polypro- 
pylene,   polyethylene,   and   polyvlnyl  chloride, 
the  cable   fire   parameters   are   generally  lower. 
Indicating  the  Influence  of  additives,   size,  and 
construction  on   the   cable   combustibility. 

The  fire  parameters   by  themselves,  however, 
cannot   be  used   fnr   the  qualification  of  wires 
and  cables,   because  different   wires  and  cables 
provide  different   magnitudes   of   heat   from  their 
flames  in  real   fires.    By multiplying  the  fire 
parameters   by  the   flame   heat   flux  received  by 
the  surface  of wires  and  cables  a    well  as  from 
other  sources,   estimations   can   be  made  for   the 
generation  rate  of   fuel  vapors,   heat   release 
rate,   generation   rate  of   toxic   products,   cor- 
roslvlty of  fire  products,   and   light  obscuration 
by  smoke. 

At FMRC, a te 
(Ref. 7) to estlma 
burning materials 
fires. In the tec 
tlons are used <n 
and the generatlun 
measured. The mea 
estimate the flame 
scale fires. This 
used  for wires  and 

chnlque   has   been  developed 
te   the   flarac  heat   flux  from 
representative  of   large-scale 
hnique,   high  oxygen  concentra- 
the  air  supplied  to  the   fire 
rate  of   fuel  vapors  is 

b^ renents  are   then  used  to 
heat   flux  expected   in   large- 
technique   has  not  yet   been 
cables. 

4) Fire  parameters  are  useful   for 
general   evaluation  of  wires  and  cables  and   for 
the   improvement   and  development   of   new  polymers 
for wires  and  cables. 

*>) The   fire   parameters  can  also  be   used 
to  assess   hazards   In   large-scale   fires  provided 
measurements  are  made   to estimate   the  heat   flux 
from   the   flame  of  burning wires  and   cables  and 
other   heat   sources  expected   In   large-scale 
fires.     A  technique  at  FMRC  to estimate   the 
flame  heat   flux  is  suggested  as   one  of   the 
techniques.     The  fire  hazards  expected   In   large- 
scale   fires   are  assessed  by  multiplying  the   fire 
parameters   by  the  flame  heat   flux  and  other  heat 
fluxes  expected   in  large-scale  fires.    Hy 
setting   limits  for  intended  end-use  applications 
and   performing   large-scale  validation   tests, 
wires  and   cables  can  be  qualified  by  the  FMRC 
test   procedure. 
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Table 1 - Critical Flux and Knergy Associated with Damage for Some 

Insulatlon/Jai 
Materials 

ket 
Wire 
and 

Cable Size 

1h AWG 

Nunbe r 
of Conductor 

7 

Critical, 
(kW/m' 

Flux 

) 

Kne rgy for Damage 
(kJ/nT) 

PTFK/PTFE 16 <»160 

Slllcone/Asbestos 14 AWG 9 1620 

EPR/PE/C1,S P AWG 7 U2n 

XPE/Neoprene 16 AWG 2 1330 

PK/PVC - 5 1000 

Butyl/PVC 12 AWG 3 950 

a Data taken from Ref. 2-3, 5. 
Forced Air Flow; Auto Ignition 

•v-- ■     ■■•••■. 

.; 

■  ; 

■ 

• ■ 

International Wire & Cable Symposium Proceedings 1984   27 

M!MiiM^^^Mk^m«JMMm«iii-^'rf«i«iti«'i   ■    ■" I'I i    I     '     '    J     '■      "'     •■'■■•■-■-■   -•-■■'-■--» i-. ^ ■-.-■    ■   '■'   ■   --T.II.1 



•  ■ v • . - . -  -.-■.. j. ..^i.  '."■'."-'.■-—''. ■ ■ *.■ «■ ■ ■ v»:"i■ i.*j_* i■ jw>jv' rj.-. IF.1,"  If ll,"|i» i.iiil M 

Table 2  -  Critical Heat  Flux and  Energy Aesoclated with   Ignition and  Electrical Failure 

Primary  Ineulatlon Jacket  Material 

Flexible  Polyurethane   Foams       Research  Polymers 

Red    ak Research  Sample 

Polyethylene Polyvinylchloride 

Cross-linked  Polyclefin 

Cross-linked  Polyolefin 

Cross-linked  Polyolefin 

Ethylene-Propylene   Rubber 

None 

Polyvinylchloride 

Neoprene 

PE/Cl.S 

Ethylene-Propylene   Rubber Polyolefin 

Neoprene 

Ethylene-Propyl 
Dlene-Rubber 

ene 
PE/Cl,S 

Ethylene-Propyl 
Diene-Rubber 

ene 
PolyoltfIn 

Sillcone Polyolefin 

ECIFE None 

PTFE None 

Pclyimlde PTFE 

Energy for 

Critical Ignition Electrical 

No. of Wir« and Flux Energy 

(kJ/m^) 

Failure 

(kJ/m2) 
Conductors Cabli Si» (kW/m2) 

- - 14 140 - 
- - 11 600 - 

16 AWC 14 1100 3500 

12 AWC 14 1200 5200 

12 AWG 25 2100 3800 

12 AW0 25 2600 4000 

12 AWÜ 25 2600 6000 

646 MCM 25 3000 NF 
12 AWG 25 3900 3400 

12 AWG 25 5600 9000 

4/0 AWG 25 5600 25,000 

313 MCM 25 7100 33,000 

444 MCM 25 7700 25,000 

12 AWG 14 9(10 3200 

2/0 AHG 14 900 5000 

12 AWG 14 1100 7100 

16 AWG 14 1100 7700 

14 AWG 25 1300 10,000 

1000 MCM 25 1600 NF 

12 AWG 25 2200 4800 

12 AWG 25 2300 4500 

12 AWG 25 3500 6300 

2 50 MCM 25 3900 25,000 

500 MCM 25 4200 NF 
500 MCM 25 4800 NF 
1000 MCM 25 5900 NF 
1500 MCM 25 7700 NF 

646 MCM 25 2500 33,000 

14 AWG 25 1500 6200 

12 AWC 25 1500 4000 

2000 MCM 25 5000 NF 

12 AWG 25 6700 13,000 
2 50 MCM 25 7700 20,000 

4/0 AWC 25 12,500 9100 

2/0 AWC 25 16,700 20.000 

10 AWC 25  No Ignition NF 

NF:    No electrical   failure at 60 ku/m2 heat  flux up to 10 minutes 

*:    Data taken  from Ref.   1-5. 
Forcad air flow  (piloted  Ignition) 

b: Undar natural air  flow (piloted  ignition) 
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Figure   1     Factory Mutual   Combustibility Apparatuses:  A,  Small-Scale;   B, Intermediate-Scale; C,   Large-Scale 
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The Acid Index — A Property of Polymer Combustion 

P. C Jfarre-n 

Bell Communiculions Research. Inc. 
Murray Hill, New Jersey 07974 

ABSTRACT 

( oncern over acid evolution from burned fire retardant materials has 
prompted the development of a simple, precise, ten minute test to 
measure the phenomenon. The "acid index" (A!) is defined as the 
tmlliequivalents of acid (< pH 4.5) evolved per cc of original polymer 
when burned in pure oxjgen, Poly(vinyl chloride) formulations as well 
as a variety of other wiie and cable materials have been measured by 
this technique. Some of he principles involved in reducing the Al of 
polymeric materials whil • still maintaining low flammability and 
acceptable mechanical prope'ties are discussed. 

Introduction 

The flammability of synthetic wire and cable materials is an 
important consideration since they are often utilized indoors or near 
dwellings. Ease of ignition, rate of flame spread, smoke development, 
and acidic or hazardous gas formation are the main areas of concern; 
the latter topics in particular have received increasing attention in 
recent years. An enormous amount of plasticized PVC has been 
incorporated into such products throughout the world, and much of it 
is more or less fire retardant. Nevertheless, PVC has come under 
attack because of its reputed heavy smoke and acidic byproducts 
encountered in incipient as well as mature fires. 

PVC-based materials generate hydrogen chloride under pyrolytic or 
burning conditions. Indeed, it is well recognized that this process 
makes ignition difficult and slows the rate of combustion, which is one 
reason why the material is used in the first place. The purpose here is 
to document a simple experiment that can be used to quickly and 
accurately characterize the amount of acid gas that evolves from any 
plastic or rubber material. The further intent is to put the outgassing 
of PVC materials into perspective relative to other common fire 
retardant polymers. A basic assumption, of course, is that acidic gases 
or aerosols are generally not beneficial to nearby people or things. 

Results ind Discussion 

I.  Tlwory 

The amount of hydrogen chloride or bromide liberated from burned 
polymers is typically determined by pyrolysis in air or nitrogen 
followed by titration to form insoluble silver halide, using either a 
specific (halide) electrode, or Mohr or Volhard wet methods to locate 
the endpoint. An alternative is to determine these materials by acid 
neutralization, which will be sensitive not only to the above elements 
but fluorine and sulfur as well. Since carbon dioxide is always a 
product of combustion, the equivalence point must be at a pH low 
enough to avoid interference by carbonic acid: 

COj + HjO m HiCO, B HCOf + H* « CO,- + 2H+ 

The quantitative treatment of carbonate systems is detailed in most 
introductory analytical chemistry texts.'" Carbonic acid will not ionize 

significantly until pH 4.5 is reached, so stronger acids will be 
preferentially neutralized by strong base. To give this equivalence 
point some practical meaning, one might arbitrarily say that evolved 
acid below about pH 4.5 has the potential of being interactive with 
people and/or things, while that above this number might be relatively 
inocuous. This statement refers only to the acid function of the 
molecule and says nothing about individual or collective combustion 
toxicities or corrosivities of these materials. 

A fundamental combustion property of any synthetic or natural 
polymer is suggested based on the above experiment. The 
milliequivalents of evolved acid at or below pH 4.5 per cubic 
centimeter of original polymer burned in pure oxygen is defined as the 
acid index: 

N — normality of base, mequiv/ml 

acid index (mequiv/cc) ■  ^- V — volume of base, ml 
w 

p — density of polymer, g/cc 
w — weight of polymer, g 

Milliequivalents of acid a'e determined because that is the only 
fundamental quantity that cai. •" derived from a pH measurement. 
The procedure thus involves burni g a known weight of material in 
pure oxygen, dissolving all evuived acid into water, titrating with 
standard base to pH 4.5 and correcting to mequiv/cc by multiplying by 
the specific gravity of the original material. This latter step allows 
comparison on a volume rather than a weight basis, thus avoiding 
errors when densities of materials vary greatly, as they often do when 
heavy inorganic fillers are incorporated. This concept also recognizes 
that materials are usually utilized in a given size rather than mass. 
Finally, given the amount of various materials in a container, room or 
building and knowin> tHir individual acid indices, the total amount of 
acid evolved from total combustion is conveniently estimated. 

2.  Ucttrmination of Acid ladex 

Fifty milliliters of distilled water and a magnetic stirring bar are 
placed inside a Schoeniger combustion flask13' and the system is 
flushed with oxygen for about one minute. A 20 ± 5 mg sample of 
polymer, weighed to the nearest 0.1 mg, is wrapped in a piece of 
ashless filter paper and inserted into the platinum screen. The filter 
paper is ignited, the stopper placed in the flask, the assembly inverted 
and the sample totally combusted in 5-10 seconds. If there is no solid 
left in the platinum screen, the flask Is simply shaken for thirty seconds 
or so. If some does remain, the solution must be magnetically stirred 
until the smoky atmosphere turns clear ( — 10 minutes); care must be 
taken that the residue not be allowed to contact the water below. 
After removal of the stopper, the contents of the Has)- are decanted 
into a 150 ml beaker, followed by a 10-20 ml d ttRI«! water rinse. 

The solution is titrated with 0.1N NaOH 0 a pll 4.5 electrode or 
bromocresol green endpoint. If the latter method is used, I drop of a 
1% phenol solution will be necessary to prevent possible bleaching of 
the indicator. For very small amounts if liberated acid, a blank 
reaction (combustion of filter paper only) should be determined and 
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this volume subtracted from that obtained from burned polymer.   The 
acid index would be determined from the following relationship; 

(O 1 meqmv/ml) (volume of base. mIXdcnsily of pulymer. g/cc) 
weight of polymer, g 

acid index, mequiv/cc • 

V Quality (onlrol Go/NoOo Tnt Using The AcM Index Method 

A 20 ± 5 mg sample of polymer, weighed to the nearest 0! mg. is 
wrapped in a piece of ashless filter paper and placed in the platinum 
screen attached to the stopper of the Schoeniger flask. The 500 ml 
Schoeniger flask is filled with 50 ml distilled water, 5 drops of 0.04% 
bromocresol green indicator. I drop of IÜ aqueous phenol and a 
volume of 0.1 N NaOH as determined by the acid index desired: 

., , ,      (acid index, mequiv/cc) (weight of polymer, g) Volume, ml - —; --1— B '—•—     B 

(0.1 mequiv/ml) (density of polymer, g/cc) 

The flask is then flushed with oxygen for about one minute, the filter 
paper ignited, the stopper placed in the flask, the assembly inverted 
and the sample completely combusted in 5-10 seconds. The flask is 
then shaken vigorously for 2-3 seconds, and the color of the solution is 
noted; a blue solution indicates that the polymer has an acid index 
lower than that specified above, a green one says that the acid indices 
are identical and a yellow one shows that the polymer acid index is 
higher than that selected In short, a blue or green color would pass 
the test while a yellow one would fail it. 

4.  Acid 'ndex ( omnusiinn Kxperiment 

The combustion experiment itself is based on the Schoeniger 
combustion apparatus, which is nothing more than a sealed Brlenmeyer 
flask containing a small platinum screen to support the burning 
sample,  pictured  in   Figure 1      Initial attempts to burn  samples  in 

STOPPER WITH 
GROUND JOINT 

IGNITION POINT- 

MAGNETIC 
STIRRER 

PLATiitJM 
SAMPLE C4RRIER 

ABSORPTION 
LIQUID 

water below, necessitating a repeat experiment. Also, the sample size 
of 20 ± 5 mg seemed to be about optimum for the 500 ml flask. Too 
large a sample gave too vigorous a reaction resulting in an occasional 
spattering of unburned material, while a smaller amount gave too 
insensitive a >est Finally, in running hundreds of experiments in this 
apparatus there was never any obvious pressure buildup inside the flask 
and consequently never any sense of danger. The safety of the method 
has been verified in the literature.'" 

Real fires create hot. oxygen deficient conditions, quite unlike those 
inside the Schoeniger flask. In the laboratory experiment, a ~20 mg 
sample is consumed in a 500 cc flask, which translates to about a 
tenfold excess of required oxygen. Clearly the lest will convert more of 
a given amount of sample to oxidi/ed products than will occur in 
actual fires; accordingly the test should be viewed as a "worst case" 
condition. It should be kept in mind, however, that many halogenated 
fire retardants eliminate hydrogen halides early in the decomposition 
cycle, so that subsequent combustion conditions should not greatly 
aflect the quantity of acid gases produced. 

Table I 

(Experiment)      (Theoretical) 
Material Density Al Al 

PE 
PE + 10 DBDPE" 

0.96 
0.97 

0 
0.9 

0 
1 

PVC 1.40 21.5 22 

PVC + 60 DOP"' 
PVC + 60 TCP1"1 

PVC + 60 TPPbe 

PVC + 60 T23Pb'f 

1.22 
1.33 
1.37 
1.66 

12.0 
13.0 
13.5 
19.5 

12 
13 
14 
21 

PVF 
PVF2 

1.50 
1.78 

28.0 
49.0 

J3 
55 

TFE/FEP 
TFE 

2.15 
2.22 

52.0 
59.0 

86 
86 

PPS» 1.34 12.0 12 

DBDPE - decabromodiphencxy ethane 

PVC formulation; PVC; 60 phr plasticizer; 5 phr tribasic lead 
sulfate; 0.5 phr ethylene bis-stearamide; 0.5 phr dibasic lead 
stearate. 

DOP - di-2-ethylhexyl phthalate 

TCP - tricresyl phosphate, only HJPOJ — H2P04- + H* and HCI 
—* H+ + CI" were considered in calculating total acidity. 

TPP - triphenyl phosphate, only HjPCXi — HiPO.," + H+ and 
HCI —• H+ + CI" were considered in calculating total acidity. 

T23P - tris(2.3 dibromopropyl) phosphate, only 
H,P04 - H* + HjPCV. HBr - H+ + Br' and HCI — H* + CT 
wcre considered in calculating total acidity 

PPS theoretical Al assumes only 1 titrable proton at <pH 4.5. 

Figure   1 

50/50 or 75/25 oxygen-nitrogen mixtures were unsuccessful because of 
poor sample ignition or incomplete combustion, hence all subsequent 
tests were run in 100% oxygen. All samples, including the balky 
Huorocarbons, appeared to react completely under these conditions, at 
least from a macroscopic point of view. Once in a while the residue 
would obviously drop out of the screen during combustion  into the 

Table 1 compares the acid indices of some known compounds with 
the theoretical amount of acid they arc capable of yielding. Only the 
elements CI, Br, F, S and P were considered in calculating the total 
acidity. Iodine and selenium, as well as perhaps other elements, also 
give acid products but are found so infrequently in plastic materials 
that they were not considered. Carbon acids arc not detected by this 
method because they are totally combusted. Unplasticized poly(vinyl 
chloride) (PVC) gave an acid index of 21.5 mequiv/cc, slightly but 
consistently less than a theoretical value of 22.4.   There was always a 
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slight odor of chlorine when the flask was opened after combustion, 
suggesting that most, but not all, of the chlorine in PVC was converted 
to HCI When pH indicators were used to determine the acid-base 
tilralion endpomt, their color was sometimes bleached clear, an 
observation also consistent with free halogen. 

A di-2-ethylhexyl phthalate plaslici/ed PVC showed a lower value 
of only I I mequiv/cc because the acid-forming PVC matrix had been 
diluted with the non-acid forming liquid. The phosphate plastici/.ed 
materials gave numbers very similar to the phthalate materials, 
because phosphorus adds almost nothing to the total acidity of the 
system. Not only does this element account for very little (<IO')f) of 
either plasticizer, but only the first proton of any phosphoric acid 
formed (H,P04 — H* + HjPO«) is acidic enough to be neutralized 
below pH 4.5. 

Brominated materials are commonly incorporated into polymers as 
tire retardants and their effect on the acid index is substantial, as 
evidenced by the tris(2,3 dibromopropyl) phosphate (T23P) plasticized 
PVC. Combustion of bromine-containing compounds in 100% oxygen 
is reported to give free bromine as well as hydrogen bromide.141 while 
those combusted in air apparently produce only HBr."' This suggests 
that the acid index measurement might underestimate the actual 
amount of acid produced in a real tire, but the T23P-plaslicized PVC 
data indicate that the effect is probably only slight. Furthermore, 
there is evidence that while free bromine is definitely formed in the 
Schoenigcr experiment it is usually outweighed by HBr.'" A second 
consideration is that the small amount of bromine rapidly bleaches any 
pli indicators used in the titration step, similar to the chlorine 
experience, this problem is circumvented by either using a pH 
electrode rather than an indicator, or by adding I drop of 1% aqueous 
phenol to the solution before indicator titration. Free bromine or 
hypobromite ion apparently reacts with phenol faster than it reacts 
with the indicator.'7' 

1 luoropolymers give very large acid indices, as shown by the 
several examples in the table They also give the least accurate values 
of any of the materials that produce acidic gases. While polyfvinyl 
fluoride) (PVF) and poly(vinylidene fluoride) (PVF;) gave acid indices 
that were within 15^? of expected numbers, perfluorinated materials 
showed only slightly more than half of iheir calculated values. Several 
possible reasons could account for these facts. First, perfluorinated 
materials usually pyrolyze rapidly down to monomer, some of which 

probably escapes the combustion zone only partially oxidized. Second, 
the HF formed might react with the glassware, but this seems unlikely 
because a control experiment showed that identical results were 
obtained when the solution was titrated either five or thirty minutes 
after combustion. Third, at least some of the low values are due to the 
fact that HF, beim, a weak acid <pKa - 3.4$), is not totally 
neutralized at pH 4.5. Figure 2 compares the titration curves obtained 
from combustion of ?VC (HCI titration) and PVF2 (HF titration). 

Finally, polyphenylene sulfide (PPS) was evaluates for its acid 
index and it agrees well with the theoretical value if only one proton is 
neutralized at a pH <4.5. Presumably SOj rapidly hydrolyzes to 
sulfurous acid (HjSOj); sulfuric acid is a strong acid that would yield 
two protons and apparently is not formed. 

Table 2 

Acid Index of Various Polymers 

Material      Density      Al 

red oak 

polystyrene 
6,6 polyamide 
polyethylene terephthalate 
polycarbonate 

PVC/ABS blend 
"low HCI" PVC jacket 
PVC Type NM power cable jacket 
PVC power cable insulation 

FR' ethylene/EVA copolymer 
40^ glass filled PPS 
FR ABS 
FR polyamide, Ml glass filled 
Neoprene rubber cable jacket 
FR' polycarbonate 

ethylene/chlorotrifluoroethylene copolymer 
perfluoroalkoxy fluoropolymer 
fluoroethylene/fluoropropylene copolymer 

0.66 0 

1.04 0 
1.12 0 
1.34 0 
1.20 0 

1.13 9 
1.52 2 
1.36 9 
1.32 12 

1.50 X 
1.60 9 
1.20 3 
1.56 3 
1.52 5 
1.22 1 

1.68 37 
2.15 )l 
2.15 51 

11 

 1 1 1— 
TYPICAL  NEUTRALIZATION CURVES 

o 0 0163g PVF2, AI« 48 
A 0 0228g PVC, AI«22 

EQUIVALENCE POINT 

_L J_ _L 
10 20 30 40 

0 IN NOOH ADDED, ml 

Figure   2 

50 

aFR - fire retardanl 

Table 2 outlines some representative acid indices for various wire 
and cable materials and some molding resins. In general, fire 
retardant materials that incorporate any of the lialogens or sulfur will 
have a non-zero value. Blends of PVC witu either plasticizer or 
impact modifiers typically give numbers around 10 ± 3. Vinyl 
materials that were highly loaded with basic fillers gave much lower 
Al values. In fact, PVC compounds formulated to provide minimum 
acid gas were in that sense no worse than other fire retardant 
materials. 

S.  Effect of Busk Killers on Acid Index 

Basic fillers such as CaCO,, Li^CO,, K2CO, etc., when added to 
PVC formulations, will react with gaseous hydrogen chloride during 
combustion and greatly reduce the acid evolved into the nearby 
environment."1""" Figures 3 and 4 show the effect of added CaCO) on 
Al for unplasticized and phosphate pljsticized PVC, respectiv -ly. In 
both cases, a reduction in acid evolution occurs because of volume 
dilution of the resin by filler and plasticizer, as well as by reaction to 
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25 

bJ 
o 10 

8 
PVC (NO PLASTICIZER) 

o DILUTION ONLY 
ö DILUTION + NEUTRALS 
• EXPERIMENTAL RESULTS 

0oL 
20 40 60 80 100 

CALCIUM CARBONATE, phr 

Figure   3 

150 phr, only 90* of the acid is absorbed. The particle size of the 
CaCOj in these experiments averaged 1.2 itm Smaller particles would 
improve these numbers"01 but at the unacceptable cost of poor 
mechanical properties. High lojdings of fillers are almost always 
detrimental to polymer performance, hence 80-100 phr may represent 
a practical concentration limit. 

6.  Effect of Plasliciicr Conlral on Kltidenct of Acid Nrulrali/iliun 

Since most PVC wire and cable materials are plasticized. the effect 
of the amount of plasticiier on acid scavenging of CaCOi was briefly 
investigated. Table i lists the milliequivalents of acid per gram of 
PVC resin incorporated into nine formulations, where CaCO, was 
varied between 0, SO and and 100 phr and plasticizcr between 0, JO 
and 60 phr.1 a range that encompasses most jacket and insulation 
compounds. Clearly the extent of reaction of basic salt with evolved 
hydrogen chloride is essentially unaffected by the presence of 
plasticizer. The acid index, then, is reduced by addition of plasticizer 
only because it increases the total volume of the system, not because of 
any subtle changes in the acid neutralization process 

Table 3 

Effect of Plasticizer Content on Efficiency of Neutralization 

 Metiuiv/g PVC Resin  

. ■ 

- 

25 

20 
40 phr PLASTICIZED PVC 

O DILUTION ONLY 
Ö DILUTION + NEUTRALIZATION 
• EXPERIMENTAL RESULTS 

40 60 

CALCIUM CARBONATE, 

Figure   4 

bO 100 
phr 

form stable and inert products: 

2HC1 + CaCOj — CaCI2 + HjO + C02 

From zero up to about SO phr of added CaCO], the experimental 
results emulate the theoretical numbers reasonably well but at higher 
concentrations the basic additive is less and less effective. The 
stoichiometrlc concentration is exactly 80 phr of additive, but fully 
2S% of the  released   HCI  is  unreacted at  that  loading.    Even at 

PVC Formulation" 
plasticizer phr 

0 

30 

60 

Ophr 
CaCO. 

15.1 

IS.7 

IS.6 

50 phr 
CaCO, 

8 I 

70 

7.0 

100 phr 
CaCO, 

4.1 

3,7 

3.8 

100 phr 0,92 IV PVC resin; 0, 30 or 60 phr dialkyl phlhalale 
plasticizer; 0, SO or 100 phr I.2Mm stearate coated CaCOj; 5 phr 
tribasic lead sulfatc; 0.5 phr dibasic lead stearate. 

7.  Effect of Basic Fillcn on Fire Retardtnt Additiv« 

Antimony oxide is essential in optimizing the Are resistance of PVC 
materials as well as those that employ chlorinated or brominated lire 
retardants. When basic fillers are added, they presumably compete 
with antimony oxide for hydrogen chloride, since it is well established 
that the antimony is primarily effective in the flame and chlorine is 
necessary to provide sullicicnt volatility for the heavy element. 
Figure 5 compares the flammability via the oxygen index 
measurement11 of SO phr phthalate plasticized PVC compounds, one 
containing 100 phr of CaCO] (Al - 4) and one containing no filler 
(AI — 13). As antimony oxide is added to each formulation, it is clear 
that they respond similarly, albeit the filled material is considerably 
more flammable than the unfilled one. Clearly antimony oxide is just 
as effective in formulations where most of the HCI is absorboH by the 
basic filler as where it is not. 

One way to circumvent the problem of higher flammability when 
large amounts of basic fillers are utilized is to incorporate some 
bromine-containing additives that release HBr. Since bromine is about 
five times as effective as a molar equivalent of chlorine in reducing the 
oxygen index,"" a much smaller amount of volatile halogen acid is 
required to maintain low flammability.  Again, one has to consider the 

a    phr  • parts per hundred of resin 

b    The onygcn index is defined as (he minimum perceni concentration uf oxygen that 
will just sustain downwards combustion of a vertically oriented polymer specimen 

rrr 
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50phr PLASTICIZED PVC 

NO BASIC FILLER, AI«I3 
100 phr CALCIUM CAFBONATE, AI«4 

_L 

ANT.MONY OXIDE, phr 

The criticism that basic fillers inhibit the full fire retardant 
properties of PVC formulations is reasonably well grounded, but the 
effect can be compensated by using the principles outlined above, 
among others. Table 4 lists some PVC cable jacket formulations along 
with several critical properties. Conventional PVC jacket compounds 
have relatively good resistance to combustion but at the expense of 
copious acid production during a fire. By filling conventional materials 
with CaCOj the acid production is reduced by at least two-thirds but 
the flammability is significantly enhanced. One example of a material 
that optimizes both properties consists of PVC lightly plasticized with 
a linear dicarboxylate combined with a fire retardant additive, tris(2,3 
dibromopropyl) phosphate. The excellent performance has been 
accomplished without the usual trade-off in low temperature properties, 
although it comes at a somewhat higher price. This formulation is not 
necessarily recommended as the best one for the application, but serves 
to illustrate the principle that oxygen index, acid index and low 
temperature brittleness are not necessarily mutually exclusive 
properties. 

Mil 4 

PVC Cable Jacket Compounds 

Figure  5 Additive 
Conventional   Conventional Fire Retardant 

Fire Retardant    Low Acid       Low Acid  

a 

competition of HBr and the HCI for the basic filler, especially since 
the hydrogen bromide is probably liberated first, 'f all the HBr is 
totally neutralized by CaCO), none will reach the flame where it is 
most active. Figure 6 shows the effect on the oxygen index of adding 
small amounts of the tetrabromide of 4-vinylcyclohexene to two SO phr 
plasticized PVC formulations, one containing 100 phr of nkhm 
carbonate (Al — 4) and one containing no basic filler (AI - 13). 
Clearly the heavier halogen works about as effectively in the low acid 
formulation as in the high acid one. 

30 

29 

26 

25. 

50 phr PLASTICIZED PVC 

NO BASIC FILLER, AI« 19 
100 phr CALCIUM CARBONATE AI>4 

_1_ -J_ -L 
0 5 10 

TETRABROMIDE OF 4-VINYLCYCLOHEXENE, phr 

Figure   6 

PVC 

dialkyl phthalate 
dialkyl adipate 

I ».m coated CaCOj 

AI,0]3H]0 
SbjO] 
trii(2,3 dibromo- 
propyl) phosphate 

100 

40 

15 
3 

100 

65 

100 

3 

lead stabilizer 

Propertie» 

oxygen Index, % 0 
acid index, mequiv/cc 
tensile strength, ASTM D4I2, p»i 
elongation, ASTM D4I2, % 
LTB.' ASTM D746, 'C 

.61 .51 

100 

35 

100 

3 
15 

30.5 26.5 31 
13 3.5 3.5 

800 1530 1950 
300 180 200 
■26 -25 -22 

.74 Ib-volcost, 1984 $ 

LTB - low temperature brittlrneu 

OMMW 

Organic materials that incorporate any of the halogens and/or 
sulfur all produce relatively strong acids (pH <4 5) when the gases 
from their combustion are combined with water. The extent of acid 
evolution can be measured by a simple test that yields the "acid index" 
(AI), defined as the milliequivalents of acid released per cc of original 
polymer after combustion in pure oxygen. The acid index is similar to 
the "oxygen index" (OI) in that both are derived from combustion 
experiments, each number is highly reproducible and unique to a given 
material, neither requires a knowledge of 'he polymer structure and 
either may or may not predict the oui -ome of a real fire. The AI will 
always represent the most oxidized and acidic products from 
combustion, and hence should always be treated as a worst case 
prediction. The OI, on the other hand, is never a worst case prediction 
because of its relatively mild test conditions. 

The AI concept is useful because it quickly summarizes possible 
concerns about a given material relative to acids that may arise should 

\ 
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combustion occur. It says absolutely nothing about toxicity of products 
of combustion because acidity and toticity are not simply related. It 
also says very little about corrosivity, because it does not distinguish 
between various acids. It also will not detect carbon acids that might 
arise from partial combustion. It does allow one lo anticipate ihe 
maximum quantity of acids possible from an assembly of unknown 
materials in case of 'ire. It is easily adopted to quality control, sini e a 
go/no go Al can be determined in 5-10 minutes with siirple, 
inexpensive equipment. Finally, and most important, it is a reseirch 
tool with which materials can be formulated and quickly measured for 
liberated acid, thus providing a means towards a goal of negligible acid 
output. 

How should acid gas evolution be treated in the overall picture of 
unwanted combustion of polymeric materials? Clearly the greatest 
priority should be the selenion nf materials that do not ignite or spread 
flame easily in the first place - where there is no fire there are usually 
no acidic gases. It is interesting to note, however, that PVC wire 
insulations have been criticized because acids may evolve from these 
materials in the realm of >2S0'C, even though combustion may never 
occur."2* Also, why worry about acid gases from fluoropolymers when 
they are apparently so difficult to ignite or burn? One reason is that 
the mixed hydrocarbon/fluorocarbon materials such as polyvinyl 
fluoride, polyvinylidene fluoride, copolymers of ethylene and 
tctrafluorücthylene, etc. all yield HF when heated by any nearby 
source. Secondly, perfluorinated materials will still pyrolyze and 
combust in the heat from a large fire, as shown by the reported sharp 
temperature/oxygen index slope for polytetrafluoroethylene. Its oxygen 
index at room temperature is 95% oxygen, but at --250'C it is well 
below 50% and not greatly different from unplasticized PVC."1' 

Reduction in smoke or particulate formation is probably second in 
priority, not only because it obscures visibility but may act as a carrier 
for irritating materials that can bypass normal bodily defenses. The 
extent to which acidic gases contribute to this mechanism depends on 
many parameters which may or may not develop in an actual fire, and 
in any case is outside the scope of this discussion. 

Finally, it is apparent that acid evolution from burned, plasticized 
PVC compounds is not greatly different from other fire retardant 
plastics provided the material is formulated to minimize that property. 
While PVC has an Al value of 22, most commercial wire and cable 
foimulations exhibit numbers about half of that. Incorporation of 
basic tillers will reduce the number by another factor of 3-5, so that 
the practical Al limit appears to be about an order of magnitude lower 
than 'he pure polymer. Further reductions in AI will be 
extraordinarily difficult in this system without compromising the other 
valuable properties that make PVC the workhorse that it is in the wire 
and cable industry. 

8. O. Leuchs, "A New Self-Extinguishing Hydrogen Chloride 
Binding PVC Jacketing Compound for Cables," Proceedings of 
Ihe Nineteenth International Wire and Cable Symposium, 
(Atlantic City, 1970) p. 239. 

9. M. M. O'Mara, /. Polym. Sei.. A-l. 9 1387 (ir»I), 
ID. G. Matthews and G. S. Plemper, flrir/Wym. y. 16 34(1984); 

15 95 (1983); 13 18 (1981). 
11. P. C. Warren. "Mechanism of Inhibition of Poly (Vinyl 

Chlo'ide)." Technical Papers. SPE RETEC. Newark. N.J.. 
Octobv-.r 14, 1971. pp. 29-34. 

12. D. Wallace. / Combust. Toxicology « 205 (1981). 
13. C. P. Fenimore and G. W. Jones. / Appl. Polym. Sei. 13 285 

(1969). 
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Fire Safety of Wire and Cable Materials, Part III 
An Approach to Estimating Cable Fire Hazard 

Frederic B.  Clarke, Ph.D. and Philip J. DiNenno, P.E. 

Benjamin/Clarke Associates, Inc. 

WJ 

Abstract 

An  assessment   of   the   fire 
hazard   of   cable   insulation 
materials,   combining   selected   fire 
and   snoke   properties   is   presented. 
Using   single  relationships   between 
heat   release   rate,    flame   spread 
rate,   smoke   obscuration   and   snoke 
toxiclty,   consistent   cable 
performanco   requirements   are 
developed.      These   requironents   are 
based   on   rationally   developed 
hazard   criteria.      The   two 
approaches   presented   are 
intentionally   simplified   in   order 
to   demonstrate   the   relationships 
between  the   various   fire   and   smoke 
properties.     Comparsions   between 
these   properties   and   existing   fire 
test   methods   for   cable   materials 
ere   drawn . 

Introduc t ion 

In   the   first   paper    in   this 
series,   presented   at   the   32nd 
International   Wire   and   Cable 
Symposium,    it   was   shown   that 
several  cable   fire   properties 
contribute   to   the   i..anner   in   which 
fire   develops   (1).      These 
flannability   properties   cro  in   turn 
closely  coupled   to   the   way   in   which 
a  cable  generates   smoke.      The   set 
of  cable   fire   variables   required   to 
describe   fire  hazard  must   therefore 
include  data   on   the   quantity   and 
quality   of   the   smoke.     Smoke 
quantity   is   generally  necisured   by 
smoke   obscuration   techniques,   while 
smoke   quality   is   generally  measured 
in   terms  of   its   toxicity.     The 
second   paper   in   this  series, 
presented   at   the   Marine   Cable 
Symposium,    dealt    with   toxicity 
measurements  of   smoke  (2).     This 
paper,   the   third    in   the   series, 
makes   a   first  attempt   to   integrate 
cable   fire   propertied   into  an 
assessment   of   hazard. 

In   any   given  situation,   a 
cable   fire's   impact   will   depend   as 
much   on   the   environment   in   which 
the   fire   takes   place,   and   the 
characteristics  of   the  space   in 
which   the   smoke  is   contained,   as   it 
does   on   the   properties  of   the   cable 
itself.      Both   smoke   obscuration   and 
toxicity   are   functions  of   the 
concentration   of   the   smoke,   so   that 
the   ratio  of   the  amount   of  material 
burned   to   the   volume   to   which   the 
smoke   is  contained   is   very 
important. 

The   rate   at   which  snoke  is 
produced   is  also  important.     All 
smoke   is   toxic,   so   that   the 
difference   in   smoke   hazard   posed   by 
two  materials   under   the   same   fire 
conditions   is   the  relative   time   at 
which   an   intolerable   amount   of 
smoke   has  been   produced.     In 
general,   ways   of  computing   fire 
hazard   involve   calculating   the   time 
difference   between   fire   initiation 
or   detection   and   the   onset   of   the 
first   intolerable  condition.      It 
should   be   noted   that   this   condition 
may   be   temperature,   if   the   fire   has 
a   very   rapid   energy   release  rate   or 
the   volume   in   which   it   is  contained 
is   very   small;   or   it   may   be   the 
toxic   effects   of   the   smoke. 
Obscuration  of   the   smoke   by   itself 
impedes   escape   but   is   not   a   killer. 
Rather,   it   causes  the   victims   to 
remain   in   the   smoke   longer   or 
perhaps   to   require   rescue,   where 
they   could   otherwise   escape   by 
themselves. 

The   purpose  of   this   paper   is 
to   translate   cable   fire   properties, 
as   could   be  measured   in   the 
laboratory   into  estimates  of   the 
relative   hazard   they   pose   under 
actual   fire   conditions.     The 
approach   taker,   in   this  paper   is   to 
use   specific   examples  rather   than 
to   treat   the   problem   in   the   general 
case.      We   begin  by   simply 
envisioning   a   small   cable   run   whose 
smoke   is   assumed   to   fill   up   the 
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floor   of   a   small   building. 
Howpver,   a   more   careful 
consideration   of   the   problem 
reveals   that   the   space   in    which   the 
cables   are   contained   can   itself 
influence   the   rate   at   which   they 
burn,   and   therefore   the  rate  at 
which   smoke   is   produced. 
Therefore,   the   second   part   of  our 
approach   is   to  modify  a  general 
case  in   light   of  conmon  conditions 
of   use   and   the   lack   of  some   of   the 
desirable   data. 

Calcuat i ons   o f    Smoke   Hazard 
Cri teria:   A n   111 ustration 

Typical 
so   that   smoke 
contcined   in 
fire  origin. 
the  smoke   zon 
applicable   bu 
Typically,   ho 
floor  area  of 
(approx imate1 
If   the   space 
corresponds   t 
feet,   or   roug 

buildings are   designed 
from   a   fire   is 

the   vicinity   of   the 
The   precise   size  of 

e  is   dictated   by   the 
iId i n g   code. 
wever,    it  may   be a 

2000   square    feet 
y   200   square   meters). 
is   8   feet   high,   this 
o  a   volume  of   16,000 
hly   500  cubic   meters. 

For   purposes   of   this 
illustration,   let   it   bo assumed 
that  a   cable   bed   0.5   m  in   width 
runs   through   this   compartment, 
(i.e.   that   the  cable   is  not   located 
in   the   plenum  space)   and  that   the 
scenaiio   of   ignition   is  one   in 
which   the  cable  is   assumed   to  be 
ignitable,   and   to   burn,   by   itself, 
i.e.   without   the   necessary   agency 
of   another  major   fire.     Finally, 
suppose   that   it   is   decided   that   the 
compartment   should   be   safe   for 
evacuation   for   10  minutes   after 
ignition   of   the   fire.     This 
requires: 

a.      that   visiblity 
after   the   fire 
has   burned   for 
10  mi nutes   be 
sufficient    that 
escape   is   not   prevented; 
and 

b.  that the 
concentration of smoke be 
not toxicologically 
incapapcitating before 
that time. 

Based on these parameters, 
limits can be set on the maximum 
concentration of smoke which such 
considerations would allow.  From 
the allowable smoke concentration, 
sets of fire properties which give 
that concentration or less, can be 
determined . 

Smoke Obscuration 

as t 
requ 
expe 
leve 
and 
mete 
visi 
allo 
dens 
calc 
dete 
(3) 

There are differing opinions 
0 the level of visibility 
ired for escape, but most 
rts agree that an acceptable 
1 is no less than 1 meter -- 
in some cases as much as 3.5 
r.  If one chooses 1 meter 
biity as the criterion, the 
wable smoke density (in optical 
ity per meter) can be 
ulated using a relationship 
rmined by Rashbash and Pratt 

OD/m 
1.3 

lit*] 
[ v 1 

where   v   is   the   visibility   in 
meters.      A   visibility   of   1   meter 
corresponds   to  a   smoke   optical 
density   of   1.55/m.     The   optical 
density   of   the  smoke  in   turn  can   be 
related   to   the  mass  of   smoke 
through   the   "mass   optical   density" 
(MOD)   of   the   burning  material: 

O.D./m   =   (MOD)   (Smoke   Mass,   M) 
Compartment   Volume 

For   a   volume   of   500  cubic 
meters,   the   allowable  mass  of 
smoke,   M,   is   any   amount   which  does 
not   block   visibility.     Hence, 
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■A 
0 

M   <_   1.3   x   5UU 
(MOD) 

750 
MOIH in   n/kc) 

The   total   mass   of   snoke 
produced   as   a   function   of   tine,    t, 
is   given  by   integrating   the 
expression   for   nass   burning   rate, 

;■! Mdt 

It can readily be shown that 
fire on a cable bed of width b 
loses mass in proportion to the 
area of cable burning.  If fire 
spreads across the surface of the 
tray at a constant rate, f, then: 

Area burning ■ bft and 

M   =   q"   bft   ,   where   q"   is   the 
He 

heat   release   rate   per   unit   area   and 
He   is   the   heat   of   combustion.   Thus, 

■/ 

M   =/   in   dt   =   q' bft 
2Hc 

(1) 

The allowable amount of smoke 
mass, M, has been determined by the 
allowable visibility and the mass 
optical density; the escape time 
criterion has been chosen as 10 
minutes (600 sec) and the width of 
the cable run as .5 m. 
Substituting these values into the 
expression for smoke mass yields: 

2 
750  >  0.5 q" 1(600 sec), or 
MOD 2 He 

require 10 minutes or more to fill 
the room to a smoke density which 
substantially impedes escape. 

Toxicologica1 Incapacitation 

In principle, the same logic 
can be used to calculate the 
toxicological ly incapaciting level 
of snoke.  However, existing animal 
smoke toxicity tests do not 
generally provide data in the 
correct form; rather, they report 
the dose which gives rise to an 
observed effect in half (50") of 
the animals,  usually for a 30- 
rainute exposure.  This dose, called 
the "EC50" of the smoke, is 
obviously dependent on the effect 
chosen to be monitored (4), as well 
as the time of exposure.  A 
conservative approach is to require 
that the smoke concentration after 
10 minutes of burning not exceed 
the EC50 for incapacitation in 30 
minutes. The mass of smoke required 
to produce the incapacitating 
concentration in the 500 cu.m. volume 

3 

.: 

n EC5Ü(in kg/n) x Volume = 500m x EC50 

And hence the allowable smoke 
produced in 10 minutoü is any 
amount less than this level. 

Substituting this value for M 
in expression (2) yields: 

500 x EC50 >   0.5 q" f(600), or 

V* 
N" I s 

V, 

2 He 

(q") (MOD) (f)  < 
He 

,0083 m/sec   (2) 
(He) (EC50) 

,0056 m 
see 

(3) 

The intent of this expression 
is to provide that for this room 
volume and ignition scenario, cable 
having any combination of heat 
release rate, q", flame spread, f, 
heat of combustion. He, and smoke 
mass optical density, MOD, which 
satisfies this inequality will 

This result is intended to 
mean that, for the chosen volume 
and ignition scenario, any 
combination of heat release rate, 
flame spread rate, heat of 
combustion and smoke EC50 which 
satisfies this expression will 
require 10 minutes or more to 

> , 
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produce toxiculugical1y 
incapacitating conditions. 

As an example of how the 
criteria could be used. Table 1 
«hows three different cables, all 
of which have properties which 
would meet the smoke criterion. 

Note that the allowable mass 
optical density, c measure of smoke 
production potential can increase 
slonificantly if offset by 
comparatively lower values of flame 
spread and/or higher values of the 
heat of combustion. 

If it is desired to set a 
smoke toxicity criterion for the 
same three cable samples, based on 
the requirement that the EC5Ü of 
the smoke not be exceeded in the 
same lü-minute period, the EC5Ü 
values are: 

.015 ka/a,  oi   15 mg/1 

.0075 kg/«, or 7.5 ng/1 

.006 kg/m? or 6 mg/1 

It must be recalled that the 
EC50 is the incapacitating dose of 
smoke; hence, the bigger the 
allowable dose the less toxic the 
smoke.  An apparently startling 
result of the calculation is that 
cable c, which produces the most 
si.joke  per unit weight of material 
burned, is also allowed to produce 
the most toxic smoke.  This is 
because "cable c", by virture of 
its low mass burning rate (q"f/Kc), 
produces the lowest concentration 
of smoke, which offsets the higher 
toxicity. 

Another option is to require 
that the compartment retain 
visibilty for 10 minutes nnd that 
it be toxicologlcally tenable for 
an additional period of time; say, 
5 minutes.  The appropriate 
criterion is obtained by solving 
equation 2, where M is again set 
equal to the compartment volume 
times the EC50, and now t = 15 

minutes (900 sec).  This yields: 

q"f   < .0126 

Cable a : EC50 > 
Cable b: EC50 > 
Cable c : EC50 > 

(Hc)(EC50) 

For   the   same   three   cable 
samples   discussed   above,   the   smoke 
toxicities   would   be: 

Cable a: EC50 > .034 
Cable b: EC50 > .017 
Cable c: EC50 > .014 

kg/nij 
kg/ii. 
kg/m* 

or 
o r 
o r 

34 
17 
14 

MS/I 
mg/1 
mg/1 

This   requirement   is 
considerably   more   restrictive.     The 
burning   behavior   assumed   here 
dictates   that   the   total   smoke 
produced   increases  as   the   square  of 
the   burning  time,   so   specifying  a 
50%   increase   in   tenability   time 
corresponds   to   requiring  more  than 
a   twofold   decrease  in   smoke 
toxicity,   e.q.   from   15  mg/l   to   34 
mg/1,   as   in  cable   a. 

Llmi tat ions 

The foregoing exercise is 
intended to show how criteria can 
be derived rationally.  However, it 
is subject to a number of 
limitations which reflect both the 
complexities of fire and the 
current state of fire research.  In 
order to avoid unrealistic 
expectations, it is important to 
identify some of these factors. 

Fir 
toxicity 
wi thout 
scenar io 
that the 
detailed 
gi ven s i 
sure tha 
test giv 
cable fi 
material 
the choi 
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be a sur 
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a 30-min 
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tes 
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y of 
eff 

tuat 
t an 
e th 
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s. 
ce o 
f th 
roga 
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since mos 
ts were d 
rd to ind 
t is not 
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ec t of in 
ion. One 
y present 
e "right" 
and insul 
Combustio 
f test an 
e biologi 
te measur 
ion" in a 
g from me 
exposure 

t smoke 
eveloped 
ividual fire 
sur prising 
to measure the 
terest in a 
cannot be 
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asuroments in 
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r 

« 

• 

a 100 .20 

1. 200 .25 

i 250 .30 

Table   1 

CABLES  MEETING  SMOKE CKITER10N 

MOD   (smoke q"   (heat   release f( linear 
mass   optical              rate,   MW/n fierce   spread lie   (heat   of 

i   i h I .■        ih' n s i t y ,    m / k » ) of   cable)  rate ,   m/sec ) comb .MJ/k';) 

,010      (23"/min) 25 

,002A   (5.5"/min) 15 

,0044   (lO'Vnin) 40 

Table   2 

CRITICAL  HEAT  FLUX  AND   IGNITION   TEMPERATURES 

FOR   CABLE  SAMPLES  --   FACTORY   MUTUAL 

FLAMMABILITY   APPARATUS   (Source:    Reference   1) 

Cable 
S a r.i p 1 e 

1 

2 

3 

4 

5 

Minimum   Radiant 
Heat   Flux   For   Pilotet* 

Unit ion   (W/CM   ) ic 
T 
Ignition 
emperature 
culated)(   C) 

1.4 430 

2.2 520 

2.2 520 

2.5 540 

2.5 540 

3.4 730 

Table 3 

RADIANT FLUX TO HORIZONTAL SURFACES AS A FUNCTION OF FIRE SIZE 

Radian' irlux (watts/sq. cm) 

Fire Size (kw) Examp1e To Floor    In Upper Layer 

300 Upholstered Chair .31 .55 

b20 Small Sofa 1.0 1.4 

930 Foam Mattress 2.4 2.7 

1130 28 inch Fuel Fire        3.6 4.2 

Roor:i Size: Length, 8 feet; Width, 10 feot; Height, 8 feet 30 inch 

doorway 
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a 3U-niinute exposure .lien a 10- 
ininute exposure is desired -- all 
these are reasons why a ^ood 
toxicity measurenent for this 
purpose requires much additional 
work. 

This difficulty reniains even 
when toxicity is inferred by 
chemical analysis rather than by 
bioassay, since the allowable 
limits on the individual smoke 
components must be set by reference 
to some biological 1y-determined 
dose.  In addition to the problems 
outlined for bioassays, one must 
recognize that reliance on chemical 
analysis requires an additional act 
of faith -- that the important 
toxic components are included in 
the list of analysis to be 
performed. 

There are many simplifications 
of the fire process implicit in the 
previous analysis.  First and most 
important is that all of the 
material properties have been 
assumed to be independent of each 
other.  The complicated 
interactions between heat release 
rate and flame spread rate, for 
example have been neglected for 
clarity.  All phenomena are assumed 
to be steady state, and this is an 
important simplification.  No 
account has been taken of the 
effects of the enclosure in the 
burning behavior of the cable. 
These and many other simplications 
are necessary for simple 
illustration of setting performance 
criteria for the cable, but may not 
always be admissible in practice. 

This approach has also 
minimized some of the complexities 
of laboratory-based fire 
performance tests.  One 
particularly important point is 
that flame spread rate and heat 
release rate are both heavily 
dependent on the radiant heat load 
felt by the sample.  In fact, a 
number ot cable insulations will 

not burn readily unless an external 
lieat flux is imposed (ctter.pts to 
measure q" and f without an 
external flux applied to the senple 
would yield values of zero in such 
cases).  Thus, the thermal 
conditions necessary to generate 
useful fire property data are ones 
vhich the material would seldom 
experience unless something else 
besides the cable were burt.ing as 
well.  These considerations led us 
to examine another approach. 

A Modified Approach; Cable in 
Ful1-Sec 1e Fires 

In reality, wir 
seldor. start a fire 
Kather, they become 
result of exposure t 
existing fire.  Henc 
based on the product 
from burning cable a 
some sense artiticia 
will usually be cons 
quantities of smoke 
an adverse effect on 
regardless whether o 
involvement occurs, 
can be used to contr 
the contribution of 
insulation to fire a 
hazard, but whether 
contributiun is sign 
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fire scenario.  Esti 
in more complex fire 
require more alebora 
treatment (5,6) r.nd, 
full-scale experinen 
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of cable mjterials.  For üxample, 
Table 2 shows the critical flux 
required for ignition 
of a series of cables. 
Although all of these cable passed 
IEEE 383, the power density required to 
ignite then varies considerably. 

The existence of 
as IEEE 383 means tha 
not ignite readily. 
3 shows the size fire 
room needed to produc 
fluxes. Comparision 
and 3 shows that, for 
readily ignited cable 
the size indicated, a 
typical of that produ 
sofa, is required, un 
course, the cable run 
very close to, or in, 
plume. Other cables 
bigger exposure fires 
i nvolvod. 

a test such 
t cables will 
Indeed, Table 
in a snal1 

e various 
of Tables 2 
the most 
in a room of 
600 kw fire 

ced by a small 
less, o f 
is placed 
the   fire 

require   even 
to  become 

This   gives   rise   to   the 
question   of   how   important   the 
cables'   contribution   to   the   total 
smoke  will   be.      Figures   1   and   2 
compares   the  mass   lost   from  a 
urethane   foam  pad   (whose   burning 
would   typify   the   kind   of   exposure 
fire   needed   to   involve   the  cables) 
with   the   mass   lost  by   cables 
themselves   when   the   cables   are 
located   on   the   floor   of   the   room. 
The   Figures   show   results   for   Sample 
1   and   Sample   2   or   3   (of  Table   2) 
respectively.     Note  that,   in 
neither   case   is   any   cable   involved 
until   the   fire   is   ucll   developed 
(the   details  of   the   fire 
calculations  which  give  rise   to 
Figures   2   and   3   are   given   in 
reference   1 ). 

Indeed,   if   the   fires  exhaust 
themselves   into   the   2000  square 
feet   space   mentioned   above,   the 
smoke   due   to   the   foam   .Tlone   will 
have  obstructed   visibility  before 
the   cable   ignites.     This   is   the 
case   even   for  a   low-smoke   fuel   (for 
pYamplp.   one  with   a  MOD  value   of 
lüütn/kg).      Such   a   fuel   would 

produce  a   smoke   visibility  of   1 
meter   (see  above)   at  a 
concentration   of    .015   ky/cu.m.,   or 
a  mass   loss   of   7.5   kg.      The   point 
at   which   7.5   g   of   fuel   has   been 
lost   is   shown   in   Figure   1;   it   is 
before   the   cable   becomes   involved. 
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Indeed, in 
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Standards'   tox 
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The  mass-loss   rate   of   the 
cable  at.  elevated   flux   (e.g.   2.5 
watts/sq  cm)   is   the  controller   of 
how  rapidly   the   cable   insulation 
decomposes.     Thus,   when   the  cable 
is  well-involved. 

46   International Wire & Cable Symposium Proceedings 1984 

M^^^ 

v ■••.■-"-•-.■"■.-•■. . •- -• v.- V '.' 'i • 
■ -•■-•■ -• 

:■;;■ 

.v.- 



■»■■■■ i » P » » » » <,■ U ■ !_■ !.■ 1. n 1/ I ■ I ' I     I. ' I i I ■  I ■  II PT—^i^T»^*^^^*^ 
11 "'."■" 

^—^^"T^W^I ^MP 

■■-.■ 

FIGURE 1 - TIME PROFILE OF RELATIVE CONTRIBUTION 
OF CABLE AND FOAM TO SMOKE. SHOWING 
ONSET OF SEVERE Vision OBSCURATION 

• 

r .■- 

0.0 200.0 400.0 BOO.O 800,0 1000.0 

TIME (SEC) 

FIGURE 2 - TIME PROFILE OF RELATIVE CONTRIBUTION 
OF CABLE AND FOAM TO SMOKE.   SHOMING 
ONSET OF SMOKE LETHALITY (FLRE CONDITIONS, 
SEE TABLE II. 
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FIGURE 3 - RELATIONSHIP BETWEEN TOKICITV INDEX 
AND MASS LOSS RATE FOR CONSTANT AVAILABLE 
ESCAPE TIME. 
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M (cable) q'VHc 

where q" is its heat release rate 
per unit are at a previously 
established flux, and He is its 
hent of combustion.  Reference to 
Table 1 will show that it requires 
about 900 kw to generate 2.5 
watts/sq.m. in a typical room.  The 
burning rate of a typical 
hydrocarbon fuel in a 900-kw fire 
is  is .03 kg/sec or 30 g/sec.  It 
seems reasonable to require that 
smoke from the cable be no more 
toxic than that from the fuel. 
This condition is met if: 

i-U c a b 1 e ) 
LC,30( cable) 

fuel) 
LC50(fuel) 

30 
If 

i/cu , 
we again assume an LC50 of 
in. this means that: 

iKcablo in "./sec at 2.5 w/ci:i) _<1 a/sec 
1X50 (cable) 

The same criterion can also be 
expressed in terms of a toxicity 
index, such as is defined in 
current cable specifications, e.g. 
British Naval Engineering Standard 
713 (8).  A toxicity index of 1.0 
is intended to correspond to smoke 
having an LC50 of 100 g/cu.m.  In 
general, it can be shown (2) that 
toxicity index is    formally 
related to LC50 by the following 
formula: 

Toxicity Index ■ 100 ;;/cu.ni. 
LC 50 

The toxicity criterion 
developed above thus becomes: 

A plot of this expression is 
shown in Figure 3.  From a toxicity 
point of view, all materials whose 
smoke and mass loss properties fall 
or. the curve are of equivalent 
safety; all which fall above the 
curve offer more toxic smoke; all 
which fall below offer less. 

Summar y 

This paper concentrated on 
relating smoke properties, 
obscuration and toxicity, to fire 
properties, heat release rate, heat 
of combustion and flame spread 
rate.  Two simplified approaches 
were taken:  the first where the 
cable material itself was the only 
fuel burning in a space and, the 
more common situation, where the 
cable material is a secondary fuel 
iten, exposed by a fire(s) in other 
materials in the room. 
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( FULLY-AUTOMATIC  OPTICAL  FIBER  SPLICE   MACHINE 

Ryosuke ARIOKA,   Tadashi   HAIBARA,   and Masao   TACHIKURA 

Ibaraki  Electrical  Conununication  Laboratory,  N.T.T. 

Tnkai,   Ibaraki-ken,   319-11,   Japan 

>>, 

Summary 

In  practical   high-density optical  fiber cable 
transmission systems,   high  quality and efficient 
fiber splice techniques are  require!.       This paper 
describes a newly developed  fully-automatic 
arc-fusion  splice machine,   by which  all  splice 
processes  such as  stripping,  cutting,  alignment, 
fusion,  and  reinforcement are carried  out 
sequentially without  human   intervention.      To 
avoid mechanical  damage,  spliced  fibers are 
gripped  at   the coated portion during all  splice 
processes.       The  fibers with  primary  and  buffer 
coats are cut  just  after secondary  coat stripping. 
After  that,   the  primary and  buffer coats are 
removed  completely  by rotating felt-rollers. 
Then,   the  fibers are aligned  by using movable arms 
with 2 ^im  position accuracy  controlled  by 
microscopic   image  processing.      The  spliced 
portion  is  reinforced by a  pair of  plates with 
hot-melt  adhesive.       By using the new machine,  an 
average splice loss of 0.07  dB and  a median 
tensile  strength of   1.2 GPa  are obtained  for 
graded-index multimode fibers. 

1 .   Introduct ion 

Optical   fiber  cable  transmission systems have 
greatly   been developed owing to rapid   improvement 
in optical  fiber and cable,   laser diode, optical 
components,   fiber  conr.-^ction techniques,  and  so 
MI.       For  the constructiin of  the systems,  a  large 
amount  of   fiber splices a-e  required.       Since  the 
splice work  requires much  .'abor,  high-efficient 
fiber splice techniques are  indispensable  for cost 
saving and  shortening of  the construction period. 
At  present,   several   semi-autoi.atic  fusion  splice 
rmchinos  have  been  developed!1]-[5].       However,   in 
t .lese machines, automatizing has been achieved 
o.ily  for   fiber alignment and/cr   fusion splicing 
processes.       There still  remain some manual 
operations  such as   fiber cutting and   fiber coat 
removing,   which are  influenced strongly  by 
personnel  skill.       Accordingly,   it   is  important 
lor  realizing efficient and  reliable  splices to 
make these operations  be done automatically 
without   human  intervention. 

We have analyzed  the sequence of  splice 
processes and have  designed  a system which is 
suitable   for  realizing automatic splice 
procedures.      As ü  result of the analysis and 
design,   we have developed a   fully-automatic 
arc-fusion  splice machine.       This paper  describes 

a  structure of  the machine,  mechanisms of 
individual  operation  processes,  and experimental 
results on  fusion  splice using graded-index 
fibers. 

2.   Outline of Fully-Automatic   Arc-Fusion Splice 
Machine 

Fusion splicing procedure  is generally 
divided   into six  processes;  secondary  coat 
stripping,   primary  coat removing,   fiber  cutting, 
fiber alignment,   fusion splicing,  and 
reinforcement.       In the fully-automatic splice 
machine described  hero,  these  processes are 
rearranged and  assigned  to four   functionally 
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Fig.l    Arc-fusion splicing procedure 
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plicing processes 

separated sections;   secoridaiy coat  stripping and 
fiber  cutting,   primary  coat   removing,   fiber 
alignment and   fusion splicing,  and  reinforcement. 
The  procedures of  the conventional  mcthod|1]  and 
new method are  shown  in  Fig.l.       In the 
conventional method,  an operator  has  to  intervene 
in all   of  these  processes,  even  though the  fusion 
splicing process(A)  and reinforcement proc -ssCB) 
are automatically  carried  out  on each  independent 

machine.       On  the other  hand,  what an operator 
need   to  do with   the   fully-automatic  splice machine 
are only to set  the  fibers and  reinforcement 
elements,  and  to  Lake out   the spliced  fiber   from 
the machine.       To  perform  two  processes  in  the 
first  section,   the  primary  coat  removing  process 
and  fiber cutting process are revrrsed  in order. 

In   the  present  automatic maciiine,   fiber ends 
arc  processed and  spliced   by  the above-mentioned 
four  sections.       Outlines of operation processes 
in the machine are  illustrated  in  Fig.2.       To give 
conpactness to the macliir    .,:"chanism,  the 
processing sections are    tiree-dimensional 1 v 
located.       Fiber   transfer   between  the sections is 
assigned  to  two  types of   rotational arms.      The 
first  arm grips a   fiber  at   its coated  portion 
continuously  from the start   to  the completion of 
lusion  splicing.       Then,   the second  arm  receives 
the spliced  fiber  and  transfers it   tc   the 
reinforcement section.       Because of   the  presence 
oi   the  second arm,   the  first arms can  return  to 
the   first section and are  ready   for   the  splice of 
the next   fiber  pair. 

Except  for   reinforcement,   the   fiber  axial 
motion   required   in each  processing  is also 
assigned  to  the  first arms.       High-precision   is 
required  fir  positioning  the  first arms,   because 
the arms also control  fiber-axis alignment  by 
their   rotitional  motions.       Therefore,  only  two 
degrees  ■ f  freedom,   rotational and  axial  motions, 
are given  to  the arms  for   lessening unavoidable 
errors   in motion  and  for  control   ease. 

Fig.3    Photograph  of  the   fully-automatic splice 
machine 

Furthermore,   mechanical   damage on  the  fiber 
surface is avoided  as much as possible  by using a 
fiber  primary coat   removing  technique  with 
felt-rollers[6] and  by the exclusion of  fiber 
surface contact  with other  materials   in  the 
fiber-axis alignment  process.      Fiber-axis 
alignment   is carried out   by  two-directional 
observation  with a TV-camera, 

A  photograph  of  the   fully-automatic 
arc-fusion  splice machine   is  shown  in  Fig.'3.       The 

v."-, 
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machine is  50 cm  1 >ng,   50 cm wide, and  70 cm high. 
All  of   its motions are controlled  experimentally 
by a  BASIC program on a  personal  computer. 

<■   Mc< h.itiisni  i)l    I nd i V iilu.i 1    I'roirssiiiK  Sect ions 

i. 1  Secondary  coat   str i pp ing and   fiber cutt ing 
seel ion 

The  fully-automatic  machine is designed  for 
three  layer  coated   fiber  composed  of   primary, 
Imffer,  and  secondary coats,   as  shown   in  Fig.4. 
Before splicing,   it   is necessary  to remove the 
ccats completely and cut   the  fiber to make a 
perpendicular endface.       In   the   first  processing 
section,   the  secondary coat  is stripped and the 
fiber  is cut.       To start,   an operator sets the 
coated  fiber   pair  on a pair of  first arnis.      This 
operation  is only  to insert  each  fiber end   into a 
guide hole.       Fiber ends are automatically guided 
to the p'-e-determinod  position  in the  first 
section.       The   fiber  is  nipped  by a pair of  blades 
with a semi-circular  notch,   and  then  is  pulled  out 
a suitable length for cutting.      With this motion, 
the secondary  coat   La stripped  from the  fiber  to a 
prescribed  length.       The   fiber cutting  is done 
after  the secondary  coat  stripping,  not after 
primary coat  removing. 

The  fiber  cutting mechanism  is shown  in 
Fig.5.       A stripped   fiber  portion  is scored  by 
rotating  broadax-shaped  blade,  while  both sides 
are supported  by  the arm and  the coat  stripping 
parts.       Then,   the  .-cored   portion is pushed with a 
semicylindrical   bed.       At   this moment,   tensile 
stress occurs and  causes a   fiber   fracture there 
By  this process,   a perpendicular  fiber end with a 
mirror surface   is obtained.       The remaining  fiber 
chip  is automatically scrapped. 

SECONDARY COAT (NVLONI 
/  

BUFFER COAT ISILICONEI 

PRIMARY COAT (MODIFIED SILICONE) 

SILICA OPTICAL FIBER 

I ig.A    Three-layer coated   fiber structure 

FIBER WITH  BUFFER   COAT 

BROADAX  SHAPED BLADE 

COATED  FIBER 

COAT STRIPPING PART 

SEMICYLINDRICAL  BED 

J.2  Primary and buffer coats removing sectio.i 

When the plastic coats are mechanically 
stripped from the fiber by the conventional 
method, a number of cracks usually occur on the 
fiber surface, and fiber strength is greatly 
diminished.  This strength reduction depends 
heavily on the force used to remove the primary 
and buffer coats.  In order to prevent fiber 
strength reduction, we have developed a new coat 
remover[6] which consists of a pair of 25 mm 
diameter felt-rollers.  The felt-rollers can 
remove primary and buffer coats with a small force 
for a few seconds without damaging the fiber 
surface.  After cutting the fiber end, the fiber 
is transferred to this section and is inserted 
between the rotating rollers.   In advance, the 
felt-rollers are wetted with ethanol, which is 
provided automatically.  Then, the arm 
reciprocates in the fiber axial direction.  The 
primary and buffer coats are removed completely by 
this method. 

3.)  Fiber-axis alignment and arc-fusion splicing 
section 

Usually, a V-groove has been used for 
fiber-axis alignment | 1 |.  A pair of fibers are 

set in the V-groove, and butted together with 
small end separation for pre-fusion technique!7 ]. 
Therefore, there is a possibility of mechanical 
damage on the fiber surface by fiber contact with 
the V-groovc.  In the fully-automatic machine, to 
avoid mechanical damage, the fibers are gripped 
only at the coated portion by the arms, and 
aligned with a microscopic image of the fibers. 
Figure 6 shows a setup for fiber-axis alignment 
and arc-fusion splicing with microscopic image 
processing.  The fiber images from two directions 
are picked up by a TV-camer, , using a mirror. 
The personal computer calculates the position of 
each fiber from the video signals, and operates a 
pair of arms so as to minimize the transverse 
offset between two fibers.  A photograph of the 

1« ARM i i 

^V 
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^YTH 

lit ARM 

1 
3 

POWER 
UNIT 

Z 
TV-CAMERA 
IHAMAMATSU-C1000I 

CAMERA CONTROL 
UNIT 

oo 
TV-MONITOR 

Fig. 5    Fiber  cutting mechanism 

PERSONAL  COMPUTER 

IHP-2261 

Fig.6    Setup  for   fiber-axis alignment  with 
microscopic   image  processing 

■■' 

f 

.    t ■ 

.•-. 

52   International Wire & Cable Symposium Proceedings 1984 

- .   - .  ■ 

M^M 
" 

. •. • .    . -    ■« , ■■■ 

;. ■■,.-. 

> - ■ •■ _u^ 



■I  ■   ^    »^ ' v ■ J ■ ■ .-   ■:•. ■—r- ,,.,..,   1,1.,.   ■_ m. i.   i.   .^   ■. n      .|J .   M^».^I   H »'   ■ WJiP_f»l 

SAMPLING  LINE 
\ 

ÜMnkMi 

DIRECT 
IMAGE 

REFLECTED 
IMAGE 

Fig./    Photograph of TV-scroen  during aligiment 
process 

TV-scroen during  the alignment   process  is shown in 
Fig.7.      An accuracy of   2^™ has been obtained for 
the axis alignment,   resulting   from    precisoness of 
the arm motion and  high  resolution of  the 
TV-camera with  1024 scanning  linos. 

In  the   fiber  splicing,   prc-fusion 
lechnique|7|  is used.       In order  to enlarge 
discharged  region,   high-frcquency(5:20 kHz) 
di8Charge[8][9] and   2 mm electrode gap are 
adopted. The  position of  the  pair of 
electrodes is adjusted automatically in every 
trial to correspond to the change of splicing 
position. 

■J.4     Reinlorcement   section 

It   is necessary  to  reinforce  the 
fusion-spliced portion for protection from 
mechanical damage.       For  the reinforcom^nf,   the 
heat-shirinkable  tube method[I0]  is one of  the 
approved methods.       However,   in  this method,   the 
mechanisms  for setting and   transferring 
reinforcement  elements  become complicated  for 
automatizing.      Therefore,   in order  to simplify 
the mechanisms,  we adopted  a  sandwich-type 
reinforcement  element composed  of a  pair of metal 
plates with hot-melt adhesive,   similarly to  that 
used  for   fusion mass-splices[9].       The  structure 
of the sandwich-type reinforcement element is 
shown  in  fig.8.       The  size of  the element  is 
60 mm  x  3 mm  x 2 mm. 

METAt PLATE 

HOT-MELT ADHESIVE  FILM 

The reinforcement process is as follows: 
A pair of elements for reinforcement are set 
beforehand on the grip of the second arm.  After 
splicing, the spliced portion is sandwiched 
between the elements and is transferred to a 
heating part.  In the heating part, the 
reinforcement elements are heated to about 150 C. 
The reinforcement process takes about 70 sec. 
After reinforcement, the spliced fiber is 
transferred by the second arm to an open space so 
that the operator can easily take it out of the 
machine. 

4.  Experimental Results 

Performance tests were carried out for the 
machine, and the mechanisms of each processing 
section were regulated to have stable and 
sufficient characteristics.  The fiber used in 
this experiment was graded-index multimode fiber 
with 50 ^im core diameter and 125 ^im outer 
diameter, coated by modificd-silicone, sillcone, 
and nylon in the order.  The outer diameter of 
the nylon coat was 0.9 mm, as shown in Fig.4. 

4. I  Secondary coat stripping and fiber cutting 

Secondary coat was perfectly stripped by the 
required length in the first process.  The fiber 
cutting process also exhibited good and stable 
performance, even though the cutting blade scored 
the fiber surface through the obstructive primary 
and buffer coats.  The photograph shown in Fig.9 
is an example of a fiber end-face.  Figure 10 
shows the fiber end-face angle histogram.  An 
average end-face angle of 0.8 deg was obtained: 
The value is equivalent to that obtained with a 
conventional fiber cutting tool[ll] by a skillful 
person. 

In the cutting process, fiber tensile stress 
is given with bending deformation, in the same way 
as the method proposed by Gloge et al.(12]. 
Another method to give tension to the fiber 
without bending deformation, which is known as 
Cheslcr-Dabby technique!13|, was also tried 
experimentally.  However, fiber could not bo cut 
well because the fiber was apt to slip from the 
stripping parts which support a tip of the fiber. 
It means that the bending deformation was 

BUFFER COAT 

COATED FIlFR BARE  FIBER 

COATED FIBER 

SPLICED POINT 

FIBER 

FRACTURE 
ORIGIN 

' 

Fig.8 Structure of a sandwich-type reinforcement Fig.9 Photograph of fiber end-face with 
primary and buffer coats 
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effective  in   Increasing the  fiber   friction  in the 
coat.       Because of  the effect,   the  fiber clamp 
could  be omitted   in   the mechanism. 

...:     I'r ini.ii \   .mil   liullci    MMI.S   removing 

In  the  primary  and  buffer   coats  lemoviug 
section,   the  buffer  coat   is  removed at  the instant 
when   it   is  inserted   between  the  rotating 
felt-rollers,  and  then primary  coat  is softly and 
gradually  removed  for  a  several   seconds. 
Figure   11  shows the  experimental   relationship 
between  the   fiber coat  removing  force(i.e.   fiber 
tension  during primary  coat  removal)  and  the  fiber 
ten   ili      it engl h af tei   i emov Lng.        11    La f ound 
that  the required  removing force of a few grams 
does not cause a  remarkable  reduction of  fiber 
strength,  while  the   force of  several  tens of 
grams,   corresponding  to  the manually applied 
force,  affects seriously  the  fiber strength 
icduclion   in  the conventional   method. 

5 10 20 

REMOVING  FORCE   Igl 

Fig.11     Fxperimental   relatioi    up between fiber 
coat   removing  forci        d  fiber  tensile 
strength after  reni.n ing 
#    :  stripped  by  conventional  method 
O   :   stripped  by  felt-rollers 
   :   median  tensile  strength of the 

coated   fiber 

BEFORE 

PRE-FUSION 

AFTER 

PRE-FUSION 

Fig. Photographs of  the   fiber end-face 

In  the  coat  removing process,  coating 
material  dusts adhered  to  the   fiber end-face. 
However,   it  was   found that   the dusts disappeared 
at  pre-fusion   in  the  fusion splicing process, 
without  any   bad   influence on spliced  fiber. 

Photographs of the  fiber ondface  before and 
after  pre-fusion are shown in  Fig.12, 
Accordingly,   fusion splicing docs not  suffer   from 
the dust adhesion influence which inevitably 
originated  from the inversion of  the  fiber cutting 
process and  primary coat  removing process. 

A. 3    Fiber  alignment  and splicing 

In  the   fiber-axis alignment  process,   fibers 
are held  by  the  first arms at coated portions. 
The method  is certainly effective  in avoiding 
mechanical  damage,   but cannot avoid  fiber-axis 
inclination,  which is one of the  factors of  splice 
loss.       In  the  process,   the inclination is not 
adjusted.       Accordingly,   the accuracy of 

3 5 

TRANSVERSE OFFSET (»im) 

10 

•ig.13    Relationship between transverse offset 
and  splice loss 
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transverse axis alignment may be required to be 
higher, compared with other methods which utilize 
a fiber guide such as V-groove.  In order to 
evaluate the required accuracy of axis alignment, 
the following experiment was carried out. 

By using the machine, fibers were 
fusion-spliced intent'jnally with various 
transverse misalignments.  The transverse offset 
was obtained by two-directional measurement 
utilizing the image processing operation used in 
the machine.  The splice loss was measured by u 
LED light sourceC\= 0.85 pi) under the 
steady-state mode condition.  The relationship 
between the transverse offset and the splice loss 
is shown in Fig. 13.  The circles correspond to 
the experimental data.  The hatched region shows 
the range of variational spüre loss.   It is 
clearly seen from this figure that fiber 
transverse offset can be allowed as far as 3 ^im to 
get low splice loss below 0.3 dB.  Accordingly, 
the transverse offset component observed from each 
direction Is allowed to be as far as 2 >jm(i.e. 
i//I>mi).  This value was adopted for the 
judgement of alignment access completion. 

Figure 1^ shows examples of the changing of 
transverse offset during the alignment process. 
Fiber alignment is normally accomplished by the 
access within four times.  The access of each arm 
was programmed to show asymptotic process without 
access direction inverse. This process is 
effective in avoiding positioning errors caused by 
the unstability of the mechanism. 

A splice loss histogram obtained by using 
the fully-automat.c machine shown in Fig. 15.  The 
average splice loss is 0.07 dB, and the value is 
equivalent to that by the conventional fusion 
splice method using V-groove[1 |.  Considering the 
value in the relationship shown in Fig. 13, average 
alignment accuracy is estimated to be about 2/01. 
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Fig.14    Examples of changing fiber-axis transverse 
offset 
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Fig,15 Splice loss histogram for graded-index 

optical fiber 
outer diam.: 125 ;jro 
core diam. : 50 >im 
refractive-index difference:  1 % 

4.4 Reinforcement 

Tensile strength was evaluated for the 
spliced fibers before and after reinforcement. 
Figure 16 shows Weibull plots of the tensile 
strength, where curve a is coated fiber before 
splicing having a median strength of 5.4 GPa, and 
curves b and c represent the strengths after 
splicing by the conventional method and this 
method, respectively.  Curve d shows the strength 
after reinforcement having a median value of 
2.6 GPa,  Before reinforcement, the median 
strength of 1.2 GPa obtained by this method is two 
times larger than that by the conventional method. 
This strength has a large merit for long-term 
reliability.  From this result, it is found that 

0.5    1     2 

TENSILE STRENGTH (GPa) 

Fig. 16 Weibull plots of tensile strengtli 
a: coated fiber 
b: spliced fiber by conventional method 
c: spliced fiber by this machine 
d: reinforced splice by this machine 
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gripping only at  the  secondary  coat  and   the 
primary  coat  removal  with  felt-rollers are 
advantageous  in preventing  fiber  strength 
reduction.       Furthermore,   by  the  reinforcement, 
the strength  is improved   to  be more  than  twice 
before.      The strength after  the  reinforcement  is 
one and  a half  times  larger   than  the  conventional 
method! 10]. 

A.^    Processing  time 

The working  time of  all   processes   used  in 
this new machine is shown   in  Fig. 17.       The time 
required  for   fiber-end  preparation(1)S(2), 
alignment and splicing(3),   reinforcemcnt(4),  and 
transferring are  70 sec,   120 sec,   70 sec, and 
230 sec,  respectively.       Total   time  from the 
initial   fiber setting to  pulling out   the completed 
splice after   reinforcement   is about  8 min,  which 
is comparable with  that   by  the conventional  method 
used  in  the  field. 

TRANSFER FROM (41 
TO OPEN SPACE 

REINFORCEMENT 

r-START 

SECONDARY COAT STRIPPING 

FIBER CUTTING 

TRANSFER  FROM 111 TO (21 

PRIMARY  COAT REMOVING 

BUTTING AND SPLICE 

Fig.17 Processing time 

The speed-up of the machine motion will 
easily be realized in the transferring process and 
in  the fiber alignment process.   In the former, 
the restriction to speed-up is in the lack of 
power to drive.  By using frictionlcss bearings 
in the transmission mechanism, and by exchanging 
the motors for more powerful ones, a speed-up of 
two or three times will be realized.   In the 
latter, time loss is mainly caused by the 
video signal input and data processing in the 
personal computer.  By improving the interface 
and program used there, alignment speed will 
become better by three times or more. 
Accordingly, total time for all processes will be 
shortened to be as little as 5 min without any 
essential changes of the machine machanism and 
process. 

r). Com lusion 

We have developed a fully-automatic 
arc-fusion splice machine for optical fibers, by 
which all splice processes are carried out 
sequentially without human intervention.  The new 
method and mechanisms used for this machine are as 

t ollows; 

(1) rotational arms for both the fiber transfer 
among individual processing sections and the 
fiber-axis alignment, 

(2) a fiber cutting mechanism for buffer-coated 
fiber, and the primary and buffer coats removing 
mechanism using felt-rollers for the prevention of 
fiber strength reduction, 

(3) fiber aligning method by microscopic image 
processing in order to avoid any contact of bare 
fibers to other materials, 

(4) sandwich-type reinforcement method by a pair 
of plates with hot-melt adhesive. 

By using this new machine, the following 
experimental results have been obtained: 

(1) The average endface angle was 0.8 deg, which 
is equivalent to that of the conventional method 
by a skillful person. 

(2) The average splice loss was 0.07 dB which is 
equivalent to conventional fusion splice method. 

(3) The median tensile strength of the spliced 
fibers was 1,2 GPa which is two times stronger 
than that from conventional fusion splice method. 

(4) Operation time for all processes was about 
8 min in total, which is comparable to that by a 
conventional method in the field. 

From the trial production of the 
fully-automatic machine, it can be concluded that 
practical fully-automatic splice machine for field 
use is realizable, because there are no serious 
problems in improving the speed and size of the 
total system. 
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A PORTABLE  SELF-ALIGNING   FUSION SPLICER  FOR  SINGLE-MODE  FIBRES 
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Abstract 

Increasing demand for the 
installation of single-mode fibre routes 
pointed the need for an easily portable 
self-contained self-aligning automated 
fusion splicer, and none was available 
commercially.  The machine developed and 
reported here is microprocessor- 
controlled, with auto-alignment derived by 
maximising the core signal across the 
joint.  The light from an LED Is injected 
through the fibre coating into the core, 
and the detected light is similarly 
extracted from the core.  Automatic fibre 
manipulation is by piezo-electric 
elements, allowing repeatable positioning 
to within 0.1 um.  Mean splicing losses of 
0.058 dB were achieved on the first test 
run. 

1. Introduction 

For practical use i 
fusion splicer for singl 
other qualities besides 
alignment of the fibres, 
robust, readily portable 
for power and joint tran 
monitoring, have automat 
control and automatic fi 
should also be simple to 
simple to use.  All of t 
offered a year ago fell 
more of these respects, 
practical machine was in 

n the fi~ld, a 
e-mode fibre needs 
great accuracy of 

It should be 
self-contained 

smission 
ic fusion arc 
bre alignment.  It 
service and 

he few machines 
short in one or 
so the design of a 
stigated. 

There Laving been small numbers of 
two earlier models of single-mode splicer 
for use in-house, the new development, 
which is the subject of this report, Is 
known as the Mark III for convenience. 

2.   General Design 

The main requirements were: 

(1) A single portable unit. 

(2) A weight of not more than 20 kg 
complete. 

(3) Durability. 

(4) Enough energy storage for 16 hours 
working, with recharging of the 
batteries in 8 hours. 

(5) High quality splices, with automatic 
control of fusion. 

(6) Provision of a means for local 
Injection of light through the fibre 
wall for monitoring purposes. 

(7) Processor-controlled automatic 
alignment. 

(8) Easy access for servicing. 

The weight limitation favours the use 
of piezoelectric elements for all fibre 
movements, rather than stepper motors. 
With all other components designed for low 
mass without sacrifice of robustness, the 
batteries become a m".jor Item of weight, 
and low power consi'.nptlon becomes 
desirable. 

Protection and rigidity of fixing of 
the comparatively delicate manipulation 
components of the splicer head are assured 
by fixing them to a small but thick 
chassis plate.  This Is supported by a 
comparatively maleable plate to absorb 
shocks. 

Easy access to the control, power 
supply and monitoring components Is 
assured by having them on printed circuit 
cards housed In a sub-rack beneath the 
maleable plate.  The battery housing Is 
also fastened beneath the plate. 

A complete prototype machine Is shown 
In Fig. 1. 

3.   Layout of the Splicer Head 

The fibres to be spliced are held in 
mechanical chucks by magnetic clamps.  The 
right-hand fibre has only one degree of 
freedom, which is in Its axial direction; 
its movement Is controlled by a manual 
mlcroposltloner stage.  The axis of this 
fibre, once set. Is the reference to which 
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the left-hand fibre is adjusted.  The 
latter fibre has three degrees of freedom; 
horizontal , vertical and axial , with 
coarse and fine adjustment in each 
direction.  Coarse adjustment is by manual 
microprositioners, while piezo-electric 
block translators provide fine control to 
within 0.1 um as well as the essential 
drive in the axial direction during the 
fusion process itself.  In addition, an 
adjustable mounting bracket makes it 
possible to zero the tilt angle of the 
left-hand fibre to its reference 
counterpart in the horizontal and vertical 
planes. 

The left and right-hand manipulator 
assemblies are mounted on a substantial 
(15 mm thick) baseplate which also 
supports the electrode assembly for the 
fusion arc. 

The electrodes with a gap of 0.85 - 
0.90 ram, are disposed at 45° to the 

horizontal; the fibre viewing is by means 
of a split-view microscope, giving a 
magnification of 85 times, which enables 
the operator to view the fibres in either 
the horizontal or vertical planes by 
simply switching the illumination.  The 
two views are distinguished by different 
coloured backlighting and all the 
micropositioner controls and microcsope 
focussing adjusters are coded in 
corresponding colours for ease of 
operation. 

4.  Power Supply 

Two 12 V 6 Ah batteries supply 24 V 
to the low voltage and high voltage power 
supply units which are housed with the 
microprocessor svstem, local light 
monitoring sypuem ai.i battery chaiger in 
the sub-rack.  All cenponents are 
accessible when the splicer is lifted out 
of its case. 

(1) Movement of the left hand chuck. 

Movement in three mutually orthogonal 
axes is achieved by CPU control of three 
digital to analogue converters which 
supply voltage signals to the control 
inputs of the high voltage piezo supply. 
This provides outputs to each piezo 
element, giving a total displacement of 
50 um. 

(2) Fusion arc power and duration. 

Another digital to analogue converter 
is used for the power control cf the arc 
high voltage supply.  The arc is enabled 
and disabled with a digitally controlled 
relay switch. 

(3) Monitoring of joint transmission 

The output from the light detection 
system is read by the CPU using an 
analogue to digital converter and stored 
in the program for processing during 
either the manual or the automatic 
alignment phase. 

(4) Interface with operator 

The program is self-prompting, using 
the LCD to lead the operator through the 
steps of making a splice and reporting 
back the results as they occur.  Control 
over the program is gained using the 16- 
key pad to reply to the CPU commands 
displayed. 

(5) Battery energy economy 

Using digitally-controlled relays the 
power supplies to parts of the equipment 
may be controlled from software.  This can 
be used to conserve battery power after a 
period has elapsed without operator usage. 

(6) Programs for arc control 

The non-arcing full curre 
the splicer is 600 mA, and thi 
450 mA with the time switch co 
operated.  Assuming the worst 
splicer being switched on cont 
making frequent splices, more 
operation is available.  This 
more than 12 hours when infreq 
are made.  The endurance for t 
current mode may be expressed 
splicing minutes which, under 
conditions, is more than enoug 
splices. 

nt drain of 
s reduces to 
ntrol 
case of the 
inuously 
than 9 hours 
increases to 
uent splices 
he full 
as 600 
normal 
h for 100 

5. Microprocessor Control 

The Mark III splicer uses a 6809 
processor unit to provide control over the 
following functions:- 

Ten preset programs can be selected 
by the operator, these being permanently 
stored in the CPU ROM area.  This set can 
be supplemented by the user entering his 
own program to be stored in the battery- 
backed RAM area.  Should these RAM-based 
programs become standard, they can be put 
in as extra ROM-based programs, the number 
of which is only limited by the ROM space 
available (up to 16 k bytes). 

(7)  Battery care 

The microprocessor also monitors the 
state of battery charge, infoiiiing the 
operator via the LCD.  Warning In  given as 
the battery approaches the minimum 
recommended charge, and automatic 
disablement of the alignment and splicing 
functions occurs when the voltage drops to 
the recommended limit. 
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6.   Local Light Injection and Extraction 

The technique used for local light 
Injection is based on the propagation 
characteristics of curved single-mode 
fibres. 

When an energised single-mode fibre 
is bent, below a certain radius of curva- 
ture, light is lost from the core due to 
energy transfer from the LP01 mode to the 
evanescent mode1.  It has been shown here, 
and by others2, that the converse, light 
injection via a bend, is also possible. 

Light Is Injected by focussing from a 
940 run LED onto a portion of the curved 
single-mode fibre, by moans of a specially 
shaped rigid lens which contacts the fibre 
along the curve, the radius of which is 
4.5 mm, and focusses most of the LED 
emission onto the surface of the coated 
fibre.  The light focussing element and 
the LED are mounted In a clamp unit that 
enables fibres to be repeatably positioned 
with respect to the light collection and 
focussing element.  Light on the fibre 
surface penetrates the coating, and some 
Is converted Into the guided mode.  The 
fibre curvature used, 4.5 mm. Is such that 
It provides efficient mode conversion, 
whilst at the same time Is not deleterious 
to fibre strength.  The probability of 
fibre failure during an exaggerated 
jointing period of 30 minutes3 Is 1 In 
8000, and the additional probability of 
failure during the next 40 years after 
release from the machine Is less than 
1 In 1013. 

To 
Injected 
allgnmen 
Light wa 
length o 
being he 
fusion s 
another 
matching 
ends to 
The resu 
Fig. 2. 

check the efficacy 
light at 940 nm fo 

t, several tests we 
s Injected near one 
f single-mode fibre 
Id In one of the ch 
pllcer and scanned 
piece of the same f 
liquid was used be 

eliminate Interfere 
Its of the test are 

of using 
r accurate core 
re carried out. 
end of a 
the other end 
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The  output   patterns   from  the   Injected 
fibre   for  both   long  and   short   lengths   are 
very   similar.     This  proves  that  only   the 
fundamental   mode   Is  excited   In   the   fibre, 
and   that   thevo   Is  no  cladding  mode 
propagation.     The?  plot   obtained   with 
direct   launch   is   somewhat   broader  than   ;he 
other   two,   as   would   be  expected   with   high 
V  numbers.     Hence,   oven   though   the  cut-off 
wavelength   Xc   for   the   fibre   Is  about 
1100   nm,   the   Injection   technique  usr-d 
eliminates   all   modes   higher   than   Lr'oi' 
The  graphs   further   Illustrate  the  high 
resolution   of   the   system,   allowing   fibre 
core  alignment   to  an  accuracy  of   better 
than  0.1   urn. 

Local   light  extraction   Is carried  out 
by  leaking   light  out  of  the  curved  fibre, 
the  radius  of  curvature  again  being 
4.5 mm,   and  collecting  by  another  shaped 
rigid  lens,   a major  part of   the  light 
being   focussed  onto  the  active area of  a 
silicon detector;   again,   a  clamp unit  Is 
used  to hold  the   fibre   In  relation  to  the 
extraction   element. 

A  phase-sensitive   detection   system   Is 
required   to  amplify   the  weak   signals   from 
the  detector   photodlode   and   to  produce   a 
DC voltage output   for  the microprocessor 
with an  acceptable  signal/noise  ratio.     A 
modulation   frequency  of  about  465  Hz  Is 
used,   this   frequency   being   far  enough   away 
from 50  Hz  and  60  Hz  mains   frequencies  and 
their  harmonics   to  avoid   Interference, 
without   requiring  excessively  high 
frequency   response   In   the   system. 

The  LED   for   the   light   Injection   Is 
driven  In synchronism with  the detector 
circuit  by  a  switch-mode constant  current 
power  supply,   designed   to minimise  the 
power  consumption. 

The  injection  and  extraction  clamp 
units  of  the  monitoring  system which are 
incorporated   in   the  splicer  assembly were 
tested   for  the effects of vibration and 
temperature,   with  the   result   that: 

(1) There was  no detectable  change of 
performance  after maintaining the 
temperature   at  60oC  for  3  hours  and 
then  0'C   for  3  hours. 

(2) Vibrations   sweeping   between   10  and 
20 Hz  at  a   rate  of  5  s/cycle,   with an 
amplitude  of 6 mm  peak   to peak  for a 
total   of  600  cycles,   induced  no 
detectable  change  of  performance. 

(3) There  was   no  detectable  change of 
performance  during  a  period  of 
30  minutes   under   normal   conditions. 

Th'? specially-shaped   rigid   lens 
employed  for   Injection  and  extraction of 
light  are  the  subject   of  pending  patent 
applications. 

7.       Automatic  Alignment  of   Fibres 

To  find   the   best   alignment   position 
automatically,   the  processor  uses  the 
simplex  method   on   the   alignment  monitor 
output   (a  hll1-cllmblng   technique  without 
constraints).     A   simplex   Is   a  geometric 
figure with  one  more  vertex   than  the 
number  of  dimensions  which   contain   the 
function   that   Is   to maximised   (or 
minimised).   Thus   In  a  two-dimensional 
search   the  simplex   Is  a   triangle.     The   two 
dimensions   In   this   case   are   those 
orthogonal   to  the   fibre  axis. 
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The method works by laying a mesh of 
simplices over this surface in a manner 
that quickly encircles the maximum.  The 
fibre being aligned is positioned at each 
vertex of the mesh in turn, starting at 
the first simplex, and the corresponding 
light transmission Is monitored.  The next 
simplex is then generated by reflecting 
the worst vertex in the centroid of the 
opposite side.  When the simplex size 
becomes too coarse to allow a closer 
approach to the goal, the simplex size is 
reduced and the process repeated until 
eventually the desired resolution is 
attained. 

A typical search pattern may be seen 
in Fig. 3, superimposed on a single-mode 
fibre cross-section.  The offset has been 
exaggerated, as has the initial simplex 
size for the purposes of clarity. 

During tests the success of the 
alignment routine was measured by 
comparing the auto-aligned maximum signal 
with the manually-aligned maximum signal - 
the results always fell within the noise 
limit of the aligning signal and appear In 
Fig. 4.  The dB scale is referred to the 
best alignment attainable by hand at the 
start of the test. 

8. Single-mode Splicing Technique 

The basic techniques of single-mode 
arc fusion splicing are now well 
established, although each raanufact irer of 
single-mode fusion splicing equipment 
incorporates variations on the basic 
theme^ • 5. 

The cleaved fibre <=nds  are initially 
separated by a gap, typically 5-10 ^m, 
large enough to allow unimpeded adjustment 
of offset.  Once this alignment has been 
completed, the arc is struck at a power 
just sufficient to melt the fibre ends but 
not hot enough to distort the square end 
profiles.  After a fixed delay the fibres 
are driven towards each other and as they 
pass the butting point the arc power is 
increased to a level at which a strong 
well-fused joint is formed, but not so 
high as to overheat the joint. 
Overheating would allow the surface 
tension in the molten cladding to distort 
the core alignment of fibres with 
eccentric cores.  The arc is maintained at 
the higher level for a fixed interval, 
typically 1 second.  The heated fibres, 
after reaching the butting point, fuse and 
continue to be driven together for a short 
distance, typically 5 ^m.  The splice Is 
then complete and ready for protection. 

9. Cleaving 

Good cleaving is necessary before 
splicing.  Bench-mounted cleavers can give 
excellent results, but are not really 
suited to field use.  A hand-held cleaver 
is preferable. 

Of hand-held single-mode cleavers, 
there were until recently only three makes 
on the market, and these were all to the 
same Japanese design.  The multimode T402 
cleaver from Biccotest could, with careful 
selection, give satisfactory cleaves with 
end angles better than 1°, but end angles 
of 0.5* or better are really called for, 
for low loss splices of better than 0.1 dB 
on single-mode fibre.  A recent 
development of the T402, the Mark III 
single-mode cleaver, Fig. 5, gives end 
angles averaging better than 0.5* when 
correctly adjusted. Fig. 6.  It is more 
robust than the T402 and does not easily 
go out of adjustment.  There is also a 
fibre guide to govern the fibre position, 
with a trigger-operated fibre clamp.  The 
cleaver may be used in the bench-mounted 
mode if required. 

The T402 cleaver is the subject of 
British Patent No. 1519232 and the next 
development of this cleaver is the subject 
of a pending patent application. 

The cleavers used for splicer 
assessment were the York Technology C007 
bench-mounted cleaver and the Mark III 
cleaver just described. 

10. Operation of the Mark III Fusion 
Splicing Machine 

The operator is guided through the 
routine step by step, by means of the LCD 
display and, after each step is completed 
to the operator's satisfaction, depression 
of an indicated key gives the signal for 
the next stage.  The steps are: 

(1) Select the program appropriate to the 
fibre to be spliced, or the 
operator's own program may be 
generated if desired. 

(2) Position the fibres in the chucks. 

(3) Check the fibre end angles and 
cleanliness using the split-view 
microscope. 

(4) Position the fibres in the Monitor 
clamps, if the monitor is to be 
used. 

(5) Roughly align the fibres, using the 
manual adjustment, to the 
satisfaction of the display. 

-■" 
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(6) Butt the fibres, so that they just 
touch. 

(7) Gap and prefuse, which is an 
automatic process. 

(8) Final alignment, either automatic or 
manual as appropriate. 

(9) Fuse, which is an automatic process. 

(10) Remove the spliced fibre and 
protect. 

On pressing the 'fuse' button, the 
machine takes over to complete the joint, 
executing the steps described in 
section 8, and illustrated in Fig. 7. 

These steps need little further 
explanation.  The choice of manual 
alignment with the LCD able to act as a 
local monitor is provided but seldom 
needed.  The whole routine need not take 
as long as five minutes to complete, of 
which less than one minute is taken for 
automatic alignment. 

A series of test splices between 
identical fibres was made, using Corning 
acrylate-coated single-mode fibre.  The 
losses were calculated from external 
monitor readings at 1300 nm.  The results 
are shown in Fig. 8, and the mean splice 
loss is 0.058 dB.  These results compare 
well with an earlier series made on a 
manually-aligned Mark II machine. Fig. 9, 
where the mean loss was 0.064 dB. 

(2) CM. de Blok and P. Matthijesse, Core 
alignment monitor for single-mode 
jointing.  Ibid 20 (1984), pp. 109- 
10. 

(3) M. Fox, Private Communication. 

(4) Uwe Böttcher, Advanced splicing 
equipment for single mode fibre. 
FOC-LAN '83, Atlantic City USA, 
pp.21-25. 

(5) Yasuyki Kato, Shigeyuki Seikal and 
Mitsuhiro Tateda, Arc-fusion splicing 
of single-mode fibers.  1: Optimum 
splice conditions.  Applied optics 
21 (1982), pp. 1332-1336. 
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11, Collected Results and Conclusions 

All of the origl 
outline target specif 
have been met. The s 
self-contained unit. 
More than 100 splices 
recharging. A local 
with vibration-tested 
included. Splicing 1 
automatic alignment 1 
taking less than 1 mi 
splice loss is 0.058 

nal points in the 
ication in section 2 
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: 

The   splicer   is  convenient   to  handle 
and   simple   to   use.     The  mean   splice   loss 
is   low  and   there   Is   little   further   room 
for   optimisation.     Further   gains   in   weight 
reduction  could   be made,   particularly  when 
a  CMOS   version   of   the  CPU   becomes 
available,   permitting a   large  reduction  of 
battery   size. 
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FIG.   1     PROTOTYPE   SINGLE-MODE  SPLICER 
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FIG.  3     A   TYPICAL   SIMPLEX    SEARCH 
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FIG. 5  MARK III SINGLE-MODE CLEAVER 
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SELF-CORE-ALIGNMENT ARC-FUSION  SPLICER BASED  ON A SIMPLE  LOCAL MONITORING METHOD 

M.   FUJISE       Y.   IWAMOTO 

KDD Research & Development Laboratories 
1-23, Nakameauro 2-Chome, Meguro-Ku,   Tokyo 15 3,  JAPAN 

SUMMARY 

ThiR paper presents a new  simple  local 
monitoring method  in core alignments of 
single-mode fibers and a newly developed 
self-core-alignment arc-fusion splicer. 
We have  investigated cladding  mode leakage  light 
characteristics in the  receiving fiber just 
behind  the butt-joint point and designed a 
photo-receiver with  high sensitivity  for 
monitoring the leakage  light  power without 
bending the receiving  fiber.     Using  the receiver 
and an arc-fusion splicer heretofore   in use,  we 
have obtained an extremely good result of an 
average splice loss of  0.03 dB  for one hundred 
splices with transmitted optical power of only 
1 jiw at  the butt-joint point.   Moreover, we  have 
newly developed an arc-fusion  splicer with 
self-core-alignment  function  based on  the 
cladding mode leakage  light power monitoring, 
which  incorporates a microprocessor  and 
piezoelectric elements.  The design and the 
performance of  the splicer and  the results of 
splicing experiments are also presented. 

1.   Introduction 

Core diameter of  single mode optical fiber 
is small as    10 jjm and generally core  axis 
deviates from that of  cladding.  Then,   precise 
core alignment  in splicing has  been considered 
to be indispensable to achieving low loss 
splices.  An optical power monitoring  method,   in 
which a  light  is excited in fibers through a 
splice point and its output light power at a far 
end of  a receiving fiber is monitored,   is widely 
adopted  for core alignment and  splice  loss 
estimation.'1'   In this method,   in laying or 
repairing optical cables,  it  is necessary to 
send back  the monitored  information to the 
splicing point and conseguently,  splicing work 
is so complicated. Especially,   this method 
cannot  be applied to a  final  splicing   in optical 
fiber digital  transmission systems,   since the 
information of transmitted optical power at 
butt-joint point  is  lost after   the successional 
repeater. 

As alternative method, Miller presented a 
local detection device  utilizing a 10 cm long 
glass  tube with an  inner diameter of   0.3 mm and 
an InGaAs detector,'2'   and reported  its 
application to field splicing  with UV-curable 
cement. '*)  Moreover,   another   local monitoring 

methods based on bending  a  receiving  fiber 
just behind  the butt-joint point were 
reported.(4) (5)(6)   Being different from  that 
reported  in  referenced),   these methods  have 
merits that  the leakage  light can be detected at 
one point  in the receiving  fiber and their 
detection devices  fit different sizes of  fibers. 
However,  bending a  fiber with a diameter of 4-10 
mm0 during  the fiber jointing may cause a 
seriouse problem,   because  the local  tention of 
fiber exceeds the  usually accepted level   in the 
fiber strength. 

In this paper,  we present a new simpler 
local monitoring method which makes precise core 
alignments possible by detecting cladding mode 
leakage light power at one point just behind a 
butt-joint point without  bending a fiber. 
Firstly,  this paper describe measurement  results 
of cladding mode leakage light characteristics 
in  a single-mode fiber coated with UV-curable 
resins, which is succesfully used on commercial 
scale. Then,  we discuss a photo-receiver design 
for cladding mode  leakage   light detection 
considering  the results of  the investigation of 
the  fiber and the  requirements from practical 
use.  Using  the photo-receiver,  we have obtained 
an extremely good  result of arc-fusion splicings. 

Furthermore,  we  have  newly developed  an 
arc-fusion  splicer  with self-core-alignment 
function based on  the cladding mode  leakage 
light power  monitoring,  which incorporates a 
microprocessor and piezoelectric elements. 

The transmitted optical power of  the only 
1 pW at a butt-joint point makes precise core 
alignments possible and low loss splices must be 
made with  the splicer at  any point  in a  long 
length fiber  over 5 0 Km between repeaters  by 
driving a  laser diode  in a  repeater as a  light 
source. 

2.  Cladding mode  leakage power measurements 

If two  fibers  to be spliced are butt-jointed 
each other  and light  is excited  in the  incoming 
fiber,  a guided mode  in the core of  incoming 
fiber  is emitted  into an air gap at the 
t j.t-joint  and is coupled  to both a guided mode 
and cladding modes   in the outgoing fiber. 

The cladding modes are confined  in a 
cladding since buffer  layers and a  jacket of 
fiber end  section of about  15  mm are stripped 
off  and refractive  index of  air  is  lower  than 
that of cladding.   However,   after cladding  modes 
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i". get to the coated fiber section,  they propagate 
in both a cladding  and buffer  layers  since 
refractive index of  the primary buffer layer  is 
higher  than that of  cladding.   Any kind of 
geometric imperfection of boundary surface 
between    cladding and the primary buffer layer 
and their  refractive  index fluctuations cause 
cladding modes to leak out through the secondary 
buffer  layer and the jacket as illustrated  in 
Fig.l. 

Figure 2 shows a  set-up  for leakage light 
power  measurements.   Single-mode fibers are 
energized through optical attenuator  by a 1.3 |im 
laser diode modulated w.th  270Hz.  The  idt   tical 
fibers are placed on movable  fiber holders 
driven by micro-manipulators  and are 
butt-jointed each other, where core axes are 
shifted relatively so that the most of emitted 
light  is coupled into cladding modes.  The 
cladding mode  leakage  light   is detected with the 
10 mm^ germanium photodiode on a side of the 
outgoing  fiber stretched rectilinearly. 
Transverse offsets and a gap at the  butt-joint 
are measured with electronic micrometers of 
which probes are attached to the movable fiber 
holders. 

Table 1 shows the structural parameters of a 
UV-curable resin coated fibei   used  in the 
measurements and arc-fusion  splices which will 
be mentioned later on.  Coating materials are 
urethane-acrylate and epoxy-acrylate. 

Figure 3 shows a measurement result of 
leakage  light power  distribution along the 
fiber,   where   P, is  the transmitted optical  power 
at the  butt-joint,  P]is the cladding mode 
leakage power at a distance   1   ,    Jx   is the 
transverse offset, Jz   is the gap length at the 
butt-joint and    d    is the length of  the stripped 
fiber  section. 

As shown in Fig.3,   the leakage  light power 
decreases along the  fiber and  the power of about 
20 dB below of the transmitted optical power at 
the butt-joint was obtained  at the position of 
100 mm from the cladding mode  launched fiber 
end.  Moreover,  cladding mode   loss of  about  100 
dB/m is induced from an inclination of the 
fitted  line. We also measured  leakage light 
powers around the fiber and obtained almost 
equally distributed  leakage powers. 

It may be said that the degree of  the 
cladding mode stripping effect mainly depends on 
the refractive indexes of the coating materials. 
In this fiber,  an outer layer  have  higher 
refractive  index than  that of  an inner layer. 
Only  the air guides  several  modes which 
propagate  in cladding,   buffer   layers and a 
jacket.  Hence,  cladding modes  leak out easily 
and the leakage light  level decreases suddenly 
along  a fiber. 

On the othei  hand,  we  investigated a 
silicone resin coated  fiber  and the cladding 
mode  loss in the fiber was estimated  at about  30 
dB/m. In this case,   the secondary buffer 
layer of  silicone  rubber makes a role of guidir^ 
some modes,   since  its  refractive index is  i^*er 
than  that of  the primary buffer layer or. 
modified-silicone. 

3. Cladding mode power vs transverse offset 

Assuming that electromagnetic fields of a 
guided mode   in a single-mode fiber are Gaussian, 
we obtain a coupling coefficient of  identical 
fibers between guided modes at the butt-joint 
point by  the following equation: (7) 

1.= 
(n.k)2«; 

(Jz)2+(n1k)2<»; 
exp 

f    (n,kr.<(Jzr   l 

I   (ii),-Kn1k),«J 1 ' 
(i) 

where äx is  the transverse offset and Jz is the 
air gap length. Note that only the transverse 
offset is considered in the equation  (1). 
Here,    <«„  is the spot size of Gaussian beam in 
the core given by(8) 

»o -3(0.650 + I. 61 9V'1 V 2.879V-6).       (2) 

where V   parameter   is defined as V= ak/"nT   n2
z   , 

a  is the core radius, k = 2* I * is the free 
space propagation constant of plane waves,   X 
is  the light wavelength  in vacua and   n,   and   n:. 
are core and cladding refractive  index 
respectively. 

Assuming that Gaussian beam except a portion 
confined  In the core is coupled to cladding 
modes at the air gap, we obtain its coupling 
coefficient   Ic   as 

70 = 1 (3) 

Figure  4  shows  theoreical curves of   ^c 
for Jz '10,  50 and  100 pm.   fe Is the minimum 
when Jx is  zero.    Then,  the curves of   fg suggest 
that a core axis alignment can be made by 
monitoring  cladding modes  leakage light. 

Figure 5  shows  the logarithmic curves of 
equation   (1),(3),  which describe changes of 
guided mode power  and cladding mode power vs. 
transverse  offset of core axis.  As shown  in 
Fig.S,  the  transverse offset shift of ^X fron 1 
to 0 pro causes change of over 10 dB in cladding 
mode power   level and a change of only 0.2 dB in 
guided mode power   level.  Therefore,  more precise 
alignment essentially can be achieved by 
monitoring   the cladding mode leakage light power. 

4.   Detection system for monitoring 

In a  long-haul optical  fiber transmission 
systems,  a   repeater  interval is — 50 Km,   and 
outpu". optical power of a  laser diode in a 
repea'er and loss of single-mode fiber are about 
-5   dFm and  0.5 dB/Km respectively.  Hence,   the 
lowjst optical power in the fiber  is about -30 
dFm. 

On the other hand,  the leakage light power 
at    1  =100  mm and Jz =10 pn is experimentally 
estimated  at 20 dB below that of transmitted 
optical power at a butt-joint point from Fig.3, 
and decreases about  25 dB down when Jx goes zero 
as  shown  in Fig.5 . 
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Therefore,   in the case of   10 mm* detector 
is used,  we need a photo-receiver with the 
minimum sensitivity of -75 dBm  for precise core 
alignments  in long-haul  transmission systems. 

Utilizing a 10 mm* Ge-PD and an ultra low 
noise operational amplifier,  we developed a 
photo-receiver,  that  is,  a transimpedance 
amplifier  followed by  a bandpass filter with 
variable bandwidth.  The equivalent circuit 
diagram  is shown in the  inset of Fig,6. 
Here,     Pj   is incident   light power. 

Rd and  R, are dynamic  resistance of  the 
photodiode and feedback  resistance of  the 
transimpedance amplifier respectively.   B  is 
bandwidth of the bandpass filter and   V,,   is 
output voltage signal of the photo-receiver. 

Considering signal current  and various noise 
sources  in the transimpedance  amplifier, we 
obtain  the output voltage signal of the 
photo-receiver as follows; 

v.=(«ifp.),+i2.(ifp.)+«i4+^44;)'+i4B)M*. 
(4) 

where   V    is quantum efficiency of the 
photodiode,    6   is electronic charge,   h    is 
Plank's constant,    "   is light  frequency,    k  is 
Boltzmann's constant,    T  is absolute 
temperature, B is frequency bandwidth of the 
filter,   vn and  in  are  input noise voltage and 
input noise current of  the operational amplifier 
respectively and   Id is dark current of  the 
photodiode.  In this equation. 

is current due to the   incident   light signal.  As 
noise sources in the photo-receiver of which 
output  is  limitted by  filtering   to a bandwidth 

B ,  shot-noise current which has inean-squared 
amplitude as   : 

and thermal noise current of   Rf which is 
described as /———  

and a noise current which has  a mean-squared 
amplitude of       ,   „ , 

due to  the  input voltage noise  and the  input 
current noise of the operational amplifier must 
be considered. 

Both  the dark current of the Ge-PD and the 
input voltage noise of  the operational amplifier 
are main restrictive  factors in  the minimum 
sensitivity. 

Figure 6 shows the  responsivity and noise 
floor of the receiver,   where open circles and 
crosses denote measured  values and solid curves 
describe the calculation results obtained from 
equation(4)   by using  following parameters as 

V '0.6,      f »2.31X1014   Hz,    Id-300|iA, 

T*300K,   R, -1 MO     ,    Rd-500fl     , 

Vn   »3.2 nV/VHi   in =0.4  pA/VHz 

and    H =4,   8  Hz. 

Figure  6  shows good overall agreements of 
measured and calculated relations between 
incident light power   Pj    and output voltage V,, • 

In order   to obtain a highly sensitive 
photo-receiver,  it  is necessary to use a high 
impedance feedback  resistor  and a narrow 
bandwidth filter. Choosing  1  Ma as Kf    and 4 Hz 
as   B   > we can obtain a photo-receiver whose 
responsivity  and minimum detectable  light  level 
are  about 0.63xl06 V/W and about -75  dBm 
respectively. 

Using this photo-receiver,  we detected  the 
cladding mode  leakage  light with changes of 
transverse offset of core axis.  Figure  7  shows 
the changes  of detected signal  level against 
transverse offset of core axis  in the UV-curable 
resin coated  fiber.  In thib measurement,  the 
transmitted optical power   P,     was set -30 dBm. 
A photo detector was  located at the position 
of    I   »120 nun and air gap length Jz was set  10  , 
50  and 100 urn.  The detected  signal approached 
the minimum as the transverse offset of core 
axis converged towards zero  in the similar way 
as cladding mode coupling coefficient curves as 
shown  in Fig.4. Accordingly,  pursuing the bottom 
by  transversely moving a fiber holder performs 
an accurate core axis alignment. 

From these measurements,   it is cleared that 
the changes   in detected signal agree with the 
theoretical curves as a whole.  Further, 
clearness of  the patterns obtained by using the 
photo-receiver  is good enough for core 
alignments. 

5. Arc-fusion  splicinqs 

We executed splicings of an UV-curable  resin 
coated fiber,   using  the photo-receiver mentioned 
earlier. The  result of splicings is shown  in 
Fig.8, where  transmitted optical power   Pt   at 
the butt-joint was set -30 dBm for each 
splicing. An  average splice  loss of 0.03 dB was 
obtained for one hundred samples. 

Here,  the  splice  loss was evaluated by 
monitoring the output optical power  before 
cutting and after splicing.  To attain a possibly 
accurate evaluation,  we housed an optical 
attenuator and a sensor head of an optical power 
meter  in a constant  temperature box.  In addition 
to  that,  a  1.3  um InGaAsP/InP BH laser diode was 
attached to a constant temperature plate 
controlled by Peltier's thermo-device    to 
stabilize the output optical power. 
Consequently,   a stability within +  0.0025 
dB/hour was  achieved. 

We  have carried out fusion splicings  in a 
long optical   fiber cables'9)   between repeaters 
by driving a  laser diode installed  in a repeater 
as a  light source and gained confidence of the 
adaptability of this method  in the final 
splicing work   for the optical  fiber digital 
transmission  systems with repeater  interval over 
5 0  km. 
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6. Self-core-alignment arc-fusion splicer 

As discussed so far, precise core alignment 
of single-mode fiber can be performed by 
monitoring cladding mode leakage light power. 
This new local monitoring method is efficient 
and of practical use. Therefore, we have newly 
developed a self-core-alignment arc-fusion 
splicer based on this monitoring method, which 
incorporates piezoelectric elements for 
positioning X, Y axis and an 8 bit ^-computer 
for controlling a sequence of alignment and 
arc-fusion splicing. 

6.1  Piezoelectric element 

For applications as in core alignments 
requiring a linear movement with extremely high 
resolution and good dynamic range, the converse 
piezoelectric effect offers an excellent 
positioning method. Since piezoelectric element 
converts electric energy directly to mechanical 
movement, it is free of backlash and has high 
speed responsivity. 

As well known, hysteresis occurs between the 
applied voltage and expansioin of piezoelectric 
element. The same operating voltage can giva 
different expansions depending on whether the 
element previously had no applied voltage or the 
maximum applied voltage. 

However, as shown in Fig.9, a fixed 
hysteresis curve is obtained under a constant 
temperature, a load and an cycle velocity. We 
made use of the rising branch characteristic of 
piezoelectric elements with full expansion range 
of 5 0 |im at the applied voltage of 5 00 V. 

Because of its direct conversion of an 
applied analog voltage to a mechanical movement, 
the resolution of piezoelectric element is 
determined by the stability of the applied 
voltage. Here, the minimum step of movement was 
controlled at 0.05 pn by a fj-coraputar. 

Figure 10 (a) shows another characteristic of 
piezoelectric element, that is, creeping. The 
piezoelectric element continues to change its 
expansion by a small amount, even if voltage is 
hold at a fixed point after being applied along 
the rising or the falling branch. 

Figure 10 (a) illustrates displacement Cu and 
Cd by creeping and the creeping amount used in 
the splicer was about 1 % of absolute expansion 
length. This small amount of displacement can be 
compensated by applying an excess voltage Vp 
and reducing the applied voltage by VB as 
shown in Fig. 10 (b) . We set 25 V and 32 V as 
VF and Vg  respectively and obtained 
positioning precision less than 0.05 urn. 

6.2 Configuration of the splicer 

Figure 11 shows the configuration of 
self-core-alignment arc-fusion splicer. 
The photoreceiver section is basically similar 
to that mentioned earlier. In order to supply a 
suitable input voltage to the A/D converter, the 
gain of an AC-araplifier is controlled 
automatically by autorange controller according 

to power level of incident light. Its variable 
gain ranges from 0 to 60 dB. Detected leakage 
light signal is digitized by a 12 bit A/D 
converter and it is fed to an 8 bit ^-computer. 
The u-computer controls drivers of piezoelectric 
elements for X, Y axis movement and also 
controls a driver of DC motor for Z axis 
movement. 

The p-computer automatically processes the 
sequence of core-alignment and arc-fusion 
splicing as shown in Fig. 12.   Core-alignment 
sequence consists of 2 stages.   The first 
stage is rough alignment sequence with 0.5 pm 
step in a 20 pm scan width and the second stage 
is fine alignment sequence with 0.05 \im  step in 
a 2 um scan width. The second stage is repeated 
2 times to make sure of a sufficient alignment. 

Various conditions in the arc-fusion splicing 
were set as followings : electrode gap was 1.5 
mm, prefusion time was 0.01 sec, electric 
discharge duration was 2.0 sec, discharge 
current was 15 mA, pressing stroke of fiber end 
face was 35 urn and its pressing velocity was 82 
pm/sec.   Total time required to complete both 
core-alignment and arc-fusion splicing was 2.5 
minutes. 

Figure 13 shows a view of the newly developed 
arc-fusion splicer with a self-core alignment 
function. Using the splicer, we carried out 
arc-fusion splicings of same type of single-mode 
fibers as those spliced manually. Figure 14 
shows the result of one hundred splicing trials 
where transmitted optical power at butt-joint 
point was set -25dBm. An average splicing loss 
of 0.05 dB was achieved in laboratory 
experiments. 

7. Conclusion 

A new simple local monitoring method and an 
arc-fusion splicer with self-core-alignment 
function have been reported. This local 
monitoring method ; cladding mode leakage light 
power monitoring, is desirable since it is not 
necessary to bend fibers. In addition to that, 
it essentially has the precedence in the 
preciseness of alignment over the conventional 
power monitoring method including local 
detection by bending fibers because the 
monitored signal excessively sensitive to the 
change of transverse offset. 

The highly sensitive photo-receiver designed 
for the leakage light detection makes preise 
core alignments possible even in the case of 
that the transmitted optical power at a 
butt-joint is only 1 pw. We have manually 
executeü arc-fusion splicings of an UV-curable 
resin coated fiber using the photoreceiver and 
obtained a surprisingly good result, that Is, an 
average splice loss of 0.03 dB for one hunJred 
trials. 

Then, we have presented a newly developed 
self-core-alignment arc-fusion splicer. This 
splicer performs automatically core-alignment 
and splicing in sequence. Its self-core- 
alignment function is based on the new local 
monitoring method. The splicer incorporates 
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piezoelectric elements for X,   Y axis movement 
and a u-computer for the signal processing and 
sequence control.    The average splicing  loss by 
the splicer was 0.05 dB in laboratory 
experiments. 

This splicer can be used not only for usual 
splicing work but also for any splicings 
including a final splice in a  long-haul digital 
transmission systems by sending a high bit-rate 
optical signal to comprise a  low frequency 
component  from the terminal equipment and 
driving a LD in the nearest repeater. 

The authors wish to express their sincere 
thanks to Dr.  H.Kajl and Dr.  C.Ota of KDO Labs 
for  their encouragement. 
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Fig. 13 Newly developed arc-fusion splicer 
with self-core-alignment function 
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Abstract 

The application of fiber optics In Local 
Area Networks and the feeder loop Is receiving 
considerable attention.  For ease In Installa- 
tion and subsequent reconfiguration the local 
applications require mechanical splicing methods 
and connectorlzed interfacing. 

In this study, connector and splice losses 
for both step index single mode and graded index 
multimode fiber designs with Gaussian power 
distributions are analyzed.  Losses are charact- 
erized statistically for the intrinsic and ex- 
trinsic parameters in the immediate area of the 
joint and at steady state long length distances. 

The modeling is performed using a direct 
Monte Carlo method.  Random populations are 
created representing the major intrinric and 
extrinsic loss factors based upon distrlbu- 
tiors fitting the empirical data.  Appropriate 
numerical analysis is then performed to 
predict connector and mechanical splice 
losses. 

referred to as intrinsic or extrinsic losses. 
Intrinsic losses are those losses at a joint 
which are a result of a mismatch of fiber trans- 
mission properties. Extrinsic losses are a 
result of mechanical misalignment of the fiber 
cores at the joint.  For the purposes of this 
analysis, both loss categories are evaluated 
using a Gaussian power distribution. The 
Gaussian distribution assumption is appropriate 
for graded index multimode fiber and graded or 
step index single mode fiber (1), (2). 

The multimode fiber analysis (1) desclbes 
both the loss in the innnediate region of a joint 
and at a sufficient distance from the joint such 
that the optical power has reached a steady state 
distribution. 

Normal manufacturing tolerances of optical 
fibers give rise to Intrinsic mismatch losses at 
splice and connector Interfaces. 

The parameters with the most critical 
tolerances for multimode fibers are: 

Introduction 

Connectors and splices are Integral elements 
in fiber optic applications.  Connectors provide 
a rapid connect facility, coupling equipment to 
optical fiber cables.  The connectors must with- 
stand the rigors of frequent handling and mate 
repeatedly with low Insertion loss.  Splices are 
required to join successive cable lengths together 
in a durable manner.  Splice losses should be as 
small as possible without Involving complicated 
jointing techniques. 

Connector and splice losses absorb a portion 
of the power budget.  The demand for longer links 
with low loss fibers necessitates improved 
connector and splice performance.  This paper 
reviews the various loss mechanisms and outlines 
analytical methods for characterizing splice and 
connector losses. 

Loss Mechanisms. 

The optical losses for a joint are frequently 

1. Numerical aperture 
2. Core diameter 

and   for step  index single mode   fibers: 
,  -1 

Cutoff wavelength 
Refractive index difference 

Fiber cladding diameter variations are of primary 
importance and can result in lateral offsets. 
Cladding tolerances are Included in the lateral 
offset calculations. 

There are several factors in addition to 
the intrinsic fiber related losses, which con- 
tribute to splice and connector loss.  Tolerances 
on component manufacture and care in fiber 
preparation Influence the coupling efficiency. 
The main extrinsic factors, as Illustrated in 
Fig. 1, are: 

1. Lateral offset 
2. End separation 
3. Angular misalignment 

'■••'A 

i 
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Lateral Offset 

CoefflcJents for the polynomial representation 
are given in Table I. 

% . 

-E 
End  Senaratlon 

D 

Amivilar  Aliannent 

Loss Component 1 

NA    S.L. 

NA    L.L. 

l-A2/A, 

1-A2/Aj 

Core Dia.S.L.   l-n./Dj 

Core Dia.L.L.   l-D./D. 

Lateral Off- 
set  S.L. 

Lateral Off- 
set L.L. 

d/D 

Fit». I  Kxtrinsic Loss Factors 

d/D 

End Separation  S/D 

Angular 
Alignment      0 

1.8412 0.7229 3.5755 

3.7448 1.2036 3.6183 

1.7099 10.1097 2.8153 

3.688 8.7294 2.4456 

0.8660 3.2883 2.5114 

1.8660 2.9982 2.3235 

0.1249 0.2153 -0.0293 

0.050 0.225 -0.025 

Achieving  low loss connector and  splice 
performance  requires  special  consideration of 
these  factors.    Connectors are particularly 
difficult  in  that  they must  be reraatable an< 
withstand  considerable handling. 

The single mode analysis was reduced to a 
simple  linear equation for mode  field  radius at 
1300 nm  (uee appendix) 

w - 2.052  X    - 856.3193  A ♦ 5.0198 c 

for    1.21  < A    <  1.35 
—   c - 

.0026 < A    <.n034 

Ideally,   fibers   in a joint should butt.     In 
connectors  or  splices with no  index matching 
fluid a small air gap  exists.     The gap gives 
rise to an  additional  reflection loss of about 
0.32  dB. 

Mathematical  Modeling  of Losses. 

Loss models  for multlmode and  single mode 
fibers have been reported  (1),   (2).     Additionally, 
experiments  describing extrinsic  loss charac- 
teristics have been published   (3).     For this 
analysis,   the various   integrals associated with 
the models were either solved exactly or by 
numerical methods.    Where no mathematical 
treatment was available,  experimental 
results  (3)  were interpreted. 

To aid   in numerical analysis a  set  of poly- 
nomials were  generated describing the various 
loss mechanisms  for multlmode  fiber.     Loss 
components are given  for both  the short   length 
(S.L.)  and  steady state  long  length  (L.L.). 

The polynomials  are of  the general  form 

2     3 
dB ■ a.x + a.x + a^x (1) 

Connector Modeling. 

To demonstrate the connec or loss modeling 
algorithm a 4 rod multlmode connector was chosen 
(Fig. 2). A total of 70 connectors were 
assembled with a 50/125/.2 core/clad/NA multi- 
mode fiber. The fiber position In the ferrules 
was measured directly.  From the measurements a 
truncated normal distribution for the fiber 
position was developed.  A direct Monte Carlo 
analysis was then performed using typical fiber 
tolernnces with the analytical methods described 
in the appendix.  The results for the simulation 
are given in Table II. (M - mean, S ■ standard 
deviation). The cumulative distributions of the 
simulation and the mandrel wrap launch Insertion 
loss measurements are shown In Fig. 3. 

Ferrule Rods 

Fiber 

Fig. 2  4-Rod Connector 
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TABLE  II.    Connector Loss Analvsis dB V-Groove Connector Model 

NA  short   length .10 .07 .29 
NA  long  length .10 .14 .58 
Diameter short   length .05 .03 .13 
Diameter  long  length .OP .06 .24 
Lateral offset  8.1. .41 .29 1.12 
Lateral offset  1.1. .f.0 .38 1.47 
Knd  separation .06 .02 .14 
Angle .04 .05 .28 
Fresnel .32 - - 

Total —  short   length .97 .31 1.76 
Total —  long  length 1.31 .42 2.35 

A simple V 
was evaluated us 
step Index  singl 
A  90°  angle was 
of  the splice lo 
calculated as de 
Loss statistics 
of   fiber and ang 
combined vertica 
ments are  shown 

groove connector design 
ing a standard   10/125 
e mode fiber design  (Fig.  4). 
assumed and the  sensitivity 
ss to various tolerances 
scribed in the  appendix, 
for various tolerances 
le,  V-groove angle and 
1  and horizontal  displace- 
in Table IV. 

V e V 

-n 
o -n 
o 
L 
Cl- 

cu 
> 

D 
E 
D 

(_) 

100 

so 

10 

5 

E; 

D - calculated 

O - measured 

 ' ' ■ I I 1   I   1 ,J ' ■ J L—'     l    ■   '   i 

0.1 0.5 1 5 10 

Loss    (dB) 

Flg.   3     Connector  Loss  Distributions 

For  comparative  purposes  a simulation  for 
the  same connector was performed with 85/125/.26 
and 63/125/.29  fiber  designs   (Table  III). 

Fig.   4    V-Groove  Connector 

TABLE  IV.    Loss Estimates 

Parameter Statistics Loss Statistics dB 
M S 

1.   End Angle-degrees 
S            Max 

.5             1.5 .27 .31 

.3               .9 .13 .14 

.2               .6 .04 .04 
2.   V-Groove Angle-degrees 

S 
1 .23 .29 

.5 .05 .06 

.3 .02 .02 
3.  Vertical and Horizontal 

offset /«m 
S 
1 .49 .43 

.5 .16 .15 

.3 .06 .05 

••-■ 

■■ ■■ 

TABLE ITI.     Fiber Comparisons Total  splice   loss distributions  for  the 
design using a typical fiber and varyirg 
connector tolerances 
Figure 5. 

(Table V.)  are gi en in 
FIBER TYPE CONNECTOR LOSS   dB 

SHORT  LENGTH           LONG  LENGTH 
MS                     MS TABLE V.    V-Groo\ 'e Simulation Statistics 

85/125/.26 .69         .14                .92       .22 
63/125/.29 .79         .20             1.05       .29 

.97         .31             1.31       .42 50/125/.20 End Angle V-Groove             Offset/<m 
Case degrees 

S      Max 
degrees             Horiz./Vert. 

fficiently rigorous mechanical 
S                                 S 

With sn 
analysis  the connector components could be A .5       1.5 1.0                             1.0 
modeled and connector  performance simulated and B .3         .9 .5                               .5 
analyzed  in greater  detail. C .2         .6 .3                               .3 
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Fig. 5  V-Croove Simulation 

Conclusion 

Statistical modeling techniques applied to 
splice and connector designs can provide valuable 
insight to performance.  The various loss mech- 
anisms have been reported in the literature and 
provide the basis for the statistical techniques. 
Careful characterization of splice and connector 
components will allow loss modeling for design 
purposes. 

- ^ ca r v *  — [e 
P 

-ha 
e^l 

02 . o* + £? [-^ä
8 

be-^2] 

2ctio r -'^a2 

—T'  le 

Here, a 

e-^l ♦ u' 

b - y 

o 

c = l/(H(b) - H(a)) 

for H the distribution function of Z, i.e. 

(Z 

H(Z) = -U   »"^  dy- 

Thus given a,b,p,o we numerically Invert these 
formulas to solve for iT.o and then proceed as in 
11). 

iv) Symmetric truncated normal distribution 
(u-a-b-ij): here u ■ JT so one has the 
somewhat simpler task of inverting the 
equation for n2. 

v)  Absolute value of a symmetric truncated 
normal with mean zero: this is a special case 
of ill) with y = a = 0,  We have 

S3, [i •  o  J 

-W*** 

p 

. 

Appendix 

Generating random numbers with specified 
distributions. 

I) Normal distribution: each element is the 
sum of k uniformly distributed pseudorandom 
integers between 0 and n-1.  By the Central Limit 
Theorem of probability theory, these are 
asymptotically normal with mean u  ■ k(n-l)/2, 
variance a2 » k(n'-l)/12.  In practice we used 
k ■ 12, n » 32767 (the largest two-byte Integer). 
Dividing the results by a and subtracting y/a we 
get a Z distribution (mean 0, variance 1). 

II) Truncated normal where one specifies jr,5r 
of the parent distribution and the limits a,b 
(a<b) of the derived distribution: if n is the 
desired sample size, we generate n elements from 
i).  Suppose m^n of those do not He between a 
and b: remove them and repeat the process as 
necessary. 

where  c  -  1/(H(=)   - *). 
a 

Thus one  specifies b  and either  y  or a 
(but not both), which allows one to  solve for W. 
Then sample from 11) with mean 0, variance a, 
limits  tb,  and  take  the absolute value of  the 
result. 

vi)    Welbull distribution:   the cumulative 
distribution function is 

Set x 

G(z)  - Prob  [y ^ z]   ■   1  - e 

- Xz 1 

- \z 

and  Invert,  giving 

z -  (- in -—)a   . 
A 1-x 

It is easy to show that if x is uniformly 
distributed, 0 ^ x < 1 then z has the  desired 
Welbull distribution.  Given the mean and 
varianc» ^, a' one may solve for X, a by 
inverting the relations 

111) Truncated normal where one specifies a,b 
and p.o of the derived distribution: let 
p ■ /(2fl); then one may show that for the 
process described In 11), 

T(-  ♦ 1) 
Qt 

i" *■[!■(- ♦ 1) - {r(i * i)}2 1. 

(here T represents the Gamma function.) 

International Wire & Cable Symposium Proceedings 1984    79 
m 
.-.:--.■ 

y- -% .--.-- -v - 
■ . ■.■• .... 

- .       . - .      . :■.-.■   .  ■ ■  .      . 



\" ' » - • ■ 1" » - 1 11 ■ . ■ 1 ■' I ■   11. »I *•«>•< ^ ■, I <  .. 

Simulating  ■  population of  multlmode  fibers  In 
four pin connectors. 

])       n values   for n •=  effective angle between 
cleaved   faces  ■  tilt  angle 

Let n be the sample size. We create the 
following, to simulate the losses in a sample 
of n preconnectorized fibers measured against 
a  reference  fiber: 

at       n  lateral offsets  (distances  from fiber 
core center to hole  center) 

b) n values  for  numerical   aperture 

c) n values  for  core diameter 

k)       2  groups  of n values each  for  X     ■ cutoff 
wavelength 

I)       ?   groups  of n values each  for 
A    ■  relative   index difference 

m)       2  groups of n values each  for 
w « mode  field  radius 

n)       calculate  transmission coefficients and 
corresponding   losses  as per   (2). 

d) one value each   for numerical  aperture  and 
core diameter of  the  reference fiber 

e) n values  for  end  separation   (distances 
between the  ends  of   the opposing   fibers) 

f) n values  for  angle between fiber ayes. 

Distributions  used: 

■)       -  ill) 

b).   c^   -  11) 

d) the  respective means used to generate b) 
and  c) 

e) - truncated  version of  vi) 

f) -v). 

Finally the  losses are   calculated as per  (I). 

Simulating a  population of   single mode  step 
index  fibers  in a   simple V-groove  splice. 

Create  the  following: 

a) two groups of  n elements each  representing 
- =  angle of  the V 

b) two groups of  vertical  offsets, 
n elements  each 

c) tv>o groups of  horizontal   offsets, 
n elemeats  each 

d) n  relative vertical  offsets        m 

e)       n relative horizontal   offsets y 
f) two groups of   fiber outer  (cladding) 
diameters,   n elements each 

g) n values  for  relative   lateral offset  of 
group  I  vs.   group  2   fibers 

h)       n values for  y  ■ cleave  angle 

I)       n values  for a  = rotation angle  in tilt 
calculation 

Methodology. 

a),  b) ,   c),  k) ,   I) -  sample  from distribution 
ill)   above 

d) ra    »I vert.off.       , - vert.off.       „I 
v gp.l gp.2' 

e) m.    » I hor.off       ,   - hor.off.       „ I 
■     ' gp.l KP«?1 

f) sample  from distribution  ii) 

g) for a single V-groove: 

r - rl.id.I lug 
radius 

h  -  r/sln   (5/2). 

Now given two  V-grooves: 

mv ■ CjE        ;   hj  - r1/sln(£,/2) 

\° C2r ;   h2 - r2/sln(f2/2) 

LU. 
/ 

relative lateral offset 

d      ■ A^ 

A2D. n^ 

d      =   ^(n^2  •   (mv •  kj  - h2)
a). 

■   _-. 

v   - 

C'»: 

■ 

■ 
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M       sample  from distribution v) 

i)       sample  from uniform distribution with 
limits 0,   2« 

Then w  is  the number  satisfying p (w)   ■   .1 7   "norm 
Observe that w is a function of A, X , and A. 
For A "1.3 this function can be approximated 
to within an error < II by the linear function 

i) Yi: 

fiber 1 
^ 

fiber 2 

w - 2.052 x    -  856.3193A ♦ 5.0198, 
c 

for 1.21 < X < 1.35, .0026 < A < ,0034. 
—   c — —     - 

References 

fiber 2 Is rotated about its axis through an 
angle i, relative to fiber 1. 
'.et n ■ normal to face of fiber 1 

for 1=1,; Then 

0 » angle between n. and n,.. 

If we take the fibers as coaxial with z in 
xy? space, then without loss of generality 

n  = (cos a, sin a, ctn Y.) 

n2 » ( 1, 0, ctn »-) 

So 1 » cos 

-1, 

-I 

cos (sin y. sin y„ cos g + cos Yi C08 YI) 

m)   First calculate n. and n., the effective 

indices of refraction, and 
a ■ core radius ■ A /5.36 V'A. 

c 

Let A ■ operating wavelength, k ■ 2Tr/A. 
Solve the characteristic equation 

-1,(11)    K^v) 
  ■ v   for n 
J0(u)    Kn(v) 

where u = kaV^n.2 - n2) 

v = kaV(n2 - n2
2) , 

and J., K • Bessel functions. 

Then ß » nk " propagation constant. 
Now if r = radius then from (4), the power 
as a function of radius r Is 

P(r) 

V 

— J 2 (—) 
2 0 la ' 

r < a 

Jl(u) 

iy^T Ko  (a ) , r > a 

where u •= a/Cn^k2  - B2) .  v - a/(B2  - n2
2k2). 

We  normalize p(r)   so that   p (0)   •=  1. r Knorm 
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Abst i art. 

At  thp cable end part of  splice enclosures 
of  optical   cable,   similar   to  the conven- 
tional  copper communication  cable,"phe- 
nomenon of  cable core  movement"  of 
protrusion  and draw  inward  of  cable  core 
in  the   longitudinal   direction of  cable 
sheath was  observed.     If   the  movement 
amount of  optical   cable core  exceeds  the 
allowance  of  the  splice enclosure,   bending 
stress and  tensile  stress  are applied to 
the  fibers  causing   the  transmission   loss 
increase and fiber  break.     Therefore  to 
grasp  the  amount  of  cable  core movement 
quantitatively,   the  theoretical  and 
experimental  study was conducted.     And  the 
proto-type  cable were  prepared and   in- 
vestigated with  regard  to  the counter- 
measures  for reducing  the core movement. 
As   the result,   however,   since  it was  im- 
possible  to  set  the  core  movement  utterly 
zero,   by  the design of  splice enclosure 
with  the  range of  core movement  taken  into 
consideration,   it was verified that  a   long 
service  life of optical   fiber at  the cable 
splice part can be  ensured. 

1.   Introduction 

At   the  splice enclosures  of   the  conven- 
tional  copper communication  cable,   the 
phenomenon  of  cable  core  movement   is well 
known. 
On   the  other nand,   similar   to the  conven- 
tional  copper communication cable,   we 
found  the  same phenomenon  of cable core 
movement  at  the  cable end  part   in  splice 
enclosure  of  the aerial  optical  cable. 
After  noticing  the   transmission   loss 
increase of aerial  optical  cable  that we 
have  constructed,   we  investigated   it  in 
the  field. 
As   the  result,   the  cable  core was  observed 
protrusion or draw  inward   in the 
longitudinal  direction of   the cable  sheath. 
However,   the case  of  optical  cable   is 
different   from that  of  the  conventional 
copper communication cable   in  that  the 
bend  with  a  small   radius  due  to  core 
movement  at  the cable end  part  in  splice 
enclosure  causes  an   increase  of   the 
transmission   loss  of  optical   fiber  and 
also     the  occurrence of   the  excessive 

stress  accelerates   the  static  fatigue 
without fulfilling  the   long  lifetime. 
Therefore,   especially   in   the  case  of 
optical  cable,   the  movement  of   the  cable 
core  can be  considered  to be an  important 
factor  that  greatly governs  its  reliabil- 
ity. 
The  relationship between the movement 
amount of  the optical  cable core  and 
the  structures of  optical  cable and 
its   splice  enclosure was  investigated 
and  this  report  is  c,iven herein based 
on  these results. 

2 Investigation resu It of core 
movement at the field site 

ion 2 1 Phenomena of transmiss: loss 
increase at the field site 

We  designed  and adopted  J  kinds of 
self-supporting optical  cables 
as  shown in Fig.   1. 

POLYETKYIENE SHEATH 

TEEL  MESSESOER WIRE. 
< 2 »».J STIM»K ) 

UINOüU OF  AIR 

CABLE   CORE 

LAMINATED  ALUMINUM   POLYETHYLENE  TAPE 

(a)  S-figur«  Ukc  cyp« 

STEEL  MESSENGER WIRE 
(. 2mt.7 STUHDS ) 

POLYETHYLENE SHEATH 

-•ABLE   CORE 

LAMINATED ALUMINUM 
POLYETHYLENE  TAPE 

POLYETHYLENE CONNECTION PIECE 

Ibt  Prc-tungtr type 

STEEL MESSENGER WIREV 
i .' mf.- snuws ) 

-POLYETHYLENE SHEATH 

.'ABLE   CORE 

LAMINATED ALUMINUM 
P0LYE1.1YLENE TAPE 

POLYETHYLENE BINDING WIRE 

(c) ULr«  binding  cypc 

OPTICAL  FIBER 
PLASTIC  FILLER 
STEEL STRENGTH MEMBER (   1   mmjl) 
PLASTIC  CUSHION YARN 

PLASTIC TAPE {WRAPPING TAPE) 

• 

k*vwi 

Fig. 1     Structure of Optical  Cable 
for Aerial  Use 
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These cables were put into practical 
use and have been installed 
as an information transmission 
line used for the electric power 
utilities since 1980, The total 
length of these cables has reached 
400 km as of March 1984. 

Last year, the transmission loss of the 
8-figure like type optical cable shown in 
Fig. 1 (a) over the total link 
length of 27 km increased by some 
4 dB after a lapse of about 
one and a half years since 
installation. 
Therefore we measured the back scattered 
waveform of optical fiber using the OTDR 
(Optical Time Domain Reflectometer) and 
compared results with the back scattered 
waveform at the time of installing the 
optical cable. 
Fig.2(a) shows the back scattered waveform 
at the time of installation and Fig.2(b) 
shows the back scattered waveform after 
the increase of transmission loss was 
produced.  Since the local increase of 
transmission loss at P point was observed, 
we conducted an investigation of internal 
conditions by dismantling the splice 
enclosure at P point. 

As a result, as shown in Photo 1, the 
phenomenon of cable core movement was 
observed, indicating extensive protrusion 
of optical cable core from the sheath. 
It was proved that by this movement, the 
optical fiber was pressed and bent at a 
few mm radius of curvature and transmission 
loss of optical cable was increased by the 
bending of this part. 
Though cable core movement has been ob- 
served at the splice enclosures of the 
copper communication cable, since the core 
copper wire of the copper communication 
cable is strong to bending and 
elongation there are never serious 
problems. 
However, in the case of optical cable, 
if there is a large core movement 
as above-mentioned, the increase 
of transmission loss or in the 
worst case, fiber break can be 
expected. 
Therefore, as regards long-term 
reliability of optical cable, 
this phenomenon of cable core 
movement was found to be an 
important factor that governs 
the fiber reliability at 
optical cable splice enclosures. 

■ 

P POINT 

(a) At The Time of Installation 

P POINT 

(b) After The Lapse of One And Half Year 

Fig. 2 Backscatter Waveform 
Measured by OTDR 

Photo.1   Internal View of Splice Enclosure 
Of Type 15 at Point P 

2.2 Investigation of core movement amount 
at the field site 

To clarify the phenomenon of cable core 
movement, it an be considered necessary 
and indispensable to grasp the distribution 
of actual movement values.  Therefore, we 
sampled the splice enclosure 
at the field site and investigated 
the movement values of the cable core 

- ■ 

International Wire & Cable Symposium Proceedings 1984    83 

.V. 

■.-•-■ ■ ■ ■ -■■-■■.      .   . •.- 
■'- "N'        ' .*.*. ...    . ^    . > 

.■- .'• .■- ."• ,•.*-.• 



., „ - ^ - . 
^r^r 

c 

The result of investigation is   shown in 
Fig.3.  According to the figure, as regards 
the 3 kinds of cable types, the 8-figure like 
type shows the distribution of the widest 
range of cable core movement values thus 
being proved liable to produce core 
movement. 

I 
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DRAW INWARD *    ► PROTRUSION 
OPTICAL CABLE CORE MOVEMENT X (mm) 

(c) Wire binding type 

Fig.3 Measured Result of 
Core Movement Amount 

2.3 Relation of transmission loss 
increase to core movement and 
construction of splice enclosure 

Fig. 4 shows the construction of 
2 kinds of splice enclosures that 
we adopted. 
In the investigation conducted so far, the 
splice enclosure of type B was used in 
entirety for the cable splice part of 
several locations where transmission loss 
increased. 
Since the core movement greatly exceeded the 
allowable value of 20mm of the splice 
enclosure against the core movement, the 
bend of optical fiber for a few mm radius 
was produced. 
On the other hand, even in type A, which 
provides a large allowable value, although 
core movement occurred, the bend of optical 
fiber as seen in type B was not produced. 

Therefore, it is proved that the movement 
of the cable core and construction of 
splice enclosures are closely related, 
that the allowable value of splice 
enclosure against movement of cable core 
can be considered to be an important 
factor. 

GUI SPACED FOR SURPLUS FIBER 

PLASTIC. SLEEVE / SPLIT ALI*IM* BARRIER 

:,20 im,      / -*\       STREIICTH ME118ER 

GUH REDUCER —■ t ~         uriiLAL riotw_ 
-l| (TREATMENT Of SURPLUS FI1ER LOOSELr FIXED) 

(ALLOWANCE   FOR CABLE CORE MOVENENt:   APPROX.     BÖHM) 

(a)   Type    A 

PLASTIC 

OPTICAL CABLE 

C SLEEVE                           I  . 
\[*—-350mm H 

PLASTIC SHEET FOR SURPLUS FIBER 

OPTICAL FIBER 

PLASTIC REDUCER 

W     (TREATMENT OF SURPLUS FIBER flPMLLFIJIEÜ) 

(ALLOWANCE   FOR  CABLE     CORE  MOVEMENT;     APPROX.   20HM) 

(b) Type B 

Fig. A Construction of Splice Enclosures 

3. Discussion 

As the result of investigating the phenom- 
enon of cable core movement at the field 
site, it was proved that the movement of 
cable core varys depending on the structure 
of cable and the increase of transmission 
loss depends on the relationship between 
the movemert amount of the cable core and 
the construction of its splice enclosure. 

- 
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Then, we studied the cause of movement of 
the cable core, its amount of movement 
and the countermeasures. 
The phenomenon of cable core movement 
of self-supporting aerial optical cable 
can be considered to arise from the 
following 3 factors. 

(T) Contraction of sheath: Lp 
wKen the cable strain at the time of the 
manufacturing process is released, the 
sheath is contracted and correlatively 
the cable core protrudes. 

(?)   Contraction of sheath at cable 
slack: Ls 
Since the main body of cables and messenger 
wires -ire separated at the splice part, 
the sheath loses the constraining force 
of messenger wire and contracts by the 
strain corresponding to the constraining 
force. 
Thus correlatively the cable core 
protrudes. 
(T)Correlative movement of 
core   due  to  tension variation: L

E 
After   installing  the cable,   cable 
tension is  subject to change by 
temperature  variation and wind 
load.   The messenger wire and 
cable   sheath elongate and  contract 
complying with such change of 
cable   tension.  The  cable core 
joined with   the  messenger wire  and 
the  cable  sheath with a  finite 
friction force conducts  the  slip 
without being able to follow the 
elongation  and contraction  mentioned 
above.   Thereby the  sheath and 
core  correlatively conduct   the 
draw  inward  or the  protrusion. 

Thus,   to grasp  the  movement  amount of  the 
cable  core,   the  theoretical   study  and 
experimental   study concerning   the  factors 
are  conducted as  described below. 

3.1     Theoretical   study   L^J 
3.1.1   Sheath  contraction 

The   sheath   residual   process   strain exists 
in the cable.     It   is assumed   that  this 
strain   is  released with  the   lapse  of   time. 
In this occasion,   the sheath contraction 
amount  Lp at   the  cable end  can  be given by 
the   following equation: 

LP   ■ 
eh QoL 

2C, 

for  L <2L. 

for  L^ 2L1 

(1) 

Where 
L:     Cable  length(m) 
£:     .ineath residual  process  strain 
C:     Contraction coefficient(kg-1) 
f>:    Coefficient  of friction in the 
1        longitudinal direction between 

sheath and cable core,   (kg/m) 
L.:   Cable  range  from the cable end 

with contracting of  sheath.(m) 
The cable  range  1^  is given by: 

£ V C/O 
(2) 

Next, since the sheath contraction at the 
slack can be considered to depend on 
configuration and dimension of slack and 
the kind of optical cable, the value of 
this sheath contraction is expressed by 
Ls. 
This value is a constant term that can be 
considered not to depend on the cable 
length.  Therefore, the sheath contraction 
at the splice part of the optical cable LM 
can be given by the following equation: 

VLP+LS  {2) 

Since the cable end of the cable splice 
part is fixed to the splice enclosure, it 
can be considered to correlate to the 
phenomenon of protruding cable core. 

3.1.2 Correlative movement of cable and 
sheath due to the change of 
tension 

At first the tension 1^  is applied to 
the messenger wire of the cable, then 
the tension changes to T2. 
On this occasion the cable core movement 
amount L^ at the cable end due to the 
tension change, T2-TX , can be given by 
the following equation when the cable 
is fully extended. 

ET ST(T2
2- T,2) 

2  2 2EMSM V 
ETsT(Tr T2)2 

4EM2 SMV 

for T1< T- 

(4) 

for Tj^T. 

Where 

Young's Modulus of core tension 
member ( kg/mm ) 
Area of core tension member ( mm2) 

Young's Modulus of messenger wire 
( kg/mm2 ) 
Area of messenger wire  (mm2) 

Coefficient of friction in the 
longitudinal direction between 
sheath and cable core (kg/m) 

■ :: 
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In   the  above  equation,   a   plus   value   of 
Lg  indicates  protrusion  and  a  minus   value 
of   LF indicates draw inward. 

Also   the cable range L^   from  the cable end 
with   the cable core movement  due  to   the 
cable   tension T  is  given  by   : 

ETSTT 
(5) 

In  this case,   the  movement   in  the draw 
inward direction of  the  core  appears 
in  the case   of  tension  increase  and  the 
movement  in   the protrusion direction  of 
the   core appears   in  the  case  of  tension 
decrease. 

From   the above,   in  the  case  of   self- 
supporting   aerial   optical   cable, 
the   total  movement  amount  L       of  the  cable 
core  at the  cable splice  part can be given 
by  the  following  equation: 

=   L. (6) 

3.2   Experimental   study 

To  obtain  the  sheath contraction  amount  of 
self-supporting optical   cable  and   the 
sheath contraction amount   at   the   slack, 

a  high  temperature  acceleration  test  of 
80oC  was conducted  as   the  method  of 
releasing  the  residual   strain  of  the 
sheath.       Also as   the coefficient of 
frictions of  sheath    and    core,   the 
draw out force of  the core was 
measured for obtaining  the  movement 
amount of cable core due  to  the 
change of cable  tension. 

3.2.1.   Contraction  amount  of   cable   sheath 

As   for  the   high  temperature  acceleration 
test   using   the  specimens   of  optical   cable 
of   4m  and  8m   length,   these  cables  were 
heated  to  80oC and  the  contraction  amount 
of  cable  sheath was  measured. 
Also   a  test  was  conducted  using  the   3 
kinds  of  self-supporting  optical  cables 
of   Fig.   1  as   specimens. 
Fig.   5  shows  the cable end  treatment 
configuration.  The other end was  tied 
with  steel  wire. 
Fig. 6     shows   the  contraction  amoun ■.  of 
the   sheath   and Table  1   shows   the draw out 
force  of  the  cable  core. 
As  a   result,   the   sheath  residual   process 
strain £",   the contraction  coefficient  C 
and   the cable range Li   from  the cable  end 
with  contracting of sheath are obtained 
as   shown  in   Table   2. 

< 
NCSSENCER  H1U 

N MOY or   ■»■Lt 

(a)   Sample without  separation  of 
messenger wire 

CLASS   TA«                     STEEL  K» 

i= if-r—*l^ r-l^ 

^ NV SLACK       'X mm 
i 

—   «00 fUM — 

Ibl   Sample  with  cable »Uclc 

Fig.   5  Method  of   End Treatment of 
Self-supporting  Aerial 
Optical   Cable 

L • 8m 
L • 4m 

WIRE   BINDING   TYPE 

TIME(DAYS) 
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Fig. 6 Contraction Amount of Sheath of 
Self-supporting Aerial Optical 
Cable 
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Table   1    Draw Out  Force  of 
Cable Core 

Table 4 Cable Core Movement Amount 
by Tension Change 

■rable  type 
Draw out   force of   cable core 

(Coefficient  of  friction between 
sheJth and cable cor«l 

l-f J s-iz-'   . i<e   type 0.1       <a   m 

.:.:--!     -■/:■■ L.I       kq/m 

Wire Dinding   type 2,1       kg/m 

Cabl«   type 

Tension  cnanoe 
0—»200  ka 

Tension  cnana»1 

0_»SH0  kq 

Cor«  movement 

amount      L L2 

rore   movemenr   CaDle   ranqe 
.imount     L_              L-, 

8-fiqure   1 ike  type -IS,)   mm «7.0  m -296.1)   mm                   ;•'»■.0   m 

Pre-.hanqer   typ» -0.9  mm 3.5   m - 1 5.6   mm                      15 . b   m 

wire binding   typn -).*   mm :.5   m - i 1. T   mm                      11 .')   m 

. 

Table  2     Residual  Process  Strain, 
Contraction Coefficient and Cable 
Range With Contracting of  Sheath 

Cable type 
Residual 
process 
strain     £ 

:ontraction 
rat«    C 

'jbla   ranqe 

S-fiqure   like   type I.] ,<:o-4 
a.5 x   lo"4k<j"1 T. *m 

Pre-hanqer  ^.ype 6.)   x.O- 1.1  x  I0"5lcg'1 LO. -m 

Wire bmdmq  type :.> x   lo"5kg'V :i.Jm 

Also  the  sheath  contraction  Ls   at  the 
slack can   be obtained   from  the  difference 
of   the saturated  sheath contraction amount 
between  Fig.   6(a) and (b). 
Table  3  shows the  sheath contraction 
amount Lp      ,   the   sheath  contraction 
amount Ls  at the   slack   and the  total 
value of   sheath contraction amount 
LM at  the   splice   part  of self- 
supporting  optical  cables. 

Not*?:  Minus symbol shows draw inward of core 

the  tension  increased   from  zero   tension 
to about  200kg,   which  is   the value 
actually  measured during  the 
field  site   investigation. 
When calculating  the  total  movement LT 
of  the cable core  using equation   (6) 
from Table   3  and   4,   the   result  becomes 
as   shown   in Table   5. 
For comparison,   the average values of 
core movement during the  field  site 
investigations  are  shown   in table  5. 

Table  5     Field   Investigated  Value  and 
Theoretical  Calculated  Value  of 
Cable  Core   Movement  Amount 

Cable  type 

Theoret ica 1   calculated 
v.iiue  of   core  movement 
amount   LT   for   the   case 

tension  chanqe   MCM   kq 

Field   Inver.tiqated 
valuf  of   core movemt-nt 
amount   l._ 

8-fiqure   like   type -5.8   mm -5.7  mm 

Pre-hanqer   type •8.3   mm •14.2  mm 

wire bindinq   type *24.2  mm •B.l   mm 

Plus   symbol   snows   protrustion. 

Minus   symbol   shows  draw   inward. 

■      ^ 

■ 

Table   3        Sheath Contruction  Amount 
at  Splice   Part 

3.3  Study of countermeasures  against 
core  movement 

Cable type 

ShMth contrac- 
tion «muut 

Slack contraction 
amount Ls 

Contraction amount 
at splice 
part VVs 

fl-fiqur«   1U«  type 1.0 mm B.5  mm 9.5  mm 

pre-hanqar   type l.l   mm 6.0  mm 9.1   «is 

wir«   i ii.iLi.j  type 17.8   mm '■0  mm 24.6   mm 

3.2.2.   Correlative  movement  of   cable 
core   and   sheath  due  to   the 
change  of   tension 

Substituting the  core draw out   force  of 
Table  1  into equations   (4)   and   (5),   the 
core  movement LF   produced by  tension 
change  and   the cable  range L?  with  cable 
core  movement are   as  shown  in  Table   4. 
Whereas   ,   the core  movement was 
obtained   for  2  conditions  of   tension 
change,   that is,   when  the tension 
increased   from zero  tension   to   the 
designed  maximum   load   880kg  and  vhen 

From the  results  of  theoretical   study and 
experimental  study,   the   following  methods 
can be considered  as  the  effective counter- 
measures  against core movement  at  the 
splice part of optical  cable. 
(1) To reduce  the  sheath  contraction, 
increasing the constraining  force 
between  messenger wire and  the cable 
sheath and  the  friction  force 
between  the cable  sheath  and core. 
(2) Increasing  the  friction  force 
between   the  cable   sheath   and  core, 
to  reduce  the core  movement due 
to  tension change. 
(3) Designing an allowable  value 
against  the core  movement  of 
splice enclosure  larger  than 
the  core  movement  expected   in 
the  optical  cable  used. 

We   manufactured   ..he  prototype ootical 
cables,   adopting  the method of (X) ~ Q)   as 
shown   in  Table   6   and  conducted an 
investigation. 

I 
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Table 6  Prototype Optical Cable with the 
Countermeasures Against Core 
Movement that was adopted 

Cable   type Method   of   countermeasures 
against   core   movement 

Content   of   prototype 
changing   cable  construction 

8-ti.guie   like  type increase  ot   draw out   force of 
cable   core. 

Rubber   coated  cloth 
tape   is   used   for   upper 
Wrapping   tape  of   cable  core 

Pre-hanqer   type Integrity of   messenger   wire 
and   main  body   of  cable   rs 
strengthened. 

Connection   piece spacing 
is  set at   400   mm. 

Integrity of   messenger   wire 
and   main  body   of  cable   is 
strengthened. 

Connection   piece spacing 
is  set  at   300  mm. 

Wire   bindinq   type Integrity of   messenger   wire 
and   main  body   of   cable   is 
strengthened. 

Binding  wire  adopts 
round  type  PVC of 
large  friction. 

Integrity of   messenger   wire 
and   main  body   of  cable   is 
strengthened. 

Binding   wire  adopts 
flat   type   PVC  of 
large   friction. 

.• 
3.3.1 Acceleration test of high temper- 

ature and measurement of draw out 
force of   core 

The  acceleration   test   of  high  temperature 
at   80oC was conducted  using  the  prototype 
optical   cables   and  the  contraction  amount 
of   the cable sheath was measured. 
The   length  of optical   cable  used  as  a 
specimen  was  8m. 
Moreover   the measurement of   draw  out  force 
of   the core was  conducted. 
Fig.7 shows  the  contraction  amount  of the 
cable sheath and Table  7 shows  the  draw 
out   force   of  the  core   of  optical   cables 
prepared   as  prototypes. 

L ' 8 m 
ROUND TYPE PVC 
BINDING WIRE 

Fig. 7     Contraction Amount of  Sheath 
of  Prototype Cables 

As a result, the 
of the cable shea 
amount L-, due to 
tension at the sp 
optical cable are 
The core movement 
conditions regard 
is, when the tens 
tension to the de 
and when the tens 
to  zero   tension. 

contraction amount LM 
th and  the core  movement 
the change of  cable 
lice  part of  the 
as  shown  in Table 8. 
was  obtained  for the 

ing tension change,   that 
ion increased   from zero 
sign maximum  load 880kg 
ion decreased  from 880kg 

Table   7     Draw  out  Force  of Cable Core  of 
Prototype   Optical  Cable with 
Counter-measures     against Core 
Mcvement  adopted. 

Cable type Draw  out  force  of 
cable  core 

8-figure like type 
(Wrapping tape of   rubber 
coated  cloth) 

4.0     kg/m 

Pre-hanger  type 
(Connection  piece 
spacing  400   mm) 

2.0     kg/m 

Pre-hanger  type 
(Connection  piece 
spacing  300  mm) 

2.6     kg/m 

Wire   binding   type 
(round  type  PVC  binding wire) 

2.4     kg/m 

Wire  binding  type 
(flat   type  PVC  binding wire) 

3.5     kg/m 
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Table   8 Cor.cractxo.i Amount of Cable  Sheatn  and 
Core Movement   Amount  due   to  Tension 
Change 

Cnntrarriion amount Cor«   mov«m«[it   amount   <iu«   to   t«nsion 
Cabl»  typ« of  cabl«  sheath rhanq«     Lg 

Tension  d«ct«a*« Tension   increas« 
*H0kq-*0 0-*»80kq 

S-fiqure    i Ik«   typ« 
IwrAppinl   tape I.OM »1.   mm -;.4mm 
ut   rubber   coa»«d  cloth) 

Pr#-hanq«r   typ« 
(cnnri«ct Ion   pi«'"« ?.flmm .7.4mm -14.8mm 
si'^iinq   400  nml 

rtfhanrjPi    typ« 
(Conn«ct ion  pi«r« l.taa •5. 7m(n -11.4mm 
Hpacinq   100  MK) 

Ktlfl   blnqinq   typ« 
(1  .JIKI  tyr« PVC II.IM * 6.2mm -12. |M 

1    uluiq   wu«l 

wif«  i wi in.i  typ« 
(flat   typ«  PVC 14. 'mm •i.2mn -B.Smm 
bindinq   »if«| 

3.3.2       Core  movement amount due  to  the 
change of  cable  tension 

An experiment   to measure  the core 
movement amount at  the cable end 
due  to   tension change was  conducted 
using  the 8-figure   like type 
optical   cable  prepared    as  a proto- 
type     and the  conventional  one 
without  the  countermeasures.   In 
the experiment,  each cable was 
80  m   lonq,   and  the  applied  tension 
was   changed   from zero  to   800  kg. 
Fig.   8   shows   the measured  result 
of  the  core movement.   In  the case   of   the 
optical   cable,   the  core movement  amount 
due  to   the change of  cable  tension was 
about  one fiftieth  th.it of  the conven- 

50 

-100 

-150 

-200 

P?'OT0Tv'3E 
/   (WVT'H  COUNTERMEASURES I 

.■Cr.TNTIONAL   TYPE 

'    IWITHOUT 
COUNTERMEASUFESI 

,1 

« 

: 

: ■; 

200 400 600 
TENSION   (kg I 

800 1000 

Fig. 8 Core Movement Amount of 8-figure 
Like Type Optical Cable due to 
Cable Tension Increase 

tional one.  As a result, counter-measures 
against the core movement of the 8-figure 
type proved to be effective. 
Summarizing the result of the study 
conducted as aforementioned, the total 
movement amount of cable core at the splice 
part of optical cable can be expected to 
be as shown in Table 9. 
From this result, by carrying out counter- 
measures against the movement of cable 
core, it is proved that the core movement 
can be set within a maximum of 20 mm. 

••• V 

Table 9   Range of Core Movement Amount of Prototype 
Optical Cable 

Fange of  cable core movement amount     LT"Lp»Ls*LE 

Cable  type 
Maximum  value of draw 
inward of  core. 
Condition: 
Tension   increase of 
OROkg    and  sheath 
contraction of  zero arise. 

Maximum value of   pro- 
trusion  of  core. 
Condition: 
Tension decrease  of 
880kg and  maximum  sheath 
contraction arise. 

e-figure   like   type 
(Wrapping tape 
of  rubber coated  cloth) 

-7.4  mm ♦12.7  mm 

Pre-hanger  type 
(Connection piece 
spacing  400  mm» 

-14.9 mm •15.2 mm 

Pre-hanger  type 
(Connection piece 
spacing   300  mm! 

-11.4  mm •12.3  mm 

Wire  binging  type 
(round   type  PVC 
binding wirel 

- i ... 3   mm ♦20.0  mm 

Wire binding  type 
(flat   type PVC 
binding wire) 

-8.5  mm ♦18.9 mm 

Note: Plus symbol shows 
protrustion. 
Minus symbol shows 
draw inward. 

• • - 
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4. Conclusion 

Ever since the occasion of increasing 
transmission loss in self-supporting 
aerial optical cable, we recognized the 
importance of the phenomenon of cable 
core movement at the splice part of 
optical cable.. Although this pheno- 
menon is well known in the conventional 
copper communication cable, in the case 
of optical cable, it can be admitted 
that the impact on its reliability 
is great. 
Thereby, in this report, the phenomenon 
ot cable core movement of optical cable 
and the countermeasures  against it 
were investigated. 
As a result, in the self-supporting 
aerial optical cable, it was clarified 
that the following factors are 
important in designing the optical 
cable . 

(T) Designing the friction force between 
the cable sheath and core to be appro- 
priate. 
(2)   Designing the constraining force 
between messenger wire and the cable 
sheath to be tight enough. 
n) Designing the splice enclosure with 
tHe amount ot cable core movement taken 
into consideration. 

The installation method of the optical 
cable to increase reliability is 
intended to be investigated hereafter. 
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Summary 

Current Pructices 

Cont imious Pre ssuri:at ion 

A method  of testing  the scaling of closures 
is described   in which a very small  volume of 
air between two concentric  seals  is  pressurized, 
instead of complete closures.     Inter-seal/clos- 
ure volume ratios of   1   :   1000 are  rcadilv 
achieved,   leading  to a  propm'tiuiuii   KdUCtlM 
in the  time  required  to detect  a pressure  fall 
due to a   leaking  seal. 

Tests are made using a novel   pneumatic/ 
electronic device   in  the  form of a  small  hand 
gun.    This performs  the functions of both pump 
and gauge  in  conventional   test methods.     In 
use the gun  barrel   is  pressed  into a test  hole 
in the closure and the trigger pulled.    The 
pressure  in the  inter-seal volume  is  reduced by 
about  5 psi  below atmosphere.     If  it  rises by 
as  little as  0.03 psi   in the next   10 seconds 
a red fail  LKD  lights,  otherwise a green LED 
lights.     The   fail   signal   indicates a   leak rate 
of 0.5mm"/sec  or more. 

Cable pressurination provides a ready 
means of protecting joints   ind  closures   from 
water  ingress.     It  has ena'. led   leaky cab!e 
networks to provide good service  for many 
years,  albeit  at  a considerable  cost   in 
pleventive niaiiileiuiiice.     Presbui iiatiuu  caanoi, 
however, be applied economically to the vast 
numbers of joints and closures at  the fringes 
of  local networks.    Also,  the scope for 
protecting closures by cable pressure  is now 
being reduced,  even in the  long distance net- 
works,  by the increasing use of filled cables. 

Test on Installation 

It  is common practice to pressure test 
large or important closures vhen they a^e 
made.    The tests are,  however,  slow to make 
and often require follow-up visits to confirm 
that prüssure  is retained.     It   is,   therefore, 
uneconomic to extend the method  to the much 
more numerous small  clo ares. 

-   1 

Assemble and Hope 

Introduction 

Water and   'electrics'  don't  mix.    This  is 
true whether    the electrics are individual 
metallic roirs of wires or sophisticated metal  or 
glass high  frequency  condurtors.     A very high 
standard of water-tightness  is,  therefore, 
essential   for  telecommunications outside plant, 
particularly  buried  plant.    This applies not 
just  to  the glamorous   long-distance networks 
but also  to the  fringes  of humble  local  distrib- 
ution networks.     The economic consequences of 
too frequent   failures   in the  latter are partic- 
ularly  serious  because of the very  large number 
of closures at   risk   in  local networks and 
because of the   increasing pressure to place 
this plant under ground.    This paper describes 
a new  low-cost  method  for  rapidly proving the 
water-tightness  of the  smallest  closures. 

By far the greatest number of joints 
and closures in telecommunications networks 
are made and put  into service without a 
test of any kind,     i'hey are assembled  from 
sets  of parts desigied to ensure a high 
probability of a watertight  closure being 
achieved if the correct works practices 
are  followed faithfully. 

Pressure Testing of Closures 

The conventional method of pressure 
testing a cable joint or equipment  housing 
is to raise the pressure within by a pump 
via a valve, to seal the valve,  and to 
return after an  interval  to check with a 
gauge that pressure has been retained,     ligure 
1   shows how the pressure within a closure 
falls with time  in the event of a small   leak. 
The closure taken as an example  is a small, 
100 pair, reopenable joint used  in  large 
numbers  in the UK and elsewhere.     It has an 
internal volume of about 2000cm"   and for 
the test  is assumed to be pressurized to 
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6JkPa (9 psil.  Air is assumed to leak fri^m 
the closure a' liran /see, measured at atmos- 
pheric pressure.  This leak can he envisaged 
as equivalent to a buhhlc a second escaping 
in an immersion test and is of an operatively 
unacceptable magnitude.  The curve of I'igure 
1 shows that the fall of pressure within 
the closure is slow.  To detect it reliably 
in presence of po sible changes in ambient 
temperature and pressure world require a 
wait of many hours.  l-'or larger closures 
waits of a day or mure would be necessary. 

A weakness of pressure testing closures, 
particularly those to be used in non-press- 
urized networks, is that it imposes stresses 
on them which are not typical of working 
conditions.  This is particularly undesirable 
when closures use resilient seals as the 
stresses may deform these to give misleading 
indications of satisfactory sealing. 

kP«     (pal) 

70-, Mw) 

50. 

Initial  preasur«      6?kPa Opri) 

Cloirure  volume 

Leak  rate 

.(■)) 

1mm / :ec 

1   1 I 1 « i 1 1 l i  ■ 
0 6 i; 

Hrura  from  initial   precrurlrati 

Tig.   1    Fall  of pressure due to leak. 

Double Seals 

Double seals have been used  for large 
and  important.equipment housings  in the UK 
and elsewhere  .    Apart from the greater 
security of two seals  in tandem concentric 
double  seal  arrangements provide the opportunity 
to test  the effectiveness of closures without 
pressurizing whole housings.     If both  the 
seals  are good  the volume of air between  them 
should be  sealed from the atmosphere.     I he 
effectiveness of closures can, therefore,  be 
tested by pressure testing this volume rather 
than complete housings.    The advantage  is 
that  the volume of the  inter-seal  space is 
much  less than that of complete housings so 
that  the time required for a given  leak 
to cause  I  detectable  fall   in pressure   is 
considerably reduced. 

A further advantage of pressurizing 
only the  inter-seal  space  is that  the stresses 
imposed  on  housings  are much reduced.     The 
stresses  can be dangerous  in large housings 
and this  is a major reason for the double 
seal method having been used for them. 

Development of the Double Seal  Principle 

The double-seals used for  large 
housings have been generously dimensioned 
with relatively large volumes of air enclosed 
between the two seals.     In consequence, 
although they have facilitated the testing 
of closures, a wait   is  still necessary 
between pressurization and test.    Second 
visits are usually required and this  is 
unacceptable for the less  important  applications. 
This paper describes the development of the 
double-seal principle to the point where the 
effectiveness of a closure can be confirmed 
virtually instantaneously at the time  it  is 
made.     This dramatic advance is achieved 
by making the volume of the inter-seal  space 
very small,  and by the use of a novel  testing 
device. 

A way of reducing the  inter-seal 
space in the design of new equipment housings 
is  illustrated in Figure 2.    A resilient 
'0'  ring  is pressed into contact with the 
edges of fine grooves cut  into the surfaces 
to be sealed.    The seal can be any shape in 
plan.    Test access is given to one groove 
by a hole  in the cover of the housing and 
to the other via a hole(s) pierced  in the 
'0'  ring. 
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Senlln«; 
O1   n np 

houcinp 

# :tRtiiov.ible   cover 
of  jcint 

4-   Snr.c  of   joint 

l^/M 

hig. S Conventional joint seal, 

iic. J Double seal arrangement for 
equipment housing. 

Application to Existing Closures 

The small closure used earlier as an 
example of pressure testing is of cylindrical 
form and makes use of a very common sealing 
method in which a rubber '0' ring is com- 
pressed between surfaces forming a triangular 
section, as illustrated in Figures 3.  This 
type of closure can be adapted to provide 
the annular test grooves required for 
the new method b> replacing the '0' ring 
by a ring having a figure-of-eight section, 
as illustrated in Figure 4. Occasional 
holes in the web of the ring provide an 
air path between the two grooves and test 
access to the outer one is given through 
a hole in the housing cover. The volume 
of the inter-seal space in this arrangement 
iü only about O.Scm' , to be compared with 
2ü()()cm" for the whole housing. The effect 
of reducing the volume by a factor of 4000 
is to reduce the time for the fall in pressure 
due to a leak to become significant to 
seconds rather than hours, as indicated in 
Figure 5.  There is a compounding effect 
in that changes in ambient pressure and 
temperature, which occur relatively slowly, 
become insignificant.  For test times 
measured in seconds, therefore, it is 
possible to use much more sensitive testing 
devices, which allow test times to be 
reduced even further. 

A new type of test device is necessary 
to exploit the possibilities revealed by 
Figure 5.  It should be as sensitive as 
is practical but it is also important that 
it has a low internal volume because this 
is effectively added to the inter-seal 
volume of the closure under test and tends 
to nullify the advantage of making the 
latter low. The design of a novel test 
device meeting these requirements is described 
in the following paragraphs. 

94   International Wire & Cable Symposium Proceedings 1984 

Tent arcesc 
hole 

r l /^u re-of-e 1 ^h t 

Fig. 4  Seal modified for testing. 

kP» 70   J    (10)(pol) 

50 

Initial   precaure 62kPa (9pEi) 

Closure  volume 0.3cm 
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Fig. 5 Fall of pressure due to leak. 
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['csign of a New Test Hcvice 

The tester is a small self contained 
I'lieuraatic/clectronic device taking the form 
of ■ handgun.  It is illustrated in lijjure (>. 
The jiun is cocked by pressiiiK i" the knoh 
protruding from the rear.  It is then 
connected to the closure under test hy 
pressing the ruhher scaling ball at the end 
of the barrel into a conical hole in the 
closure.  A more permanent screwed connection 
is unecessary because of the short test time. 
The test is initiated by pulling the tripser 
of the gun.  If either seal is defective 
a red LEO at the rear of the gun is lit. 
Otherwise after an interval of ID seconds 
a green Mil) lights. The way the gun is used 
is illustrated in figure 7. 

The basic principle of the test device 
is shown by figure I,  It inverts the usual 
test method in that the pressure within the 
inter-seal volume of the closure is reduced 
relative to atmosphere rather than increased. 
The heart of the gun is a metal bellows. 
The bellows are latched in the fully compressed 
state when tl.e gun is cocked.  When the barrel 
of the gun is pressed into the hole in the 
closure and the trigger is pulled the bellows 
are released and expand, reducing the pressure 
within the bellows and the inter-seal space 
below atmosphere. The bei lows expand to the 
point at which the force on them due to the 
difference between the internal and external 
air pressures equals the residual spring force 
of the bellows. Movement of the bellows 
should then cease.  The interaction of the 
forces is illustrated in figure 9.     In the 
event of a defective seal, however, air leaks 
into the bellows and expansion continues. 
The circuitry of the gun detects this and lights 
the red l.fli.  If, however, no movement of the 
bellows has been detected in 10 seconds the 
green LB) is lit. The reduction in pressure 
caused by the the gun is of the order of 
SSkPa (5 psi). Adequate sensitivity is 
achieved with this relatively low pressure 
which has the advantage that the stresses 
placed upon the sealing members of the closure 
are reduced. The actual pressure for a 
particular application depends to some extent 
upon the volume of the inter-seal space.  It 
is not very sensitive to this, however, because 
the volume of the bellows predominates, as 
can be deduced from figure '.). 

The sensitivity of the new test device 
is such that, subject to adjustment, l 
pressure change of about 21 pa (0.1)3 psi) 
within the test cycle results in a fault 
indication.  This corresponds to a leakage 
rate of O.Smm for closures_with inter-seal 
volumes of the order of 1cm' . A practical 
demonstration of the sensitivity of the gun 
is that it can detect the presence of a human 
hair between the sealing ring and a mating 
surface well within the test cycle. 

1 
••l 

Pig. d Test gun. 

Fig. 7  Test gun in use. 
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Closure Standards 

The sensitivity of the new test method 
raises the question of whether it sets too 
high a standard.  Outside Plant engineers 
have expressed concern over a test which is 
capable of dctecing a leak caused by a hair. 
They fear the adverse working conditions under 
which closures often have to be made make the 
attainment of such a standard impractical.  If 
this view prevailed the test gun can readily 
be desensitised. 

It can be argued, however, that there is 
no such thing as a nearly watertight closure, 
and that because of the time plant is expected 
to give good service, possibly immersed under 
water, only perfection is acceptable.  This 
point of view in turn raises the question 
of whether the method is sensitive enough. 
Pxperunce is encouraging in this respect. 
It shows that most sealing defects are detected 
in much less than the 10 second test period. 
Also, experience has shown that leaks of the 
magnitude caused by a hair are effectively 
sealed if the scaling ring and mating surfaces 
are slightly greasy. This sets a threshold 
on the magnitude of leak it should be possible 
to detect which is within the range of the 
new method. 

It is of interest that there should 
be no question of scaling acceptable leak 
rates to the size  of closures,  (iiven time, 
and in the outside plant field there is 
plenty, a small leak is as damaging to a large 
closure as to a small one.  A common sensitivity 
of test is, therefore, required for all.  It 
follows that the volume of the inter-seal space 
should be of the same order for all closures to 
which the method is to be applied, and that 
the same test device will be suitable. 

One Seal or Two? 

In the application of the new test 
method described in the paper, the hole giving 
access to the inter-seal space is left open 
after test, rendering the outer seal ineffective. 
This might be considered a disadvantage.  The 
advantage of two .ei is however, really only 
applies to untested closures.  In these both 
seals hav^ ■ finite probability of failure 
and placing them in tandem greatly reduces the 
probability of total failure (unless a common 
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m 
Jtfoct such as a surface scratch effects 
both).  I fboth seals have been proved good 
it can be argued that there is no need for 
two.  The test access hole for the new method 
could readily be closed after test, eg. by 
I pointed grub-screw within the hold which 
could be loosened for the test and then tight- 
end.  It was decided not to do this.  The 
advantage of leaving the hole open is that a 
closure is tested, or re-tested, in exactly 
the condition in which it is to be left. 
This is not the case with present practices 
and experience has shown that faults due to 
faulty or improperly capped valves are not 
uncommon. 

tnrther Applications 

The closure considered in detail in the 
previous paragraphs is the archetype of a range 
of similar closures of varying diameters and 
lengths. The new sealing and testing technique 
can readily be applied to most of these.  In 
many instances it can be applied restrospect- 
iverly to plant already in service by changing 
easily replaceable parts. 

The arrangen:ont shown in iigure Z   is more 
suitahlc for new housings, particularly those 
of rectangular shape.  Rectangular housings 
are better for equipment than cylindrical ones. 
In the past, however, cylindrical housings have 
been preferred because they are safer in a 
no-test design.  The availability of a test 
facility should encourage the use of the more 
convenient rectangular shapes. 

Cable entries are another field of use 
for the new technicjue.  When these arc made 
with entry glands with '0' ring seals test-able 
double seals can be substituted. 

!!ole  piercM  after 

■HhrinJc-^Iown 

Hl^Tid  former 

tMred  boun ui th access  hole 

%\  one  ^cint  on  former 

Cable 

Annular . ir space 

Ehnnjt—lown  sleeve 

Fig. 10 Application to shrink down. 

The technique can also be applied to shrink 
down closures, as illustrated in Figure 10. A 
rigid former is placed over the cable b^it under 
the sleeving prior to shrink-dovn. After shrink- 
down the position of the forme' is apparent 
through the sleeving and the ileeving can be 
pierced to provide access It an annular open 
space beneath the former. 

Conclusions 

A method has been developed for rapidly 
testing the water tightness of closures in 
telecommunications outside plant. It can be 
applied economically to the very large number 
of small closures used in distribution networks 
and can be applied retrospectively to many 
closures already in service. The new method has 
a number of advantages over current practices:- 

- it enables the water tightness of closures to 
be confirmed within 10 sconds. 

- it adds little to the cost of closures, 

- it requires only a small, self-contained and 
relatively inexpensive test device, 

- it is very suitable for closures used with 
filled cables because these do not enable 
closures to be protected by pressurization, 

- it is particularly suitable for closures which 
have to be re-opened periodically during service, 

- it provides an effective method for supervisors 
to carry out quality control checks of 
completed installations. 

The new method is primarily intended for 
protecting closures in non-pressurized networks 
although it can be used in pressurized systems. 
The principle is capable of extension to all 
points in a network where water might penetrate 
and it is envi-.aged that ultimately every point 
will be protected by testable closures as a 
matter of course. 
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COMPOSITE  BUFFERING   IOR HICH   PKRKORMANCE   KIBKR  CABLES 
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and 
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This paper descrihes the design and 

pertormanre of a newly developed composite liher 

luittering that exhibits cons i de rah ly improved 

mi crohendniK resistance compared to the 

c.-nvent ional light tiher buffering. The 

three-layer buffer consists of an acrylate 

coaling surrounded by a low viscosity or softly 

crosii-1 inked compound enclosed within a hard, 

double-layered plastic shell. A family of low 

fiber count cables has been diMgmd L..- meet 

indoor and outdoor environmental requirements 

for data communications, industrial and military 

app 1 i cations. 

Int roduction 

Pigh performance cable systems with long 

teiiii stability under a variety of environments 

require a cable design minimizing microbending 

se'isi t i vi ty. For multimode and singlemode 

telephone applications the well-proven single 

loose tube and Mini-Bundle"' buffering concept 

exhibits outstanding performance.1 z For data 

communications, industrial and military appli- 

cations, however, low fiber count cables are 

often required for even more severe environ- 

mental conditions: 

• Wide temperature extremes 

• High mechanical resistance against crush, 

impact, tensile shock and abrasion 

• Great flexibility 

• Small in size and weight 

In many cases transmission rates are high, 

distances are long and both lasers and high 

efficiency LEDs are used as sources. This 

requires the use of all types of standard or 

radiation resistant fibers exhibiting different 

degrees of microbending sensitivity. 

microbending resistance can be achieved by 

using a composite fiber buffering that provides 

a degree of fiber to cable decoupling, makes 

buffer stripping easier, an'i because of its 

standardized outer diameter allows for compat- 

ibility with existing connector designs.3 

Composite Fiber Buffering 

In today's large scale, high speed fiber 

manufacturing coatings including ultraviolet 

cross-linked acrylate, silicone or epoxy are 

utilized. Such coatings are chosen to be easily 

strippable. For application in a composite 

buffer, the optical fiber (125 \im CD) is coated 

with a two-layer acrylate to an CD of 500 pm. 

This fiber then is surrounded by a 75 Mm layer of 

low viscosity or softly cross-linked, nondripping 

compound. The Young's modulus of this compound 

has to be very low and is in the order o; <10"2 

N/mm2. An outer hard double-layer shell of 

extruded thermoplastic aramide and polyester 

encloses the fiber (see Figure |J, The Young's 

modulus of this hard shell is ►W* N/mm2. The 

outer diameter of the composite buffering is 

0.9 mm and thus is compatible in size and appear- 

ance with tightly buffered fibers. This product 

shows excellent mechanical performance in respect 

to impact and crush resistance, allows for 

limited longitudinal and radial fiber movement 

and withstands a high number of cyclic flexes. 

The thin layer of low modulus compound 

minimizes any possible deformation of the fiber 

coating that may be introduced by local forces 

onto the hard outer shell. This viscous compound 

also acts as a separation layer between fiber 

coating and outer shell facilitating easier 

buffer stripping. 

Cable Designs 

--■ 

For example: 

• 100/140 pm - 0.3 NA, short distance fiber 

• 62/125 [im -  0.28 NA, data comm fiber 
• 50/125 M"! " 0.2 NA, long distance fiber 

• 85/125 Mm " 0-26 NA, data broad-band fiber 

• 10/125 Mm - 0.10 NA, singlemode fiber 

Cables containing tightly buffered fibers 

have been used in the past for different 

applications and environments with somewhat 

unpredictable  results.   Considerably  improved 

A family of low fiber count all-dielectric 

cables has been designed to meet either indoor 

intrabuiIding (internal wiring) requirements or 

outdoor applications where compact, rugged and 

high performance cables are needed. 

(a)  Indoor Cables For Industrial and Data 

Communications Applications 

Figure 2 shows the cross-sectional diagram 

of a one-fiber internal w1 ring or pigtail cable 

for use inside of tranmitter/receiver housings or 

■ ' 
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on patch panels. A thin layer of Kevlar spun 

around the composite fiher huffering togeiher 

with a thin I'UR jacket results in a small cahl( 

which is easy to handle in wire-harnesses where 

a certain longitudinal stress is unavoidable. 

In Figure 3 some typical performance 

characteristics for this cable are summarized. 

The fiber used for this cable evaluation is an 

Sü/US  pm  - 0.2b NA data broad-band fiber. 

Two different designs of 2-liber cables are 

depicted in Figure 4. For longer length tray, 

conduit or plenum installations a circular 

cable is proposed containing two composite 

buttered fibers, fillers, Kevlar, impregnated 

fiberglass yarns and outer jacket with an 

overall diameter of 4.5 mm. Installation load 

levels of 1000 N and operating temperature 

ranges from -20° to +70oC are easily achievable. 

The cable jacket consists of either flame 

ret a rda n I HIR or PVC. 

or dummies are stranded around a central Kevlar 

element. With additional Kevlar/impregnated 

fiberglass reinforcement and an outer PUR 

jackei, the cable OD is 7 mm. 

These cables are especially suitable for 

military applications and field use, where 

ruggedness and performance under extreme 

temperature conditions are required. Due to 

negligible cabling losses and very little 

attenuation changes under extreme environmental 

conditions, it is possible to provide a cable 

design with low attenuation values, i.e., less 

than i dB/km at 1300 nm. This high performance 

is allowing for a long haul fiel«4 communication 

system with fewer repeaters. 

Connectorization experimer Is have shown that 

the composite buffer is read ly compatible with 

existing connector designs. The 2-fiber 

ruggedized military cable has successfully been 

terminated with proven field connectors 

..... 

Figure 5 summarrzes the cable performance 

characteristics for 85/125 \M\ - 0.26 NA data 

broad-band fibers. 

For even longer installation lengths and 

for applications where sei f-i ontained reinforced 

subunits are required, a more rugged fan-out 

cable with an overall diameter of 7 mm is 

available. This cable can withstand instal-- 

lation loads up to 1800 N and in a filled core 

version can be used in an outdoor environment, 

i.e.., for connecting buildings with each other. 

(b)  Ruggedized Outdoor Cables 

Figure 6 shows the (ross-sectionil diagram 

of | 2-filH'j- ruggedizt .: field cable. Two 

composite buffered fibers are stranded together 

with Kevlar fillers and are jacketed with a thin 

layer of PUR. Alternating Kevlar yarns and 

impregnated fiberglass yarns are stranded around 

to provide tensile strength and temperature 

stability. An outer PUR jacket completes tine 
cable with an overall diameter of 6 mm. Tti;.- 

very compact cable design combines exct'ilen: 

mechanical ami environmental performance hith 

optical reliability as shown in Figure 7. A 'S' 

■ if the performance data given is baser? xi 

UnD-STD-1678 or K1A RS-455 standard test 

procedures. All performance characteristics are 

based on 50/125 [Jm - 0.2 NA multimodc fibers. 

Of particular significance is the excellent 

temperature performance of this cable as shown 

in Figure 8. Over five cycles from -55° to 

+850C the attenuation change is plotted. As can 

be seen, the maximum delation from the starting 

attenuation is 0.2 dB/km, a value which even 

decreases with increasing number of cycles. In 

order to assure complete temperature condi- 

tioning at the extremes, the condiioning time 

ol the I km cable samples was set to 12 hours, 

the cycle time to 36 hours. 

Summary 

A newly design composite fiber buffering 

using different fiber types has been developed. 

Several hundred kilometers of this product have 

been manufactured in a production plant environ- 

ment. Excellent performance with minimal 

microbending sensitivity has been demonstrated in 

different cable designs and field tests. 
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For fiber counts between two and six a 

symmetrical cable design was chosen:  six fibers 
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Characteristics Pertoneance 

Tensile  Strength 10ÜO  s i« = 0.5  .IB/km 
■■ 0 6t cable  strain reversible 

Temperature (a)   -20oC   to  ♦?0<,C i« S 1.4 dB/km 
Pertormance (bl   -40oC   to   ♦70»C A* ■   0.8 dB/km 

Crush (•)   i   100 H/cm A« = 0 
(b)   '    1000  N/cm .\« =  1.4 dB/km 

reversible 

Impact 50  «  i.2 Nm no  failure 

Figure   1 

ONE FIBER WIRING CAILE (2 mm OD) 

Figure 5:    Performance Characteristics of a 
Composite Buffered  2-Fibor  Intrabuilding Cable 
Containing 85/125  um - 0.26 NA Data Broad-Band 

Fiber 
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COMPOSITI ■UFflfl 

TWO FIBER RUGGEOIZED CABLE (6mm 00) 

FIHI 

COMfOSITf lUfFil 

KIHlUflUEH 

Figure 2 

Characteristics Performance 

Tensile   StrenRth 300  N *" =  o  dB/km 
t« 0.5X cable strain 

Temperature («)  0"C  co 50''C i«  S  0.2 JB/km 
Performance (b)   -40"C  to  WO^C A»  5  0 S  dB/km 

Crush (a)  S   100  N/cn i« =  0 
(b)  i 800 N/cm i«  >  0 

reversible 

Impact 50  «  0.75  Na no  failure 

Figure 6 

Figure 3:  Performance Characteristics of a 
Composite Buffered Fiber Indoor Cable Containing 

an 85/125 ym - 0.26 NA Data Broad-Band Fiber 
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TEMPERATURE CYCLING 
OF THE 2 FIBER RUGGEOIZED FIELD CABLE 
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Figure  U Figure  8 

100   International Wire & Cable Symposium Proceedings 1984 

- 

-•       •       -   • 

■ . -   • 

. •.    ■ .*     '. ' 

»-■-*- . i_ 



''." "■" '." ' ■ ■ ■  "I^T^^^^T^^1^? nFiw^w^f^vif***^^;^^^^^^^^^^^^^^^^^^^^^ *** 

III rich  Ocst reich 

I 

Peter R.   Bark 

Siecor Corporation 
610 Siecor Park 

Hickory, North Carolina 

Peter Bark holds a Bachelor of Science 
degree from the Technical University at 
Munich. He also received his doctorate in 
engineering from the same institution in the 
field of molecular heam physics. He has been 
employed by Siemens AC in Munich, West Germany, 
since 1971, in several positions in the 
telccommuni cat i. i:.. .ahic field. His principal 
assignments were in the field of developing 
optical cables, interconnecting hardware and 
subsystems. Since 1977 Peter Bark has been 
with Siecor and holds the position of 
Vice-president tor Kr.gineering. 

Siemens AC 
Telecommunication Cables 

Munich, West Germany 

Ulrich Oestreich was born in 1928 in 
Berlin. He received a Dipl.-Ing. degree in 
electrical engineering at the Technical 
University in Berlin. In 1953 he joined the 
Siemens-Cabel-Works in Berlin and was involved 
in the development of high-voltage and 
telecommunication cables. Since 1974 he has 
been with the telecommunication cable department 
in Munich, where he holds a managing position 
for developing and manufacturing of fiber optic 
cables. 

Ernst Mayr 

Siemens AG 
Munich, West Germany 

Ernst Mayr was born in Munich in 1939. He 
received his engineering degree in Munich in 
1966. He joined Siemens in 1966 and has since 
been involved with various aspects of cable 
systems development including gas pressure 
control and coaxial connections. Since 1978 he 
has been involved with the development of fiber 
optic cables,  cable elements  and  technology. 

. "J 

»-^ 

.•:.1 

•1 

Derek 0. Lawrence 

Siecor Corporation 
610 Siecor Park 

Hickory, North Carolina 

Derek Lawrence graduated from the City 
University, London, with a degree in 
Communications Engineering. He has been 
involved in the cable industry since 1970 and 
from 1975 has worked in optical fiber cable 
engineering, manufacturing and development 
Since 1979 he has been with Siecor Corporation 
and is currently Engineering Manager. 

1 
.  | 

| 

International Wire & Cable Symposium Proceedings 1984   101 

• 
••. 

-•-•• 

.v 
. ■ 

■. 



'If"l"i^l""lw^"'-"J"U'!"' I - JJ t " « ^ »_P » P » ■ ■ " ■» 

•; 

DEVELOPMENT OF STRAIN-FREE OPTICAL FIBER CABLE 

Shinichi Yonechi 

Sumitomo Electric Industries, Ltd. 
1, Taya-cho, Totsuka-ku, Yokohama, 244 Japan 

& 

.•■ 

Abstract 

A new optical fiber cable in which the opti- 
cal fibers do not significantly stretch during 
elongation of the whole cable by an external ten- 
sion has been developed using a new design con- 
cept. 

This design concept is based on some theo- 
retical investigations concerning cable structure, 
in particular the lay length of fibers and the 
construction of the central member on which the 
fibers are wound helically. 

Use of a particular central member having a 
stranded structure and of a special relationship 
between the lay lengths of the fibers and of the 
central member make it possible to keep the strain 
on the fiber lower than that on the whole cable. 

The results of a tensile test on the newly 
developed cable showed good agreement with theo- 
retical predictions. 

One result was that the axial strain on the 
fibers was found to have been generated consider- 
ably smaller than the strain on the cable as a 
whole. 

Results of other general mechanical tests on 
the trial cable and of a test of the cable's tem- 
perature-transmission loss property were also 
found to be satisfactory. 

The next step in development is to widen ap- 
plication of this new design concept to practical 
cables and to establish design conditions for 
which further improvement in the strain delay can 
be realized. 

We have successfully developed such a cable 
and have confirmed that its essential properties 
coincide with theoretical predictions. 

The fundamental structure of this test cable 
can be utilized in many different kinds of optical 
fiber cables. 

2^ Theoretical Investigation 

The strain-free cable structure used in the 
new cable is based on the following theoretical 
background. In a typical cable with a helically 
laid fiber, as shown in Fig. 1, axial expansion of 
the cable will always be accompanied by an in- 
crease in the lay length and a decrease in the 
helix radius. 

P: lay length 
r: helix radius 

Te Tension 

Helix of fiber U— P - 

Central member ^ Elongation 

J«-P ♦ dp-ll 

(l"V_f.---V_^S.JI;(r.<r1 

Fig. 1  Elongation model of typical 
optical fiber cable 

1. Introduction 

It is generally known that whe 
sion is applied to an optical fiber 
axial strain on optical fibers is e 
the entire cable'. Even in spacer- 
in which optical fibers are housed 
loose fashion, almost the same elon 
fibers and of the whole cable resul 
tensile tests. 

This result stems from the fac 
fibers lay along the bottom of the 
cable without any extra slack. 

A cable structure in which the 
do not suffer any strain when the c 
due to tension would clearly be adv 
terms of lengthening the fiber's li 

n external ten- 
cable, the 

qual to that on 
type cables', 
in a rather 
gations of the 
ted during 

t that optical 
spacer in the 

optical fibers 
able elongates 
antageous in 
fetime. 

The relationship between r and p in this 
deformation is described by the following equa- 
tions: 

dr 
3p 4"^ (1) 

where the negative sign corresponds to the de- 
crease in radius which occurs when the lay length 
increases. 

On the other hand, a decrease in radius of 
the central member will also occur, amounting to: 

6r ■ .v*r^ (2) 

where v* is the Poisson's ratio of the central 
member. From equations (1) and (?), if the condi- 

••.■. 
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tion 

(3) 

is satisfied, the optical fiber will not suffer 
any additional strain due to cable elongation, 
because the decrease of radius would be much 
faster for the central member than for the helix 
of the fiber. However, it seems highly impossible 
that the condition represented by equation (3) can 
be satisfied with practical values or r and p as 
long as the central member 1s made of a single 
material. 

On the other hand, a central member of 
stranded structure is very effective for avoiding 
additional strain In the fiber. In the dual layer 
structure Illustrated In Fig. 2, If the total 
elongation of the central member is dl/1, equation 
(1) yields: 

dr     p2 

dT ' ' 47?7T 

ds 
dT 

(4) 

4^Tr 

where dp • (dl/l)p and dq = (dl/l)q 

Fig. 3 Tendency for reduction of helix radius 

Test Production 

The design of the trial cable is based on the 
theoretical Investigation described in the previ- 
ous section. Fig. 4 shows the cross-sectional 
structure of the trial cable, whose construction 
is summarized In Table 1. Fig. 5 is a photograph 
of the cable. 

Material A 

Material B 
i Central member 

Material C 

Fig. 2    Dual layer structure 

ptical fiber with 
nylon coat 

FRP 
fiber-reinforced plastic) 

Kevlar* layer 

Cushioning material 

Tape 
LAP (laminated aluminium 

polyethylene) sheath 

Fig. 4  Structure of trial cable 

Since r and s are nearly eqaal, the relation 

q /p (5) 

describes the condition in which the decrease in 
the radius occurs faster in the central member 
than in the helix of material C. 

The strain-free cable structure is based on 
this principle. In actual application, the mate- 
rials in Fig. 2  should be as follows: 

A cushioning material 
strength member 
optical fiber 

Since the general tendency of equation (1) 
will be as Illustrated in Fig. 3, It can easily be 
understood that, the longer the lay length, the 
faster the radius decreases. 

If the lay length of the fiber corresponds to 
• in the graph, it Is more preferable to have the 
lay length of the central member correspond to a 
than to B (of course, in the practical region for 
lay length). 

Table 1  Construction of the cable 

Fiber 

Type Silica-type multi-mode fiber 

Core SOum in diameter 

Cladding 125um In diameter 

Buffer SHicone resin 400um in dia. 

Jacket Nylon 0.9 mm In diameter 

Cable 

No. of 
fiber 

4 

Sheath LAP sheath 9 mm in diameter 

Weight 50 g/m 

Because of its structure, when the cable is 
elongated by an external tension, the radius of 
the Kevlar" layer decreases faster than that of 
the optical fiber layer. Therefore, no additional 
strain is added to the optical fiber. The lay 
lengths were chosen to be 150 mm for the optical 
fiber and 325 mm for the Kevlar". The cushion- 
ing material consists of plastic yarn, which makes 
it possible for the Kevlar" to shrink radially. 

- 
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was measured by the phase shift method-^, as illus- 
trated in Fig. 7. 

Fig. 5 The trial cable 

The relationship between r/p and dr/dp for 
this case is shown in Fig. 6, and conforms with 
the condition of a strain-free effect mentioned in 
the previous section. 

—-fKevlar" 

Fig. 6 r/p-dr/dp relation for the trial cable 

A conventional stranding machine and sheath- 
ing machine were used without difficulty for pro- 
duction of the trial cable. Table 2 shows the 
final properties of the cable. No changes in the 
cable's transmission properties were observed 
through the manufacturing process. 

Table 2    Transmission properties of final cable 
(wavelength = 0.85um) 

Fiber (colour) Loss (dB/km) 
Bandwidth 
(MHz-km) 

No. 1 (blue) 2.93 411 

No. ? (yellow) 2.89 349 

No. 3 (green) 2.53 450 

No. 4 (red)       2.50 503 

9/v 
APD 

Vector voltmeter 

l 

Fiber   Cable test piece 

.1: Joint 

Recorder 

Fig.  7    Fiber elongation measurement  system 

A high-frequency LD optical  source was con- 
nected to one fiber end.    The phase shift of the 
high frequency electromagnetic wave observed at 
the other end corresponds to the fiber elongation. 

Both ends of the test cable were molded using 
resin to bond the cable elements to each other. 
The fiber elongation Al,  is described by the 
following equation: 

■ k 
C    9A  - 0B 

fn 2" (6) 

where 9^ - 9ß 
k 
c 
f 
n 

phase shift  (rad.) 
coefficient 
velocity of 1ight 
frequency 
refractive index of fiber 

colour of the nylon coating 

The frequency, f, was chosen to be 900 MHz in 
this experiment. 

For comparison, the conventional optical fiber 
cable in Fig. 8 was examined by the same testing 
method. 

Optical fiber (4 cores) 

Filler 

trength member 
PE-coated steel wire) 

Cushioning material 

■ Tape 

..LAP sheath 

Diameter: 14mm, weight: 150 g/m 

Fig. 8 Conventional optical fiber cable 

4. Measurement of Fiber Elongation 

A tensile test was carried out on the trial 
cable. The four fibers were jointed to each other 
to form an optical loop. Elongation of the fibers 

The test results of both types of cables are 
shown in Fig. 9.  Elongation of the cable (x axis) 
was measured by a scale directly attached to the 
cable, and elongation of the fiber (y axis) was 
calculated from the phase shift. It is clear that 
ec ? ef  in the case of the conventional optical 
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fiber cable, while tf <ec in the case of the trial 
cable. From the linear part of the graph for the 
trial cable, it can be seen that cc - tf 7 0.2{%), 
which is the strain delay effect predicted by the 
theoretical considerations. 

al cable 

0   0.1 0.2 0.3 0.4 0.6 0.6 Ö.7 

Cable elongation EC {%) 

Fig. 9 Results of the tensile test (I) 

Fig. 10 shows the linear relation between 
cable elongation (LC) and external tension for 
both types of cables. This relation confirms that 
the tensile test was carried out without any 
relaxation in the test pieces at the beginnings of 
the test. 

It is also clear from the figure that the 
trial cable shows 4-5 times the elongation of the 
conventional cable under the same tension. This 
result is related to the make-up of their strength 
members. 

700 

600 

500 

400 

300 

200 

100 

/^^■conventional cable 

.^. 

trial cable 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Cable elongation ec (%} 

Fig. 10 Results of the tensile test (II) 

The amount of EC - 
plained by the following 
tions. When an external 
cable, the helix radius 
toward some final value, 
which shows the initial 
fibers. 

The final condition 
ning point of the linear 
elongation and fiber elo 
After reaching the fina 
for tc and cf wil 1 be ne 
P2 for fiber in the fina 
as follows: 

f  in Fig. 9 can be ex- 
theoretical considera- 
tension acts on the trial 

of the fibers decreases 
as i1lustrated in Fig. 11, 

and final conditions of the 

corresponds to the begin- 
relationship between cable 

ngation shown in Fig. 9. 
condition, both increments 
arly equal. The lay length 

condition is calculated 

P2 = Pl i 2 dp,. n 
dr + —(rl 

r2T = 150.291 i mm)., 

where P) ■ 150mni is the initial lay length of the 
fibers and 

L =VPi' +(2fr1)'= Iff +  (2*r?r' is the 

length of the fiber contained in one lay 
before the final condition and r^ = r] -0.6 
(mm) is an estimation from the design. 

Then, cable elongation tc will be 

(P2-pl)/Pl =0.0019 ,(8) 

i.e. in the final condition, tc will be about 0.2% 
and the value of t» - tf remains at about 0,2%, in 
the range of ic ^ 0.2%. 

Initial condition Final condition 

Fig. 11 Schematic view of crosssectional 
change under the tensile test 

On the other hand, the dec 
radius of the Kevlar® layer occ 
faster than that in the fibers, 
culation showed that the helix 
Kevlar' layer reaches to the fi 
cablt elongates only by about 0 

Namely, the Kevlar* layer 
as a tensile strength member in 
0.03%. This fact well explains 
between the cable elongation an 
the trial cable in Fig. 10. Th 
predictions show good agreement 
mental results shown in Fig. 9 

rease in the helix 
urs considerably 

The similar cal- 
radius of the 
nal value when the 
.03%. 
is expected to act 
the region of ec > 
the linear reTation 

d the tension for 
us the theoretical 
with the experi- 

and Fig.   10. 

■ 
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5.    Other properties 

We also checked the trial cable's general 
properties  and achieved satisfactory results. 

5.1    Mechanical properties 

The mechanical   properties of  the uc*  trial 
cable were   investigated for  several  test  items, 
using two samples of the new trial  cable for each 
item.    In spite of very small size of the strength 
member contained in  the cable, it was confirmed 
that  the strength of  the new cable  is greater than 
that of the conventional cable for each item. 
These results are due to the trial  cable's strain- 
frees structure and   large amount of cushioning ma- 
terials. 

(1)    Compression test:    The  transmission  loss 

Table 3    Results of  impact test 

increase was measur 
pressed by a 60mm w 
were jointed to eac 
for measuring the 1 
the compression tes 
loss increase Am w 
the compressive for 
is generated in the 
more than 300 kg 
same as that for th 

The test was c 
up to 1000 k^, yet 
The loss increase r 
pressive load was r 

ed while the cable was com- 
idth plate.    The four fibers 
h other  to form an optical  loop 
oss increase.    The result of 
t   is shown in Fig.   1?.    The 
as nearly equal   to zero until 
ce reached to 200 kg,  and   Aa 

region of compressive loads 
This tendency  is almost the 
e conventional   layer cable, 
onducted for compressive loads 
no fiber  breakage occurred, 
eturned  to zero when the com- 
emoved. 

5.0 

4.0 

C  !.0t 
u 

■S   2.0 

8 1.0 
 i 

o 

Sample 2" 

ample  1 

1000 ftofto J HB   '  65o  '""i&j 

Compressive  load  (kg) 

Fig.   12   Result of compression test 

(2)     Impact   test:     Cylindrical weights having a 
base of  I   inch diameter were dropped from a height 
of  1 meter  to the cable surface and the loss 
increase   &a was measured for various weights. 
The results  are summarized   in Table 3.    The trial 
cable shows  a considerably higher   level  of per- 
formance than the conventional layer cable, which 
sometimes shows significant   loss   increase under 
an   impact of  about   1   kg x   1 m. 

^-■-^Saniple 
Weight^--^^ No.   1 It.  2 

<   3 kg fia~0 Aa~0 

4.5 kg 4a~0.18dB (break )| 

(3)    Bending test:    The loss increase resulting 
from the  bending  radius was measured using mandrels 
of various sizes.    The radius of the mandrels were 
ranged from 200mm to 30mm.    Samples were bent one 
time, except for that used with the 30mm mandrel 
which was  bent 30 times. 

As shown in Fig.  13,  the loss increase first 
appeared  as the radius of 30mm, while the loss 
increase generally appears at a radius of 50mm in 
the conventional   layer cable.    Thus,  the new cable 
is superior to the conventional  cable in this 
respect. 

0.3 

o 
-• -0.1 

I  0.2"       y^Q 

! i-     \ 

bends 

Sample 

Sample 2 1 
O       30   50 100 150 200 

Radius of mandrel  (mm) 

Fig.  13    Result of bending test 

(4)    Twisting test:    A piece of cable of  1m length, 
hung vertically with 25 kg weight, was twisted  in 
the direction in which the lay length shortens. 
The measured loss  increase Aa versus number of 
twists is  shown  in Fig.   14.    Ao first appeared at 
about 20 times of twists.    Thus the new cable is 
again superior to the conventional one, for which 
Aa usual ly first appears at 10 ~ 15 of twists. 

Releasing all  twists, the loss increase 
returned to zero,  the initial  state. 

(5)    Squeezing test: 
was hung over a roller 
angle of   135°.    The lo 
against the tension wh 
after every 5 times th 
forth.    The test resut 
The loss   increase Aa i 
tension.     In this char 
cable was more stable 
which generally first 
range 150 kg to 200 kg. 

A test cable of 1.5m length 
of diameter 140mm at an 

ss  increase Aa   was measured 
ich was gradually increased 
e cabin was rolled back and 
ts are shown in Table 4. 
s nearly zero below 200 kg 
acteristic  as well, the new 
than the conventional one 
shows Aa in the tension 
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Fig. 

Number of twists 

14 Result of twisting test 

Table 4    Result  of  squeezing test 

^"■^■-^Samp 1 e 

Tension    ~^-^ 
No.   1 No.  ? 

<200 kg icc-O Aa~0 

250 kg 
break* 

(at,  1st  jerk) 
break* 

(at 2nd jerk) 

*break occurred both in fiber and cable 
sheath 

5.2 Temperature property 

A trial cable of 230m length wound on a 
wooden drum was placed in a temperature controlled 
chamber. 2-fibers (blue & yellow) were spliced to 
form a 460m length optical loop, with the spliced 
part located out of the temperature controlled 
chamber. The loss increases at various tempera- 
tures were measured by the cut back method after 
leaving the cable at each temperature more than 3 
hours. 

The results are shown In Fig. 15. The proper- 
ty is more stable in the low temperature region 
than in the high temperature region. 

The loss change in the high temperature 
region seems to be due to deformation of elements in 
the cable by thermal expansion or heat shrinkage. 

The cable's stability in the low temperature 
region may be due to the LAP sheath structure, 
which prevents heat shrinkage of the cable in the 
low temperature region, both radially and longi- 
tudinally. 

Ü.2 
0.1 

0 
-0.1 i 
-0.2 • 

standard 
I 

+20 i) 30 +70 +20 

Temperature (0C) 

6. Conclusion 

In tests of the newly developed cable, it was 
clearly seen that, as predicted by theory, strain 
on the fibers was generated considerably smaller 
than that on the cable itself. This effect results 
from the cable's stranding structure, which uses a 
special relationship between the lay lengths of the 
members. This general principle can be utilized 
with the same effect for various kinds of cables. 
The difference in elongation be+ween fiber and 
cable can be further increased by improving the 
cable design. 

That the elongation of the fibers is less 
than that of the cable allows expanding the number 
of optical cable applications, and it ilso promises 
to increase fiber lifetime for all optical fiber 
cables. 

The basic design concept by which the Strain- 
Free optical fiber cable was developed will be 
widely utilized in various applications of optical 
fiber cables. 
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Kvalualinn ol ShrinkaKr lorrrs and Ihermal Iransitions of Kluorinaled Klhylrnr-Propyleni- (IKI'l (able 
Insulalions and Buffered Optic Fibers al Low lemperalures 

r-- 

Ahstrai! 

In an attcmpi lo luril" r undt-Tsiand ihc ollccls ol icmpi'ialuri' cy- 
dhl lighi buHcroJ optic liber cables on proposed connector designs 
and aitenuation losses, several experiments were perlormed in the 
IHM-RTl' Polymers I aboratory. These initial experiments were 
made to quantily the amount ol shrinkage (it any) which occurs 
when subjeciing fiber optic cable materials to temperatures as lo» 
as -40 C. 

Without any previous experience or known measurements involv- 
ing shrinkage forces associated with cable insulations, the test pro- 
cedure includes what is believed to be a novel approach. The cable 
jackets and fiber buffer insulations were fixed between stationary 
jaws in an Insiron testing apparatus equipped with an environmental 
test chamber permitting temperature control. 

Ciauge lengths of 6.5 inches and 4.0 inches were used for the 
lluorinated i-thylene-Propylene (ITP) tubular samples and polyester 
elastomer fiber buffers respectively. Typically the Instron chamber 
temperature was raised as rapidly as possible from ambient to the 
peak value ( ♦ 60 C) and then lowered as rapidly as possible to the 
lowest temperature (0 or -40 C). The temperature cycle was com- 
pleted by raising the temperature back to ambient conditions. 

In addition to aiding our understanding of the jacket shrinkage 
«hich would affect fiber optic connectors, the experiment helped 
to develop a sense for the fiber buckling forces associated with 
temperature cycling. Along with the characteristic force curves which 
depict changes in lorce in the temperature ranges of -40 to 
+ 60 C, Differential Scanning Calorimelry (DSC) analysis was con- 

ducted on several of the HiP cable and single fiber unit jackets. 

Introduction 

Hie design requirements and functional specifications of both the 
indoor/outdoor and plenum indoor s:ngle fiber units (SFU's) for 
the IBM Cabling system (announced in May 1984), have been de- 
tailed in a previous paper1. The use of UV-cured acrylate coated 
glass libers buffered with a polyester elr.iomer coating, surround- 
ed with polyamide strength members and jacketed with 
Polyurethane, is a common choice of materials which have been 
used in some military cable applications"""". 

This construction (see figure I) consistantly meets stringent cable 
requirements including tensile strength, maximum bend radius, com- 
pressive strength, impact resistance. Ilex, cold bend and humidity 
testing. An additional and even more stringent requirement includes 
an attenuation/temperature cycling lest which calls for < 6 dB./Km. 
loss at 850 nm. during at least 5 cyclic excursions from + 80 to -40 C. 

The use of a lower molecular weight grade lluorinated ethylene- 
propyiene (ITT) jacket for the single fiber unit (SlU) did not per- 

form up to the standards set for the non-plenum polyurethane 
jacketed SlU. This paper outlines the major differences between 
the plenum (lluorinated jacketed fiber), and non-plenum 
(polyurethane jacketed fiber) constructions followed by a descrip- 
tion of the test methods developed to distinguish the cause of ex- 
cess attenuation loss in the plenum design. Next, test data extracted 
from actual plenum and non-plenum SFU samples is presented with 
some corollary data determined using Differential Scanning 
Calorimelry (DSC) techniques. Finally, a general conclusion based 
on the initial findings of this work, together with recommendations 
for future studies are detailed. 

/.   The Design and Functional Requirements for Non-Plenum and 
Plenum Single Fiber Units and Cables 

Figures IA and IB below illustrate the similarities of the non-plenum 
and plenum single fiber units (SFU's) for the IBM cabling system. 

.h*r       FuwilSO, 

lava«, n'UV       (. LI.PII* 

Polyrilr- FlMlnnWI 

.-■ 

Figure 1A 
Non-Plenum Single Fiber Unit 

(SFU) 

The only difference at the lime this testing was performed, was that 
the outer jacket material choice for the non-plenum cable was a 
polyester based polyurethane while the choice for the plenum cable 
was limited to a low molecular weight grade of FEP. These designs 
were limited by what were perceived lo be U.L. (Underwriters 
laboratories) flammability requirements. Although U.L. current- 
ly does not list any optic fiber cables as such, there is a rcqi'ire- 
ment that cables intended for plenum usage (installed without con- 
duit) meet U.L. 9I0. It is IBM's intent that any of the new cabling 
system plenum cables meet the stringent flammability requirements 
of U.L. 910. Thus even the SFU's were jacketed with FEP to in- 
sure that the overall cable would pass U.L. 910. 

For the non-plenum SFU and subsequent cable construction, the 
use of polyurethane is allowable and desirable for many reasons. 
In addition to reduced cost (of PUR compared with FEP), the U.I . 
flammability requirements allow for a much less stringent U.L. 

r            QUMfltw«          f.iMdSO, 
-   P'OICMiv* Coating 

If    IÖI    HI                      <P"'**«tw ('"HWTW" 
\V\J-y\//'               ■■.-■,,. 

fin per 
I 

Figure 1B 
Plenum Single Fiber Unit 

(SFU) 
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VW-I icsl in cables «hidi arc inlcniicd lor iiiMallalion in inclallic 
condnii. Also, the polynrclham.' is inori; flexible and as «ill be 
shown, more lorgiunj! during temperauire eyeling of llic lotal op- 
lie liber cable consiruction, than is PEP. 

Ihe other specilications and lunctional renuirements lor 'he two 
SKJ's are identical in most other respects includinj! the MM liber 
dimensions (an outer diameter of 143 t 0, -6mm and an eft'ective 
core diameter of I(K) + 4 mm, same cladding diameter (4(K) mm), 
and same S1U outer diameier (2.8 ± ()..1 mm). Other important liber 
specilications are listed in Table I. 

Table 1 

()£tical Fiber Sped Hcations 

Numerical Aparature 0.29 

Attenuation (ft 850 nm     < 6 dB/Km 

Attenuation @ 13(X) nm   < 4 dB/Km 

Bandwidth f 850 nm       > 150 MH?« Km 

Bandwidth § 1300 nm     > 5(K) MH/ • Km 

1. Ihe cable is placed In a temperauire chamber and optical nioniloring 
equipment is set up. Recommended minimum cable length is 1IKH) 
meters. 

2. The chamber is brought from ambient to + 80 (' and maintained at 
that temperature for 12 hours. Ihe chamber temperature is then 
reduced to -40 C for 12 hours. This constitutes one cycle. 

}, Readings are taken at each temperature starting with ambient lor each 
test fiber and the source. Ihe source should not vary by more than 
0.5 dB throughout the test. 

4. The number of cycles to be performed shall be determined as follows: 

— A minimum of 5 cycles shall be performed 
— After the minimum 5 cycles, the test may be terminaled in the last 

two cycles if not more than 0.2 dB greater than the loss at the 
corresponding temperatures in the cycle prior to the last two cycles. 

-- The test may be terminaled any time that a liber loss is above 
the specification limit. 

5. If either liber in a cable has a total loss (measured loss at ambient 
plus induced loss at any temperature) which exceeds the specification 
limit, this constiiutes a failure. 

The optical monitoring equipment sel-up is shown in ligure 3. 

The only other difference in requirements of the two SI-LTs (and 
overall cables) is that the ITP version (plenum), due to its tenden- 
cy to crease during bending, was allowed a larger minimum bend 
radius of 15 cm. (compared with the PUR single fiber unit's 7 cm.) 
and only 10 flexes (compared with 1000) in the flex test, where the 
bend radius equals the minimum bend radius of Ihe cable. 

ligures 2A and 2B furthct illustrate the similarities with the total 
non-plenum and plenum cable designs. 

Is 
 «P Ui.i. 

rbucklinqi 

Outer Jcchcl 

Option«) Cot» A<ap 

i A Mioucklmgi 

y-   tuioi   I« k«i 

',    " ISSj" Opico.! Core VKi.p 

 Z^- \-i?K. lnn»r Jatfcet 

Figuft 2A 
Non Ptanum 0 0 2 Typ« S 

OptK- Ftbar Cabla 

Ftgura 21 
Planum 0 0 2 Typa 5 

OP(K Fiha' Cabla 

Again, the only substantial difference is the use of FEP for Ihe 0-0-2 
cable outer jacket. Other actual differences occurred with varying 
wall thicknesses which were allowed for the plenum version. Coding 
and other IBM cabling system designations have been published 
earlier.1 The two cables shown in I'igures 2A and 2B above will be 
referred to in the remaining portion of this paper as Type 5 NP 
(non-plenum) or Type 5P (plenum) respectively. 

//.  Test Methods Developed lo Determine the Cause of Excess 
Attenuation 

2.1 Attenuation Loss Measurement During Required Temperature 
C ydinn 

lor ihe Type 5NP and 5P cables described in Section I, the same 
temperature cycling test for both cables is performed as follows; 

o fANUUI WITH 

J^L 

I 9 

TfWIHATuRf CHMMM 

1               1      1 

RCEl 
[                                                             ]                    "WUW 

UHAN(i( BlALK 
FIBER FlgFR 
MUMTOW MUNtlOH 

Figure 3 
Optical Equipment 

For 
Temperature Cycling Test 

(Power Monitors:   Photodyne 11XE or Equivalent) 

As mentioned before, the plenum (Type 5P) version shown in Figure 
2B did not meet the requirements of Ihe temperature cycling lest 
detailed above. Figure 4 illustrates a typical plot for attenuation 
loss (in dB/Km.) with the number of temperature cycles for a typical 
Type 5P cable. The typical plot for a Type 5NP cable showed a 
"flat" curve - with no increase in attenuation loss during temperature 
cycling. It was the search for the cause of the phenomena shown 
in Figure 4, as well as the need to control and define <hrinkback 
(often referred to as creep or cold flow in ASTM D2990) of insula- 
tion away from the optic fiber connector, which lead to the establish- 
ment of the shrinkage test described in the following section. 
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Figure 4 

Typical Attenuation Loss For Type 5 
Plenum Cable I1090MI 

The Insiron em ininmcnial chamber employs an eleelrieal resisianee 
heating element to increase temperature, while liquilied CO.. was 
lorced in lor cooling purposes. The How of CO.. into the chamber 
was dependent on the pressure inside the CO.. tanks. The rale of 
cooling/healing was not monitc-ed throughout the test. 

■ ■ 

2.2 Tlwrmul - Mechanical Shrinkufii' horcv Test with the Insiron 
Ln vironmenial C hamher 

I igures 5A and 5B pictures the Instron Model 1125 (with Microcon 
I ■ microprocessor and data recorder unit) setup including the en- 
vironmental chamber which surrounded the test specimen fixture 
in the geometry shown. Temperatures could ba varied as desired 
within this apparatus. Originally, twenty-seven (27) different test 
specimens were temperature cycled to determine the shrinkage forces 
which occur throughout the temperature range of -40 to +60 C. 
Uecause the rate of heating and cooling was relatively slow, (about 
W minutes elapsed time for a full cycle from ambient to +60 C 
to -40 C), the polymer jacket (or buffered fiber) was assumed to 
equilibrate with the environmental chamber temperature. 
Test specimens of approximately 6" or 8" using gauge lengths of 
4" or 6.5" were used for the polyester elastomer buffered libers 
and FEP jackets respectively. The FEP jackets were hollow tubes 
from which the remaining cable members had been removed. The 
polyester buffered fibers were "whole" in that they k'.ere com- 
posed of the cladded 100/140 ^m glass fiber and two layers of 
acrylate. The temperature cycle included reaching the maximum 
temperature of +60 C rather than +80 C because originally we 
were interested in the response of the cable insulations with respect 
to fiber optic connector specifications which required excursions 
to only +60 C. Also, in the interest of time savings (usually only 
3 tests^day could be run) and the fact that there was no measurable 
difference between the relaxation forces at +60 and +80 C, we 
continued with +60 C as the maximum temperature. Lach PEP 
jacket was loaded with an initial tensile force of 0.75 lbs. after trial 
and error indicated this to be the maximum necessary to prevent 
significant relaxation due to the loading itself. The polyester 
elastomer fiber buffers were preloaded at 0.5 lbs. After preload, 
the jaws holding the ends of sample remained fixed. The force 
change was monitored and recorded on chart paper, the results of 
which are reported in Section III. Typically the chamber temperature 
was raised as rapidlv as possible from ambient to the peak value 
( + 60 C) and then lowered as rapidly as possible to the lowest 
temperature (0 or -40 C). The temperature cycle was completed by 
raising the temperature in the chamber back to ambient. 

Figure 5A 
Instron Model 1125 Environmental 

Chamber 
*■.-/ 

-■ ~ 

Figure SB 
Closeup View of Test Specimen 

Geometry Within Instron 
Environmental Chamber 

///. Results and Discussion of Shrinkage and Thermal Transition 
Data 

3.1 Shrinkage Data Measured With The Instron Environmental Test 
Chamber 

It has been known and documented J""'' for some time that, fiber 
maerobending can occur due to axial compressive forces generated 

i 
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by comprcssivc strain. This compressivc strain develops due 10 the 
ditTcrence between the glass fiber and the buffer and jaeket 
rnalerials, which can lead to compressivc strain and eventual fiber 
bucklini; and even fiber breakage. The shrinkage force test method 
described in Section II quantifies the shrinkage force, due to the 
plastic coatings being subjected to low temperatures, in a unique 
manner. As the following data will indicate, the shrinkage force 
is related to the total axial compressivc force, which at some critical 
force, causes excess attenuation loss. 

A list of thermal coefficients of expansion and secondary thermal 
transition temperatures for different polymer j-.kets which may 
be applicable for the SIU and Type 5 optic-fiber constructions, is 
given in Table 2. 

Table 2 

I ist Of Themial Coefficients And Secondary Transition 
Temperatures Of Interest lor liber Optic Cable Design 

MMM MriMn /'( Ihrrmul l i/tin^itr iH-t/meni Irnnulu"! tem/miun^ 

(Hirr A laNe OMM iTmi   ( {■ m 
f) IMA l( Cl />S(  *\ (; 

nu..nfUlcd lihUftu- 
l'iop>lciif ;U I'l 2M 

40 toO i 

h<     ■'II 

OtoW< 

71 

*ll„ I'll 1 

90 KV  . Id.  . Iftli ■M,  * 15 

HUM 
Ictuttuornfihslcnr 
a nt) :"'ii M-iJ IJ H 120,   25.  • IK) * It.  1 30 

lrh>lcnc 
l hlnrii(nt1»uri>«ih>lrnr 
tl R III 24* U 6.5 tA 50, 7", 121 

I'olvvmvlulcnr Huondc IM 11 1 1 11 - - 
IVKcicr  Bdsfd n H M ti \ 10* 44 - 4^ 

hilynirr 1 lutomei 210 il 1 st> vo - - 
Um Kvutded WH 4«^ 14 ottl kM _ ■21 

I'olvdnnar hbers 4n(>A ;(p 2 2 1! _ _ 
Ipum H*ted TV  VrvUtc IIKlK - u _ _ _ 
■ fcitunc Haseii t \ imtfm Mi K $ 110 - - - 
hut»! Wktk (IIIJISS» 1 ibci wß Ml 440 441) I ? 

copper Ml ■ **: ■ NA NA 

Aluminum ■•i «I i P I 2'' i n NA NA 

1 Oeinminrd <i< IKrirmi Mrihint<,ji Analvsi 
* Iteiciminnl \it IMinmiKl Vamtmi < akxifi 
^     IVoWnpiiiiliim  lrftlpr'»tutr 

In the case of the SIU, the optical fiber exhibits a dual coating of 
UV-curable acrylates. The primary coating increases dramatically 
in modulus with decrease in temperature, which at low temperature 
provides little or no buffering to an external axial load. It is known 
(from earlier experimentation) that the compressivc forces generated 
by subjecting the acrylate protective coatings to low temperatures 
alone, does not cause excessive attenuation loss. This enhanced our 
need to understand the contribution to compressivc strain from the 
SIU and Type 5 cable jackets, which it was deduced, must be the 
primary contribution to excess attenuation loss. 

All samples which were placed in the Instron environmental test 
chamber displayed an increase in shrinkage force with decrease in 
temperature. This surprising test result caused us to determine the 
rcproducibility and reliability of our test. This was accomplished 
by performing a full temperature cycle (ambient to + 60 to -40 C 
and back to ambient within M minutes) on three separate samples. 
The peak force (including the preload force of 0.75 lb.) was 4,25, 
4..10, and 4.40 lbs. for the force traces shown in Kigures 6, 7, and 
S respectively. With the mean value of 4.32 for these three ex- 
perimentally determined loads, the standard deviation (a) is 0.07 for 
an overall deviation of approximately 1.1%, This is well within ex- 
perimental error. Interesting to note, is that the shape of the curves 
in these three figures are almost identical, indicating similar rates 
of heating and cooling, and similar thermal-mechanical transitions 

each lime. All three samples were hollow tubes extruded from low 
molecular weight grade FEP, filled with orange colorant. All of 
the test data exhibited the same type curves with approximately the 
same reproducibilit;. 

Figure 6 
Force Curve For Single Fiber Unit (SFU) Outer Jacket Ex- 
truded from FEP w/ Orange Colorant. Temperature Cycle 

From Ambient to + 60 "C To  40 0C Back To Ambient with 
0.75 lb. Preload In Tension. 

Figure 7 
Force Curve For SFU Outer Jacket 

Extruded From FEP w/ Orange Colorant. Temperature 
Cycled As In Figure 6, With 0.75 lb. Preload in Tension 

Figure 8 
Force Curve For SFU Outer Jacket 

Extruded From FEP w/ Orange Colorant Temperature 
Cycled As In Figure 6, With 0.75 lb. Preload In Tension 

The  contrast   between   plenum   and   non-plenum   SFU   jacket 
shrinkages throughout the 0 to + 60 C temperature range, is vivid- 
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ly shown when comparing ligurcs 9 and 10. Mgure 9 is a typical 
force curve for a plenum orange colored H-P tubular section with 
approximately a .014" wall thickness, temperature cycled from am- 
bient to + 60 C and then cooled to only 0 C. The peak shrinkage 
force at the lowest temperature is 2.40 lbs. Hgurc 10 depicts a force 
curve obtained for the non-plenum orange colored polyurethane 
tubular section with the same approximate wall thickness, 
temperature cycled in the identical manner as the l'li\ tube. The 
peak shrinkage force at the same low temperature (0 C), is 0.5 lb. 
Ibis is [ess than the original preload of 0.75 lb. It is obvious 
from this comparison that unlike the FKP, SFU jackets, the tendency 
is toward relaxation rather than shrinkage of the polyurethane jacket 
during temperature cycling from ambient to elevated temperatures. Figure 11 

Force Curve For SFU Jackat Extruded From Polyurethane 
w/ Orange Colorant Temperature Cycled To -40 "C. 

- 'MMHJ T«ni(,     ■ "Cl 

Figure 9 
Typical Force Curve For SFU Jacket Extruded 

From FEP w/ Orange Colorant. Temperature Cycled 
From Ambient To +60oC To 0oC. 

Figure 10 
Typical Force Curve For SFU Jacket Extruded From 

Polyurethane w/ Orange Colorant. Temperature Cycled 
From Ambient To +60oC To 0oC. 

When exposed to temperatures as low as -40 C, the polyurethane 
SFU jacket also displays a shrinkage force (see Figure 11). The peak 

force (at -40 C) occurs at I.15lb.- which includes the preload con- 
dition of .75 lb. The fact that some shrinkage force, which can act 
in a hysteresis type mode during repetitive temperature cycles, oc- 
curs with the polyurethane tube, reconfirms mathematical models 
and previous experiments4 """''■'which predict that even materials 
which exhibit low modulus at low temperatures can buckle due to 
shrinkage. 

Next it was decided to look at a (previously thermally cycled) plenum 
SFU to determine changes that occur after temperature cycling from 
-40 to + 60 C with the same sample over three continuous cycles. 
This data is presented in Figure 12 and illustrates the fact that each 
successive temperature cycle showed an increase in total shrinkage 
force from 4.30 to 4.85 to 4.95 lbs. on each excursion to -40 C. 
This is consistant with the attenuation loss during temperature cy- 
cling data found in Figure 4. After several temperature cycles (for 
the sample tested producing the force traces in Figure 12 the total 
number is unknown) to low temperatures, the shrinkage forces and 
attenuation losses seem to begin increasing. The critical value, in 
terms of this shrinkage force which leads to Tiber buckling and subse- 
quent macro/microbending and attenuation loss, is currently 
unknown. It is known, that without the use of proper antibuckling 
members as shown in the Type 5 cable constructions in Figures 2A 
and 2B, that fiber macrobending and fiber attenuation loss occurs. 
To determine the number of temperature cycles required to cause 
a successive increase in the shrinkage force measured in the Instron 
test fixture, a "virgin" (in terms of previous thermal history), sample 
of FEP plenum SFU tubing was temperature cycled three successive 
times. The results of this experiment are shown in Figure 13 and 
indicate that to reach the threshold of the shrinkage force increase 
with temperature cycling, requires greater than 3 full cycles. Again 
this is consistant with the typical attenuation loss findings depicted 
in Figure 4. 

Figure 12 
Force Curves For SFU Jacket Extruded From 

FEP w/ Orange Colorant With Previous Thermal 
Shock History. Three Successive Temperature 

Cycles From Ambient +60oC To -40°C To Ambient. 

W- 
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Figure 13 
Force Curves for SFU Jacket Extruded 

From FEP w/Orange Colorant with No Previous 
Thermal Shock History. Three Successive Temperature 

Cycles Identical to Figure 12. 

HM last sei ofcxpcrimcnis with ihc PEP low molecular weight grade 
polymers were amducted on the outer jackets of the Type JP cables. 
I emperature cycling in the Instron environmental chamber with a 
preload tension Of 7.5, 4.0, 2.0, and 0.0 lbs., resulted in peak 
shrinkage torce values which decreased from 30.0 to 27.5 to 21.0 
to IK.2 lbs. respectively. All lour measurements were made for 
jackets extruded under identical conditions by the same manufac- 
turer, from the same cable reel. All samples were cycled in the In- 
stron chamber in the usual, ambient to + 60 to -40 C to ambient 
temperature cycle. The last two shrinkage force traces of the four 
measurements referred to above are shown in Figures I4A and B. 

Figure 14 A 
Force Curve for Type 5P Jacket Extruded 
From FEP w/Black Colorant. Temperature 

Cycled From Ambient to + 60 0C to  40 0C to 
Ambient with 2.0 lb. Preload in Tension. 

A final point which correlates the magnitude of the shrinkage forces 
measured for the Type 5 outer jackets with those of the SIU jackets 
is seen by simple geometry calculations for the cross-sectional areas 
of the two tubes. Using the same sample lengths, the difference in 
magnitude of the cross-sectional area is identical with the total 
overall volume of FEP used in the tube. The example calculation 
which follows, shows a ratio of cross-sectional areas of the Type 
5 outer jackets to the SFU's of approximately 6:1. The ratio of peak 
shrinkage forces of Type 5 outer jackets to the SFU's is approx- 
imately 5-6:1. 

EXAMPLE CALCULATION 

DIMENSIONS; Diam. of SFU  ■ 2.8 mm: 
Wall Thickness of SFU ± .36 mm. 
A,,,,,^       =   irr,/ - vr,' =   )r(1.4)2 - 

s" """■*'        T |1.4- .361' • 2.76 mm. 
DIMENSIONS; Diam. of Type 5 Jacket = 7.5 mm; 

Wall Thickness ± .825 mm. 
inV - irr,' ■   ir(3.75)-' - 
v (3.75 - .826)'±17.30 mm. 
Ratio = 17.3/2.76 ±6:1 

Final experiments were run using the polyester elastomer buffered 
fiber samples (located in the center of the SFU shown in Figures 
IA and H). Using samples of 4" lengths including the full glass fiber 
construction, with a preload of 0.5 Ib., four differently coated fibers 
were temperature cycled to -40 C in the now conventional manner. 
Figure 15 illustrates the shrinkage/relaxation curve for one of the 
typical buffered fibers which had no previous thermal history. The 
peak shrinkage force value for this sample was 1.55 Ib., and careful 
inspection indicates that at high temperature (to 60 C), relaxation 
occurred (the force actually decreased). Comparison of this curve 
with curves of other polyester elastomer buffered fibers of different 
chemical morphology and with different thermal histories, revealed 
no significant differences. 
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Figure 14B 
Force Curve for Type 5P Jacket Extruded from FEP 

w/Black Colorant. Temperature Cycled from Ambient to 
+ 60 0C to -40 0C to Ambient with no Preload 

Figure 15 
Typical Force Curve for "Virgin" Buffered Optic Fiber 
(Polyester Elastomer Buffer). Temperature Cycled from 

Ambient to +60oC to  40 0C to Ambient with Preload of 
0.5 Lbs. in Tension 

3.2 Measurements of Thermal Transitions in Extruded, Filled 
Fluorinated Ethylene-Propylene Tubes Used in Single Fiber 
Unit (SFU) Constructions 

Careful inspection of Figure 6, illustrating the force curve for a SFU 
jacket w/orange colorant, temperature cycled between +60 
and -40 C, shows a significant change in the slope of the curve on 
cooling between 25 and 0 C. This is seen as well as on heating, where 
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the chanpc is even more ahrupi between 20 and }0 C< It is known 
that there is a change in thermal linear eoetlicieni of expansion for 
IIP belwecn the -40 to 0 C" and 0 to 25 C lemperalure range and 
perhaps this phenomenon can be correlated with that change. More 
iniriquing and perhaps just as important for long term optic fibci 
behavior, is the fact that Differential Scanning C'alorimetry (DSC") 
on the same type Sl'V jacket, indicates a solid-solid secondary tran- 
sition occurs between -10 and IOC. This solid-solid transition has 
been reported by Hby and coworkers " ""l M at the National 
Mureau of Standards. They have found that two transitions, near 
292 K (19 Q and 303 K (30 C), occur for the homopolymer of 
polytetrafluoroeihylene (PTFE) when scanning with DSC", and that 
the two transitions apparently become one with addition of small 
concentrations of hexafluoropropylene comonomer units. The 
addition of I.K-6.9 CT, units per 100 main-chain carbon atoms 
reduces the transition temperatures to 239-257 K (-34 to 
-16 C"). Without any knowledge as to the specific CPi concentra- 
tion in the low molecular weight HV tubes extruded for Sf-U 
jackets, and only a logical guess (see figure 18 for DSC" plot of 
recommended FEP colorant) that the addition of the orange in- 
organic pigment would raise the solid-solid transition temperature 
of our samples, it can only be theorized thai the shifts in slope of 
the thermal-mechanical shrinkage force curves indicate this same 
transition. 

ligure 16 A is a DSC plot for a typical "virgin" low molecular 
weight grade copolymer of polytetrafluoroethyiene and hex- 
afluoropropylene (PEP) extruded into a hollow jacket form with 
orange pigment as the only filler. This plot was obtained after tak- 
ing I small cross-section of the hollow tube (weight of sample was 
approximately 25 mg.), encased in the aluminum pan, to +80 C 
and then quenching immediately to -40 C in liquid nitrogen. Due 
to the highly cyrstallinc nature of the extruded, filled FEP sample, 
this was the only manner by which measurable thermal transitions 
occurred. Indium and Tin standards were used to calibrate the 
temperature shifts to within I C on the DuPont 1090 Thermal 
Analy/er throughout the course of these experiments Figure I6B 
is just an enlargement of the transition area of interest. 

1   II   I <   M   I   I   I   I   t   M   I   I   I   I   I   I 

I   I   I   I   I   I   I   I   I   I   I   I   I   I   I   I   I   I   I   I   I   I 

Figure 16B 
DSC of "Virgin" SFU Jacket (FEP) Showing 

Solid-Solid Crystal Transition Region. 

ligure I7A is also a DSC plot, but for a typical SFU jacket FEP 
tube which had experienced several previous ther.aal cycles in the 
test setup diagramed in Figure 3 and discussed in Section 2.1. An 
approximate 10 C temperature shift seems to occur in the solid-solid 
transition after temperature cycling. This same shift is seen by careful 
inspectioii of Figure 12. On heating from -40 C to +60 C in the 
Instron environmental chamber of the first versus the second and 
third cycles, the onset of the slope shifted from approximately 10 
C to approximately 20 C. The precision of temperature measure- 
ment with this apparatus, as detailed before, was not sufficient to 
make direct comparisons with DSC results. Also interesting to note, 
and most prominently shown in Figure I7B, (an enlargement of the 
transition area in Fig. 17A) is the fact that pre-temperature cycling 
prior to DSC analysis seemed to sharpen the solid-solid transition. 

I   I   I   I   I   I   M   I   I   I   I   I   I   I   t   I   M   I   I   I 

I   I   I   I   I   I   I   I   1   1   I   I   I   I   I   I   I   I   I   I   I   I 

Figure 16A 
DSC nf "Virgin" SFU jacket (FEP) 

Figure 17A 
DSC of Pre Temperature Cycled SFU 

Jacket (FEP) 
■ 
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Boih figure'. I7A and B were obtained by first heating the sample 
to + 80 C and then quenching immediately in liquid nitrogen to -40 
Ci as before. The sample was then heated at 10 C'/min. through 
the meltpoint. Another laboratory" has confirmed the presence of 
this solid-solid transition in the temperature range of -4 to -6.5 C. 
I heir runs were made using 35 mg. samples which were heated to 
290 C and left isothcrmally at that temperature for 60 minutes. The 
scans w hich produced transitions at the temperatures staled above, 
were from -60 to   + 100 C at a rate of 5 deg/tnin. 

I    I   I   t   I    I   I   I   I    I   I   M   I   I   I   I   I   I    I   I   ) 
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Figure 17B 
DSC of Pre Temp Cycled SFU Jacket (FEP) 

Showing Solid-Solid Crystal Transition Region 

I igures 18 and 19 arc DSC plots most recently run on both the FEP 
orange pigment and the unfilled "virgin" resin respectively. It is 
evident that part of the difference between the temperature reported 
for solid-solid transitions in FEP and those seen for the extruded 
orange tubes, is explained by comparison of these two figures. Figure 
IK illustrates an approximate + IOC shift in the solid-solid transi- 
tion (17.9 C) compared with thai of the virgin resin seen in Figure 
19 {7.6" C). In addition to the fact that there may be greater than 
6.9 CFi units per 100 main-chain carbon atoms in the orange 
pigmented extruded FEP lubes, (reported to have a -16 C solid-solid 
transition), the addition of orange pigment is partly responsible for 
the positive shift in the transition temperature. 

I   I   I   I   I   I   I   I   I   I    t   W   )   t   t   I   t   )    M   t 

i   I   t   I   I   I   I   t   I   I    t    I   I   I    I    I   t   )   t    M   I 

Figure 19 
DSC Plot of Transition 

Temperature Region for 
"Virgin" FEP Resin 

A final experiment was tried with a "virgin" FEP SFU jacket filled 
with the same orange pigment. This time the sample was temperature 
cycled from -40 to + 80 C five successive times and scanned at a 
rate of 10 C/min. For the first four cycles no changes in the solid- 
solid transition occurred. On the fifth cycle, however, a downward 
shift of approximately 18 C was found. This data is reproduced 
in Figures 20 A, B, C, and D (cycles 2-5). In all, it is impossible 
to understand the effect of thermal cycling on the solid-solid tran- 
sition in the orange pigmented FEP fiber jacket without additional 
studies. It is also difficult to understand what affect (if any), a 
temperature shift in the solid-solid crystal transition of FEP would 
have on overall fiber performance. Eby and coworkers1' reference 
several articles which slate that this transition affects specific volume 
- as can be deduced from the shrinkage force curves presented here - 
as well as dielectric constant, heat capacity, N.M.R. spectrum, 
modulus of longitudinal ultrasonic waves, and other spectroscopic 
properties of PTFE. Based on these studies, it is important that fur- 
ther work be performed to more fully understand the effects of these 
transitions on FEP polymer properties. A final note of interest is 
that Eby and coworkers" found that, with the exact same FEP 

•V 

•• 

•    ... 
■ 

I    ... 

Figure 18 
DSC Plot of Transition 

Temperature Region for 
Orange FEP Pigment 
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Figure 20A 
Second Temp. Cycle for Orange Pigmented 

FEP Single Fiber Unit (SFU) Jacket 
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Figure 20B 

Third Temp. Cycle for Orange Pigmented 
FEP Single Fiber Unit (SFU) Jacket 

a 

Figure 20C 
Fourth Temp. Cycle for Orange Pigmented 

FEP Single Fiber Unit (SFU) Jacket 
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Figure 20D 
Fifth Temp. Cycle for Orange Pigmented 

FEP Single Fiber Unit ISFU) Jacket 

copolymer composition, the rate of cooling from the melt changed 
the measured solid-solid transition as much as 8" C. Unless extru- 
sion processes are controlled to a greater extent, there is no douht 
that the crystal transition temperatures along a tube length of 
fluoropolymer will vary. 

/ V. Conclusions and Recommendations for Future Studies 

4.1 Conclusions 

Several different cable jackets extruded from a low molcular weight 
grade of FEP (fluorinated ethylene-propylene) were sectioned into 
approximate 8" (6.5" gauge lengths) lengths and temperature cycled 
from +60 to as low as -40 C. A novel measurement of shrinkage 
forces within the geometric configurations shown in Figure 5B seem- 
ed surprisingly high at the low end of the temperature scale. 1 he 
increase in shrinkage force was found to be directly proportional 
to the diameter and wall thickness (i. e., total volume of KEP in 
the 6.5" gauge length tube) of the temperature cycled sample. 
Therefore a direct correlation with the thermal coefficient of ex- 
pansion of the polymer in a specific temperature range was obtained. 
At the high end of the temperature range (above + 40 C), the FEP 
jacketing expanded somewhat (indicating a positive thermal expan- 
sion coefficient) and resulted in reduction of the shrinkage force. 

In testing to subzero temperatures with no preload, significant (order 
of magnitude) differences were not seen in shrinkage forces when 
compared with moderately preloaded (.5-.75 lbs. tension) samples. 
It was previously expected that the preload would have a large ef- 
fect on the total measured shrinkage force. If any trend can be deter- 
mined from the initial work performed (referring specifically to 
Figure 12), it seems as though the shrinkage forces increase after 
continuous temperature cycling of FEP jacketing. This trend is con- 
sistant with attenuation loss data collected for the plenum cable 
design (Figure 4). 

All polyester elastomer buffered optical fiber samples shrink at low 
temperatures and relax at high temperatures, but the forces 
associated with these samples are significantly less than that found 
for the FEP jackets. Again, this is partially attributed to the smaller 
diameter of the polyester buffer (0.9 ± 0.5mm). 

In addition to the obvious volume changes of FEP based on 
shrinkage force testing of the various tubular jackets, solid-solid 
crystal transition temperatures, determined via Differential Scan- 
ning Calorimetry (DSC), correlate with change in slope of the 
shrinkage force curves. Whether these correlations indicate changes 
in the thermal expansion coefficient of the FEP in that temperature 
iange or indicates the test method is sensitive enough to distinguish 
solid-solid crystal transitions in the polymer, is unclear. 

4.2 Recommendations for Future Studies 

Several experimental needs for further understanding became clear 
during the course of this work. First, it is important to measure 
the actual transmission of strain on the glass fiber during shrinkage 
of the FEP outer jackets as the temperature in the environment 
drops. Adequate fiber optic strain gauges must be developed to 
determine what actual axial critical force due to shrinkage (if any) 
can be tolerated. 

Second, some initial work has been carried out, involving finite ele- 
ment analysis of the single fiber unit (SFU) construction, to deter- 
mine mathematically, the ultimate stress-strain values transmitted 
to the glass fiber assuming linear relationships. Further work, re- 
quiring non-linear finite element analysis and subsequent laboratory 
tests could prove invaluable in future plenum tight buffer fiber optic- 
cable designs. 

::i 
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n 
I iiiallv, a more dciailcd understanding ot how thermal transitions, 
(such as the solid-solid crystal transitions reported lor IhP), in 
various I'luorinated polymer blends atlect liber attenuation (il at 
all) over time, is required. 
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f IMPROVED COMPOSITF FIBER-OPTIC OVERHEAD GROUND WIRE 

Yasunori  Saito, Mahito Ishikawa, Saburo Kawabata, Yoshinobu Kitayama 

Sumitomo Electric Industries, Ltd. 
Taya-cho,  Totsuka-ku,  Yokohama, Japan 

A composite f 
(OPGW)  containing 
a pure silica core 
fixed within the s 
spacer wi th an el a 
ed.    As  fibers  in 
to the local  conce 
shrinkage, elongat 
this new OPGW has 
the following adva 
characteristics of 
stable,   (?)  Longer 
is expected. 

Abstract 

iber-optic ov 
single-mode o 
and a fluori 

piral grooves 
stic material 
this OPGW are 
ntration of s 
ion and vibra 
higher reliab 
ntages:  (1) 
the optical 
1ifetime of 

erhead g 
ptical f 
ne-doped 
of an a 
has bee 
not sus 
tresses 
tion of 
i1ity an 
The tran 
fiber ar 
the opti 

round wire 
ibers with 
cladding, 
luminum 
n develop- 
ceptible 
caused by 
the OPGW, 
d possesses 
smission 
e extremely 
cal fiber 

1.  Introduction 

It is required in electrical power companies 
to establish digital communication systems for 
automatic control of power supplying networks. 
For this purpose, a composite fiber-optic overhead 
ground wire (OPGW)'' is an ideal transmission 
medium because of its low transmission loss, wide 
bandwidth, immunity to electromagnetic inter- 
ference, etc. An OPGW is expected to be used not 
only for system protection and control of overhead 
transmission systems but also for new telecommuni- 
cation networks. In this case single-mode fibers 
may be required for large capacity transmission. 
An OPGW has already been reported^' to have suf- 
ficient performance to establish a high-speed 
digital transmission network which withstands 
actual operating conditions such as wide tempera- 
ture variation, vibrations and large strain. 

In this paper, a new design of OPGW is pro- 
posed for better performance. The OPGW contains 
single-mode fibers with a pure silica core and a 
fluorine-doped cladding. The optical fibers are 
fixed within the spiral grooves of an aluminum 
opacer with a heatresistant elastic material. 

2. Cable design 

Cable Structure 

The optical fiber cable conbined with a 
ground wire is exposed to severe conditions such 
as wide temperature variations, large strain and 
vibration. If an optical fiber cable is loosely 

housed and can move freely longitudinally as shown 
in Figure 1, it is possible for the optical fibers 
to be subjected to the local concentration of 
stresses. In the conventional OPGW we chose 
spacer structure to prevent above problem. Figure 
2 shows the cross section of the OPGW. Optical 
fibers ate housed individually within a spiral 
groove of an aluminum spacer.  In this composition 
uniform friction between optical fibers and alumi- 
num spacer is important to prevent local concen- 
tration of distortion to the optical fibers 
against various kinds of external stresses, such as 
shrinkage, elongation and vibration.  In the con- 
ventional OPGW, moderate friction exists between 
optical fibers and  the aluminum spacer. This type 
of OPGW was confirmed through laboratory and field 
tests to have stable transmission characteristics 
in practical use. But it is preferable to fix the 
optical fibers to the aluminum spacer in case of 

Aluminum-Clad 
Steel Wire 

Optical Cable 

Aluminum Tube 

Fig. 1 Cross Section of OPGW 
(Non-Spacer Type) 

Aluminum-Clad 
Steel Wire 

Aluminum Tube 

Heatproof 
Optical Fiber 

Aluminum Spacer 

A. 

• 

Fig. 2    Cross Section of OPGW 
(Spacer Type) 
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Fig. 3 Photograph of New OPGW 
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Index  di Terence 

0 .3« 

Fig. 4 Preform Refractive Index Profile 

Optical Fiber 

Single-mode fibers used in the OPGW have a 
pure silica core and a fluorine-doped cladding 
with a negative index difference A" - -0.3% and 
diameter d ■ IZBum. They are fabricated by the 
VAD method. The cladding to core diameter ratio 
is about 10. Figure 4 is an example of the 
fiber's refractive index profile. Transmission 
loss of the optical fiber is less than 0.5 dB/km 
at 1.3pm. 

The optical fiber is coated with an inner 
layer of room-temperature vulcanized silicon with 
a 400^ outer diameter and an outer layer of 
standard grade fluorocarbon polymer (ETFE) with a 
700um outer diameter to improve heatresistant pro- 
perties of the optical fiber. This heatresistant 
optical fiber is able to withstand a continuous 
operating temperature of 10ÜUC (momentary fluctua- 
tions to 250oC). By utilizing higher grade 
fluorocarbon polymer (PFA), the optical fiber can 
withstand a continuous operating temperature of 

tary fluctuations to 300oC)2). 

3. Cabling 

I50oC (momentary 

Throughout the cabling process, no transmis- 
sion loss deterioration was observed. Figure 5 
shows an example of spectral transmission losses 
before and after the cabling process. Even at the 
longer wavelength of approximately 1.5um, when the 
V-value is decreased and the fiber is sensitve to 
the bend loss, there was no loss change. 

4. OPGW Characteristics 

Mechanical Characteristics 

Lateral compression force was applied to 5cm 
optical fiber unit to estimate the compression 
force resistance. Figure 6 shows transmission 
loss increase against compression force for the 

4.0 

3.0 

5 2.0 

Before cabling 

After cabling 

.3       1.4      1.5       1.6 

Wavelength  (um) 

1.7 

Fig. 5 Transmission Loss Change during Cabling 
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optical fiber unit.  It was confirmed that the 
optical fiber unit can withstand compression force 
of more than 1000kg/5cm and provide rigid protec- 
tion against external mechanical force. 

A tensile test was conducted on an 80mm2 

OPGW. The length of the OPGW tested was 150m and 
tensior. was applied until the OPGW was broken. 
During this test procedure, the transmission loss 
of the optical fiber was monitored. The result of 
this test shows that no change in transmission 
loss occurred even just prior to the breaking 
point of OPGW because the optical fiber is uni- 
formly elongated together with the aluminum spacer 
against tensile load and is not subject to local 
concentration of distortion. 

Furthermore to confirm the endurance capabili- 
ty of OPGW against vibration after installation, a 
30m OPGW was vibrated at 10^ times under a simu- 
lated turbulent condition (frequency:  10Hz, 
amplitude:  5mm).  No change in transmission loss 
was observed during this test. It is confirmed 
that the optical fiber is not subjected to macro- 
and microbending during vibration of OPGW because 
it is fixed to the aluminum spacer and cannot move 
within the spiral groove. 

200 400 600 800 1000 1200 1400 1600 

Compression force (kg/5cm) 

Fig. 6 Compression Force and Transmission Loss 
Change for Optical Fiber Unit 

Temperature Characteristics 

Temperature dependence of transmission loss 
at 1.3ijm was measured on an optical fiber unit in 
a chamber. Transmission loss change is shown in 
Figure 7.    The deterioration of transmission loss 
was less than 0.1 dB/kii over the temperature range 
from -40oC to 100°C, which is well within the 
permissible range. 

An arc discharge test was conducted on an 
80mm2 OPGW to investigate the effect of heat-shock 
stress and flashed light resulting from lightning 
on the OPGW. A 15m-long OPGW was subjected, in 
its midpoint, to an arc discharge with discharge 
currents up to 5.5kA and discharge holding time of 
0.1 second. Although the stranded aluminum layer 
of the OPGW melted, there was no change at all in 
transmission loss of the optical fiber, nor any 

6.3 Mb/s pseudo random pulse transmission error. 
A short-circuit test was conducted to simu- 

late accidental fault current in power transmis- 
sion lines. Alternating current of 9kA was 
applied to the 2m-long OPGW for one second after 
the conductor temperature was raised and kept 
constant at 100oC by current. Although the conduc- 
tor temperature rose to 230°C, no detective loss 
change of the optical fiber was oL:>erved. 

As the result of an arc discharge and a short 
circuit test, it was confirmed that the optical 
fiber was not susceptible to local concentration 
of stress and maintained stable transmission char- 
acteristics jgainst heat shock stress. 

To estimate infra-red loss increase in 
silica optical fiber due to the chemical reac- 
tion of hydrogen3', an optical fiber unit was ex- 
posed to a temperature of 200oC for 24 hours. The 
mechanism of infra-red loss increase in coated 

Loss change (dß/km) 
at  1.3 um 
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0.2 - 

0.1 - 
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ii                    •ii 

-40      -20        0        20       60      100 

Temperature (0C) 

Fig. 7 Temperature Dependence of Transmission 
Loss Change for Optical Fiber Unit 

1  1.2  1.3  1.4  1.5   1.6  1.7 

Wavelength (pm) 

Fig. 8 Loss Spectra after Heat Treatment 
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fibers with heat treatment can be estimated as 
follows: Hydrogen atoms in the fiber, which are 
produced by diffusion of dissolved gas from coat- 
ing and filling materials, or contained as im- 
purities, are trapped to defects in the glass. As 
a result the glass structure changes, a new 
set of absorption peaks are observed, such as a 
peak at l.Apm which corresponds to the overtones 
of Si-OH and Ge-OH absorption. A single-mode 
fiber with a pure silica core have fewer defects 
in the glass than a GeOp-doped fiber. Figure 8 
shows loss spectra obtained by the heat treatment 
at 200oC. No significant infra-red loss change 
was obserbed even for an optical fiber unit with 
an airtight construction. 

Conclusion 

A composite fiber-optic overhead ground wire 
(OPGW) containing single-mode fibers with a pure 
silica core and a fluorine-doped cladding, fixed 
within the spiral grooves of an aluminum spacer 
with an elastic material has been developed. The 
OPGW has the advantageous feature of non-suscep- 
tibility to the local concentration of various 
kinds of stresses caused by shrinkage, elongation 
and vibration of the OPGW. This OPGW, which is 
expected to have high reliability, has extremely 
stable transmission properties. 
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SUMMARY 

An E-CTFE f1uoropo1ymer fiber-optic 
cable has b-^en developed for use with an 
expanded beam optical pin which inserts 
directly into a Mil-C-38999 Series IV 
electrical connector. Change in loss at 
-65°C for 40 meters of cable and a splice 
is less than 2db even after multiple 
temperature cycles from room temperature. 
The upper temperature limit of the cable 
is currently 125°C due to the constraints 
imposed by the urethane-acry1 ate buffer 
coatings   on   the   fiber. 

This cable was developed in two 
stages. First, various E-CTFE formula- 
tions were run under a number of process- 
ing conditions in order to select the 
best formulation and its optimum process 
conditions. The second stage involved 
the design and testing of a cable to fit 
the   optical   connector   pins. 

The development of this cable began 
with the introduction of a series of 
expanded beam fiber optic pins designed 
to fit in the existing Mil-C-3B999 Series 
IV electrical connector system thereby 
precluding the need for a special fiber 
optic connector. The design of these 
pins is such that no additional parts 
except the pins themselves and their 
backshells, and no additional tools 
except a scribe tool are reguired. It 
uses the same connector bodies, seals, 
assembly tools and procedures as the wire 
system. This placed the constraint on 
the fiber optic cable that it too had to 
look and act like its wire counterpart 
both in performance and dimensions. 
Conseguent 1 y , existing wire and cable 
mil-specs with minor modifications may 
now be applicable to fiber optic cables. 
Figure   1    shows   the   system. 

I.    INTRODUCTION 

The high bandwidth-Iow loss fiber 
optic race so prevalent in telecom- 
munications has dominated designers' 
thinking that proper perspective has 
sometimes been lost in a number of 
speciality areas where other parameters 
are more important. A good example of 
this is the aerospace and airframe 
industries where the need for kilometer 
length links is currently non existant. 
Parameters which could be much more 
important than the absolute attenuation 
per kilometer are link stability, 
environmental resistance, mechanical 
parameters, temperature range, excess 
power budget, and ability to replace 
existing wire systems. In addition, the 
cable is only one part of an optical 
transmission system which includes 
connectors and as such should be speci- 
fied   and  measured   as   a   system. 

■' 

■- -, 

Figure I - Cable - Connector System 
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When us'd in fiber optic cables, 
f 1 uorocarbons have a number of intrinsic 
properties which can cause axcessive 
microbending and a resultant increase in 
optical attenuation. This is due to two 
fundamental mechanisms generally observed 
in all thermoplastics. First is the 
thermal coefficient of expansion (TCE) 
difference between the plastic materials 
and the siica fiber. The second is a 
permanent post processing shrinkage 
phenomena that is highly dependent on the 
time-temperature history distribution of 
each increment of material. The major 
difference between the f1uorocarbons and 
the more commonly used materials such as 
PVC and polyurethane is the magnitude of 
the shrinkage forces that can be gener- 
ated. Typically, f1uorocarbons are 10 to 
100   times   as   strong   as   other   materials. 

The effect of the thermal coeffi- 
cient of expansion is primarily observed 
as a reversible increase in loss as 
temperature is lowered. Consequently, a 
fluorocarbon with a low TCE is crucial. 
Complicating this issue, however, is a 
number of molecular transitions, or 
changes of state, that fIuorocarbons go 
through over the temperature range of 
interest. Not only is the TCE above and 
hi'low these transition temperatures 
different, it can change very rapidly 
about   the   transistion   temperature. 

The permanent post processing 
shrinkage exhibited by thermoplastics is 
primarily due to stresses created and 
frozen into the compound during proces- 
sing. These stresses are then slowly 
relaxed over time and manifest themselves 
as    a    gradual     shrinkage. Temperature 
cycling, especially through a transition 
temperature accelerates this and can 
cause    significant    optical    attenuation 

increases. Minimization of this effect 
requires not only a fluorocarbon which 
exhibits low shrinkage, but processing 
parameters which minimize the formation 
of   these   stresses. 

The selection of E-CTFE, as the 
material for this cable, was based on a 
comprehensive study of available fluoro- 
carbon materials coupled with extensive 
cabling experience. The key properties 
of E-CTFE a they relate to use in a fiber 
optic   cab 1e   are; 

- Low   moisture   absorption 
- Long   term   property   stability 
- Low   coefficient   of   thermal   expansion 
- Broad   range   between   transition   temp- 

eratures 
- Multiple-grade   availability 
- Lower   post   extrusion   shrinkage 
- High   damping   factor   at   tranpiMnn 

t emperat ures 

Fiber selection was extremely limited 
due to the few qualified sources of 
supply. Although the silica itself has 
no problem with any of the require 
ments, its coatings presently represent a 
serious limitation. Available coatings 
consist of urethane-acrylate or urethane- 
epoxy thermoset polymers whose upper 
temperature range is limited above 100oC. 
In addition, both of these coating 
materials exhibit a significant change in 
static and dynamic modulus as the 
temperature drops and cause increased 
microbend sensitivity. This coupled with 
the problems of the f 1 uorocarbons can 
result in very large optical attenuation 
increases. 

The fiber selected for the material- 
process portion of this study was double 
buffered Corning 100/140. It was chosen 
for its higher microbend sensitivity so 
that small and secondary cabling problems 
would result in large attenuation 
increases. The fiber that was fabricated 
into the the final cable was double 
buffered Corning 85/125. It was chosen 
to match the optical requirements of the 
connector   pins. 

II, MATERIAL-PROCESS   STUDY 

Currently, most materials and proces- 
ses used to make fiber optic cables 
originate out of the wire and cable 
industry and, as such, have been highly 
developed for the specific purpose to 
make   wire.      Since   the   constraints   of   an 

•.' 
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optical fiber are significantly different 
than those of a copper conductor, i.e., 
microbending vs. dielectric strength, it 
stands to reason that these materials and 
processes are not optimized for fiber. 
Consequently, a study specifically 
designed to identify and optimize the 
material properties of the E-C1FE 
fluorocarbon   was   undertaken. 

Ihe details of the construction 
tested are shown in Figure II. Double 
buffered Corning 100/140 fiber was coated 
to a diameter of 900um with various 
formulations of E-CTFE. Multiple samples 
of each formulation were made under 
various processing conditions and then 
tested. Specific parameters examined 
«ere: 

1. Measure attenuation on received 
fiber and compare it to manufacturer's 
stated   attenuation. 

2. Extrude E-CTFE for a minimum of 
500   meters-record   all   processing   data. 

3. Measure   attenuation. 

4. Respool onto small metal spool to 
increase stress between coating and 
fiber. 

b.   Measure   attenuation. 

6. Heat   age   spools   of   fiber   at   100°C 
for   1/2   hour   and   let   cool   down   to   room 
t empe rat ure. 

7. Measure   attenuation. 

,« 

o E-CTFE   Formulation 
o Extrusion   temperature   profile 
o Extrusion   tooling   design 
o Post   extrusion   cooling 

All extrusion work was performed on a 
5/4" line specifically designed for 
fiber   opt ics. 

The evaluation procedure consisted 
of measuring optical loss on each sample 
between every operation on a Laser Preci- 
sion 0TDR. Multiple cleaves and readings 
were taken for each data point in order 
to reduce the possibility of errois. The 
specific  operations   were   as   follows: 

8. Heat   age   spools   of   fiber   at   1250C 
for   1/2   hour   and   let   cool   down   to   room 
t emperature, 

9. Measure attenuation. 

10. Heat age spools of fiber at 150°C 
for 1 hour and let cool down to room 
t emperature. 

11. Measure attenuation. 

This test cycle was selected so as to 
simulatp the ndditinnal time temperature 
history which an inner jacket would be 
exposed to during subsequent extrusion 
operat ions. 

.^ . 

TABLE  I.    MATERIAL - PROCESS RESULTS 

Variable Parameter Change in Loss (from original  fiber  loss) - db/Km ■ 812nm 

As Extruded       Respool        100*C Age 125,C Age ISO'C Age Conclusion 

Melt Index High 0.6B 3.45 2.35 1.83 2.28 Significant 
Low -0.64 2.00 3.53 8.20 9.97 Factors 

Shrinkage Low -0.66 1.23 2.88 3.15 5.54 Significant 
High -0.64 2.00 3.53 8.20 9.97 Factors 

Temp. Profile Normal 0.49 0.37 0.30 0.53 2.99 Significant 
Normal 0.68 3.45 2.35 1.83 2.28 Factors 
Hot 0.47 0.35 0.83 0.07 1.61 

Tooling Short Land 0.68 3.45 2.35 1.83 2.28 Significant 
Long Land 0.49 0.37 0.30 0.53 2.99 Factors 

Cooling Slow Cool 0.04 3.24 2.75 1.60 3.09 Secondary 
Fast Cool 0.68 3.45 2.35 1.83 2.28 Factors 

,   .-. 
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III. MATERIAL - PROCESS RESULT 

i 

The   results   of   the  mat eria 1-process 
study     is    outlined     in     Table     I. The 
significant factors which affect the 
optical performance of the fibers are 
polymer melt index and post extrusion 
shrinkage, extruder temperature profile, 
and extruder tooling design. Cooling 
rate appears to be a secondary factor. It 
must be pointed out, however, that not 
only are there other important variables, 
but that singular variables usually 
cannot be changed without changing 
others. 

IV, CABLE   -   CONNECTOR   STUDY 

the 

Although the optical performance of 
the fiber on a per-ki lometer basis is an 
important parameter, a more crucial issue 
is the performance of the fiber-cable- 
connector system. Conseguent I y , the 
cable was designed with this system 
approach in mind using the results of the 
materia 1 s-process study and the dimen- 
sional needs of the optical pins. This 
cable, shown in Figurelll, has 
following   design   characteristics. 

Mechanical 

Fiber:   Corning   type   1519CSB 
85/125   graded   index 

Coating   Material:   E-CTFE   grade   500 
Strength   Member;   Aramid 
Outer   Jacket:   E-CTFE   grade   500 
Jacket   Diameter:   1.725um   50utn 
Tensile   Strength:   50   lbs. 
Temperature   Range: 

-650C   to  ■••105oC   continuous 
-65°C   to  +150,'C   intermittant 

Optical 

Attenuation: Less than 10db/km 3 25°C 
NA: 0.26 
Bandwidth:      100   MHz-km 

Multiple samples of this cable were made 
during which manufacturing processes were 
opt im i zed. 

meters on each side of the connector. The 
test procedure consisted of 10 cycles 
from +20oC to -40oC and back to +20°C 
followed by 6 additional cycles to -650C. 
Sufficient time was allowed at each 
temperature for the cable loss to 
stabilize after which the meters were 
read   and   recorded. 

The test eguipment consisted of a 
stabilized light source on the input side 
of a 1 x 20 multi-port coupler. Seven- 
teen of the coupler outputs were fusion 
spliced to the seventeen cable-connector 
samples. Two     additional     ports     were 
connectors fusion spliced to a pair of 40 
meter cable lengths without splices foi 
reference. The seventeen samples and one 
reference channel were placed in the teat 
chamber. The output of every sample was 
coupled into a detector located outside 
the chamber. Each detector was then 
attached   to   its   own   optical   multimeter. 

V.     CABLE   -   CONNECTOR   RESULTS 

The   results   of   the   cable-connector 
testing   is   summarized   in   Table   II   showing 
the   average   change   in   attenuation   with 
its   standard   deviation   at   every   tempera- 
ture   cycle.      Figure   V   shows   this   data 
graphically.      The   number   in   the   paren- 
thesis   under   the   temperature   is   the   slope 
of   that   curve   in   db   change  per  cycle  and 
represents   a   permanent   increase   in   loss 
at   that   temperature   due   to   thermal 
eye 1 ing. 

Fiber 
Urethane--Aerylate 
Urethane—Epoxy 
E-CTFE 

- - v 

The testing and evaluation was done 
on seventeen short lengths of cable with 
a connector in the middle so as to 
simulate "real world" conditions. Figure 
IV is a schematic of the test set up. 
Cable   length   in    the   test   chamber   was   20 

Figure   II.     Material   Study Construction 

. . T 
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TABLE II 

Connector - Splice Results 

Attenuation Change 
db from original 

Cycle Temp Average Variance 
No. •c 

+ 20 0 0 
1 -40 0,79 0,18 

+ 20 -0.14 0,16 
2 -40 0.78 0,19 

+ 20 -0,15 0,18 
3 -40 0.83 0,19 

+ 20 -0.17 0.17 
4 -40 0.78 0,29 

+ 20 -0,12 0,16 
5 -40 0.84 0,24 

+ 20 -0,13 0,19 
6 -40 0.96 0,25 

+ 20 -0.08 0,22 
7 -40 1 ,04 0.29 

+ 20 -0,23 0,10 
8 -40 0,97 0,26 

+ 20 -0.13 0.22 
9 -40 1 .03 0,27 

+ 20 -0.13 0.20 
10 -40 1 .09 0.28 

+ 20 -0.11 0.19 
11 -f,b -0.14 0.20 

+ 20 -0.14 0.20 
12 -65 1 .26 0.29 

+ 20 -0,08 0.22 
13 -65 1 .48 0.46 

♦ 20 -0.07 0,22 
14 -65 1 .43 0.34 

t20 0.00 0.24 
15 -65 1 .56 0.37 

+ 20 0.02 0.24 
16 -65 1.55 0.38 

1-2 0 -0,05 0.22 

Buffered Fiber 
E-CTFE 
Aramid Fibers 
E-CTFE Jacket 

Figure III,  Cable Construction 

VI.  DISCUSSION 

The results of the material study 
demonstrated that both the E-CTFE 
formulation and the processing conditions 
have a significant effect on optical 
performance. The important properties of 
the E-CTFE were melt index and low 
shrinkage. The melt index relates to the 
basic polymer molecular structure ^nd 
possibly to the forces generated during 
shrinkage. The      low      shrinkage      can 
directly be measured with the thermal 
coefficient of expansion which is 
minimized in E-CTFE 500. In addition, 
the 500 grade has very good behavior 
around   and   at   transition   temperatures. 

The important processing conditions 
were extruder temperature profile and 
tooling design. The best temperature 
profile was higher that normal for wire 
and cable. This suggests that the higher 
compound melt temperature reduces some of 
the molecular orientation which causes 
fiber microbending, Care must be taken, 
however, not to degrade the E-CTFE. Long 
land tooling also reduced increased loss 
for much the same reason as the higher 
temperatures. The       long      land      and, 
therefore, longer transport time allows 
the molecules to relax more than allowed 
by short land tooling. The only problem 
is that this tooling design is expensive 
to machine and fragile when made of the 
proper   materials. 

The results of the connector-cable 
study demonstrate that change in loss can 
be minimized for a properly designed 
fiber    optic    interconnect    system. In 
addition, analysis of the curve in Figure 
V. confirms that these changes are 
reversible at +20oC and self limiting at 
the low temperature extremes. The major 
loss contribution at the low temperature 
is most likely fiber microbending caused 
by the difference between the very low 
ICE of silica and the TCE of the E-CTFE 
jackets. The increase in modulus of the 
fiber buffers further contributes to the 
stresses   coupled   into   the   fiber. 

Permanent shrinkage of the E-CTFE 
material has been minimized as evidenced 
by the reversible change in loss at +20°C 
and the relatively low slopes of the 
curves of the low temperature points. The 
curve of the +20oC measurements has a 
slope of .009 db/cycle up to the four- 
teenth cycle after which it goes to zero. 
The -40CC curve has a slope of .036 
db/cycle and the -650C curve has a slope 
of     ,040     db/cycle. Again,     after     the 
fourteenth cycle, these slopes approach 
zero, 
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Figure   IV.     Cable  Connector  Test  Set-Up 
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Figure   V.     Change   in  Loss   vs  Cycle  Number 
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VII. CONCLUSIONS 

A fiber optic interconnect system has 
been developed which exhibits acceptable 
performance even at -65°C. Average loss 
for UO meters of cable and a connector is 
approximately 1*9 db at room temperature 
and less than 5.0 db at -65 even after 
extensive thermal cycling. Upper temp- 
erature is limited by the fiber buffers 
to 100°C continuous and 150oC intermit- 
tant. All other materials of construc- 
tion are rated for a minimum of 150°C 
continuous. Currently work is under way 
to find sources of supply for high 
temperature buffered fibers, to develop a 
special grade of E-CTFE with improved 
properties, and to further optimize 
processing   conditions. 
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APPLICATIONS AND COMPARATIVE PERFORMANCE OF LIGHTWAVE CABLE SHEATHS 

K. Cornelison   M. Fleck 

Anaconda Wire and Cable Company. Overland Park, KS 
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twisting, compressive loading, impacting, 
shotgun blasts, freezing, and induced 
currents.  The results of this study along 
with other available sheath performance 
information is presented. 

CABLE STRUCTURE 

The   same  basic  cable  core   structure 
was  utilized  throughout   the   test   program 
to  minimize  variations   of   test   results  due 
to  core  design   thus   allowing   for  a more ( 
accurate  comparison   of  the   cable  sheaths. ■s    ■ ■ 

The   filled  core,   as   seen   in   Figure   1, VV- 
incorporates   six   tubes  consisting  of  two 
filled  buffer   tubes,   containing   five  opti- . 
cal   fibers  each,   and  four  solid  spacer 
rods  helically  stranded  around  a coated 
steel  central  member.   The   optical   fibers ^- - 
were     of  a  single   longitudinal   mode  design | 
having  a mode   field  diameter   of  10 
microns,   cladding  diameter   of   125  microns 
and  outer  diameter  of  250  microns. 

BUFFEP. 
TUBE 

JACKET 

SPACER 

OPTICAL 
FIBER 

CENTRAL 
MEMBER 

FILLING 
COMPOUND 

CORE   STRUCTURE 

FIGURE   1 

.-•.■ 
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A summary of the structure of the five 
cable constructions is listed in Table 1. 
The single jacket, steel and stainless 
steel construction consisted of high mole- 
cular weight polyethylene jackets.  The 
two steel shields were coated on both 
sides with a 0.05mm ethylene acrylic copo- 
lymer.  The cable construction utilizing a 
welded aluminum armor was tested with both 
a polyethylene and a heavier, 3mm PVC 
jacket. 

OPTICAL TESTING 

Most of the optical measurements were 
performed on an optical test bench capable 
of measuring up to 24 fibers at one time. 
This bench incorporates a feedback system 
to compensate for equipment drift while 
the mechanical portion of the test is 
being conducted.  The optical measurements 
were obtained at a wavelength of 1500nm 
since the microbending effects of single 
mode fibers tend to be more pronounced at 
longer wavelengths.  Cable transmission 
was initiated before beginning the mecha- 
nical test to establish a baseline after 
which optical stability was monitrired 
during and after the performance of these 
tests.  Some optical testings was also 
conducted on a spectral attenuation bench 
over a range of wavelengths, similar to 
the procedure outlined in EIA h'OTP-78. 
Equipment drift and inherent noise in this 
system amounted to approximately 0.02dB. 

MECHANICAL TESTING 

Procedures 

Mechanical testing consisted of per- 
forming a flex, twist, compression, and 
impact test upon the various constructions 
while monitoring the optical and physical 
performance of the cable.  The mechanical 
test methods followed EIA and DOD docu- 
ments which specify the test procedures, 
apparatus and set-up.  Parameters not spe- 
cified by these documents were taken from 
various telecommunication specifications 
of which the more rigorous test conditions 
were used.  Mechanical testing was also 
performed to optical fiber and/or sheath 
failure.  These mechanical tests are 
representative of the type of stress that 
occurs during installation and operation 
of the cable and thus help in predicting 
cable survival during and after installa- 
tion in duct, buried and aerial applica- 
tions . 

FUexinq 

The  flexing  test   was   performed  per EIA 
FOTP-104  specification  which  states   that 
the  cable  shall  be   flexed  ±  90*   over 
mandrels  having  a  diameter  of   ten   times 
the  cable  diameter.     A  diagram  of   this 
apparatus can  be  found  in  Figure  2.     A 
weight   is   attached  to   the  cable   to   ensure 
the  proper   flexing  action   is   achieved. 
Typical   industry   requirements   have  dic- 
tated  that  10   flexes  be performed   for 
armored constructions   and   100   flexes   for 
unarmored constructions.     Because  of  the 
small   bend diameter  of the cable,   the 
metallic  sheath  is   subjected   to 
compression  and  elongation  strains   of 
about   8*. 

Table  2 details   the  optical   perfor- 
mance  along with  the  jacket   and  shield 
performance.     The  data   indicafps   that  the 
optical  performance  is  stable   for  all 
constructions  and  that  no  outer Jacket 
damage  occurs.     Mechanically   though, 
several  breaks  on   the  stainless  steel 
shield at   the  overlap  along  with  many 
points  of buckling  were  noted.     The  welded 
aluminum armor  also broke  at   several 
points  along  the  lower  portion   of  the 
corrugations.     The  observed   failure  mecha- 
nism  of these metallic  shields   was   fatigue 
fracture.     Further  testing  was  performed 
on   these  two constructions   to  determine 
the  minimum  flexing  diameter  necessary  to 
achieve no  shield  breakage.     It   was   found 
that   the welded  aluminum  construction 
exhibited no breakage  when   flexed  over 
mandrel  diameters   of  20  times   the  cable 
diameter while  the  stainless  steel   shield 
broke   in   less   than   10  + 90"   flexes   at 
this   diameter.     The  stainless   steel   tape 
on   the  cable  sample  had  relatively   low 
corrugation depths  and  a  lack  of  tape 
bonding at   the  overlap.     Since  the  corru- 
gation   depth  is   important   to   allow 
repeated strain  of  the metal,   the   low 
corrugations contributed   to   the  poor  per- 
formance of this  cable.     The  stainless 
tape  may  require more  corrugations   than 
carbon   steel  to  achieve  similar  perfor- 
mance   levels.     Testing  was   also  performed 
on   the  single  jacket  construction   to 
determine the optical   stability  and  sheath 
performance  when  subjected  to  additional 
cyclic   flexes.     No  outer  jacket   damage and 
negligible  attenuation  changes   were  noted 
up   to  1000  flexes. 

Twist 

The twist test was performed per 
DOD-STD-1678.  This document specifies 
twisting a cable section whose length is 
150 times the cable diameter a total of 10 
+ ISO- roations.  Figure 3 illustrates the 
apparatus set-up. 

>. .1 
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Table A details the attenuation 
results and jacket performance at the spe- 
cified loads.  Tfe attenuation change 
after load remova. was negligible for all 
constructions.  During compre'.sive loading 
though, the single jacket, steel and 
stainless steel constructions exhibited 
dramatic changes in attenuation compared 
to the welded aluminum construction. 
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The cables were subjected to 
increasing loads until fiber breakage 
occurred.  This data is summarized in 
Table 5. As expected, the cables with 
metallic shields withstood higher 
compression values than the cable with a 
single jacket.  Fiber breakage started at 
approximately 760N/cm for the single 
jacket constructions, 1000N/cm for the 
steel tape sheaths, and no breaks occurred 
in the aluminum armored cables up to 
1300N/cm. 

The average attenuation change after 
load removal of the steel constructions, 
as seen in Table 6, was negligible while 
the aluminum armored construction exhi- 
bited attenuation increases at loads above 
890 N/cm.  The permanent deformation of 
the sheath apparently causes core and 
fiber stresses after load removal, 
although lightly compressing the cable at 
right angles to the original compressive 
force relieves these core ^tresses. 
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might also expect fiber breakage in the 
aluminum armored construction at similar 
values. 
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undergoing compressive loads.  In general, 
cable constructions with optical fibers 
positioned with fewer overlaps exhibit 
lower attenuation changes and withstand 
higher compressive loads before fiber 
breakage.  In reviewing the compressive 
loading data in Tables 4 and 5 for the 
welded aluminum construction, it seems 
likely that the fibers undergoing 
compressive loads in this cable were 
arranged with fewer fiber overlaps. This 
would explain the lower changes in atte- 
nuation during compressive load and the 
lack of fiber breakage at higher 
compression values. 

The cable deflection graph previously 
discussed in Figure 5 also illustrates 
that the welded aluminum construction 
exhibits lower deflections than the other 
constructions at compressive load values 
less than 556 N/cm.  At load values up to 
330 N/cm, no deformation of the core or 
buffer tubes occurred in this conrtruc- 
tion.  However, at the same compression 
load, core deformation in the steel 
shielded constructions were noted. 
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From   this   data,   it   can   be  concluded 
that  multiple   fiber  per   tube cables 
undergoing   increasing  compressive   loads 
exhibit   increasing  optical   power  losses 
due mainly   to   the  overlapping  of 
fibers   thereby  creating   substantial 
fiber   stresses  and microbending  losses. 
These  stresses   lead   to  a   higher probabi- 
lity  of   fiber  breakage.   The amount  of 
microbending   losses   and   fiber  stresses 
depend   on   the  arrangement     of     the 
fibers   in   any  given  cable   section 

Impact 

Impact testing was performed per EIA 
specification FOTP-25. This document sta- 
tes that a specified weight with a 
cyclindrical impact hammer of radius 
12.5mm shall be dropped from a height of 
150 t  5mm for fifty cycles.  An illustra- 
tion of the impacting apparatus can be 
found in Figure 6. 
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The  compression  data   indicates  that 
shielded  cables  enhance  compresslve 
resistance  to  optical   fiber  breakage. 
These constructions  can  also withstand 
loads  up   to 890  N/cm  with   only  minor  atte- 
nuation   changes  after   load   removal 
although  during  compresslve   loading  signi- 
ficant  power  losses  are  noted.   The  welded 
aluminum  construction   should  exhibit   lower 
optical   power   changes   during  compresslve 
loads  up  to 555  N/cm  while  the« steel  and 
stainless  steel  cables  would perform 
better  after  load removal  when  subjected 
to   compresslve   forces   above  890 N/cn.     The 
impact   data  demonstrates   that  shielded 
cables  have similar performances  when  sub- 
jected  to   impacting   forces   and  therefore 
cable  performance  is  mon.'   a   function  of 
the  cable  core   design   than   of  the 
sheathing  options. 
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Discussion 

SHOTGUN APPARATUS 

FIGURE 8 

T 
aeria 
on a 
const 
The s 
and s 
tive 
enter 
surmi 
metal 
thick 
this 
const 
offer 
pelle 
cable 
const 
super 
binat 
jacke 

he effe 
lly ins 
variety 
ruction 
hotgun 
tainles 
in dete 
ing the 
sed tha 
lie shi 
ness wl 
test, 
ruction 
s somew 
ts pene 
s teste 
ruction 
lor per 
ion of 
t wall 

cts 
tall 
of 

, sh 
data 
s st 
ring 
cab 

t ot 
eld 
11 n 
The 
wit 

hat 
trat 
d at 
wit 

form 
armo 
ti ic 

of s 
ed 1 
fact 
otgu 
dem 

eel 
sho 

le c 
her 
and 
ot p 
weld 
h po 
bett 
ed t 
60 

h PV 
ance 
ring 
knes 

hotgu 
ightw 
crs i 
n gau 
onstr 
shiel 
tgun 
ore. 
const 
incre 
erfor 
ed al 
lyeth 
er pr 
he co 
feet. 
C jac 
due 
and 

s.  I 

n bla 
ave c 
nclud 
ge an 
ates 
ds ar 
pelle 
It c 

ructi 
ased 
m any 
uminu 
ylene 
otect 
re in 

The 
ket o 
to th 
highe 
t is 

sts on 
ables d 
ing cab 
d load 
that st 
e not e 
ts from 
an also 
ons wit 
jacket 
better 

m armor 
jacket 

ion alt 
half o 
alumin 

f f ers 
e   com- 
r   outei 
believe 

epend 
le 
type. 
eel 
ffec- 

be 
hout 

hough 
f the 
um 

' 

International Wire & Cable Symposium Proceedings 1984   135 

.-.-■: 

I^^^^B^*^ 

-:■■-- 

 - 
:-■ 

■   ■ ■■ 

■. -   - 

. •- 
- •.•.•■ ■•■•.•-■.-v^.■■.-•■.-■".■ -. • 

•.• 



TT .■_ ■' "j p-^w^w^iw^i^^p^^^^^y^^^^^i^^^^i^^^i^ 

that jacket materials exhibiting high 
elasticity and density will absorb more of 
the pellet momentum thus contributing 
significantly to the resistance of light- 
wave cables to shotgun blasts.  Future 
developmental work should concentrate on 
jacket materials to determine optimum 
cable designs resisting shotgun pellet 
penet rations. 

FREEZING 

Procedures and Results 

The freezing test was performed per 
EIA specification FOTP-98.  This document 
specifies freezing a minimum length of 50 
meters of cable placed in a tank of water, 
The optical attenuation and jacket perfor- 
mance shall be monitored. 

However, because of the low shield 
resistance, the amount of current induced 
in the cable with a given voltage gradient 
can be greater than in cables with the 
steel tape sheaths. 
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The results showed that no visible 
outer jacket damage occurred and the 
attenuation changes for all constructions 
were minimal while frozen in water. 
Similar performance of the shielded and 
single jacket constructions were observed 
in this test.  Therefore, the single 
jecket construction should provide ade- 
quate protection in duct applications 
where standing water is allowed free 
expansion under freezing conditions. 

CURRENT CAPACITY 

The current capacity of the metallic 
sheaths were compared for steady state and 
short duration fault conditions.  Steady 
state current can be induced into the 
cablo from adjacent power lines, and short 
duration fault current can be induced by 
faults in adjacent power systems or by 
lightning  strokes. 

The temperature rise in steady state 
conditions is determined by the balance of 
the heat generated within the sheath and 
the heat dissipated to the environment^. 
The temperature rise during fault con- 
ditions is determined by the energy of the 
fault and the thermal storage capacity of 
the sheath3, since the heat generated 
within the sheath does not have a chance 
to dissipate to the environment during the 
fault. 

Testing was performed to verify the 
calculated steady state current load, and 
the results are summarized in Table 9. 
The calculations and current test were 
based on a UO'C   rise in temperature.  The 
aluminum armor, with its larger area and 
lower resistivity has a greater current 
capacity than the steel tapes. 

Other Considerations 

The data presented thus far in this 
paper quantifies some of the perfortnance 
parameters of lightwave cables.  Other 
parameters such as rodent resistance and 
shield corrosion must be considered to 
determine specific applications of light- 
wave cables. Previous studies^.^.7 have 
been performed to determine the resistance 
of cables to rodent attacks.  Squirrels 
and gopher attacks may be prevalent in 
aerial and direct buried application 
respectively of which the cable damage, 
which occurs by the gnawing animals, is 
similar for both species.  Most of the 
rodent studies have concentrated on the 
pocket gopher, Geomys bursarius, indi- 
cating that in the smäTl'size ranges of 
lightwave cables, low carbon steel ,li  m 
thick and stainless steel .13mm thick are 
excellent shields resisting gopher attack 
while aluminum shielding is not adequate 
to prevent gophers from penetrating into 
the cable cores. These studies have also 
indicated that the outer jacket and shield 
coating are generally removed in these 
attacks thus subjecting the shield to the 
corrosive effects of nature.  Long term 
corrosion studles^i? 0f metal tapes have 
indicated that stainless steel shields 
exhibit excellent corrosion resistance 
properties in a variety of soil com- 
position while aluminum shields are also 
excellent performers with the exclusion of 
cables placed in poor drainage clay and 
tidal marsh soils.  It was also determined 
that low carbon steel directly exposed to 
the various soil compositions offers poor 
long term performance in most of these 
soils. 
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Iable_l 

Cable  Structure 

CorrugitToFT 
Depth 

mm£inch) 

Oüter~Jacket- 

Thickness 
mm£inch) 

■ 

■ ■ 

• 

.'■* » l 

1 

Construction 

1 Sinäle_Jacket£SJj 
pDoüsle   Jicket 
1 Steel___(DJS2  
fDoüble   Jacket 
Stainless  Steel 
 iDJSb)  
rDoüble'Jackeftd 

Welded   Aluminum 
L   (DJ«)            _. 

Outer 
Diameter 

 ÜÜEÜdStÜ-. 

9.6(.38) 

Inner  Jacket 
Thickness 
 Ql^ÜQchl  

Shield 
Thickness 

__mm£inchj_ 

1.0(0.040) 
r.4 

£0.055) 

1.4 
 10^.0552  

1.4 
 10^.0552  

3.0 
(0.120) 

U.OiO.55) 

13.7^0.541 

18.0(0.71,) 

4tQ(pt0f0j  

1.0^0.04) 

-i^OiOiOii  

1.0(0.04) 

0.T5 
_£oi_gci6)_H 

0.13 
£0.005) 

0.58 
(0.023) 

0.58 
(0.12) 

0.81 
 [0^0322 t 

0.63 
(0.0252 

3.0 
___i 2^122  

3.0 
(0.12) 

Doubll   Jacket 
Welded   Aluminum 
(DJA-PVC) 21 .2(0.83) 

Table 2 

Cyclic   Flexing   Results 
    — — -—  

Cable Number of1 Weicht 
_I^£§__- _of_Flexes käilbs) 

SJ 100 4.75(10.3) 
DJS 10 5.75(12.7J 

DJSS 10 5.75(12.7) 
DJA 10 5.75(12.7) 

DJA-PVC 10 5.75(12.7) 

Average 
Attenuation 

_Change£dB2__ 

<.02 
<.02 
<.02 
<.02 
<.02 

Jacket/Shield 
Performance  

Pass 
Pass/Pass 
Pass/Broke 
Pass/Broke 
Pass/Broke 
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Table_3 

Twist Results 

Average 
Cable Number of Attenuation Jacket/Shield 
Ilße  _Twist_tl80_ _Change_(dBj  Performance 

SJ 10 <.02 Pass 
DJS 10 <.02 Pass/Pass 
OJSS 10 <.02 Fass/Pass 
DJA 10 <.02 Pass/Pass 
DJA-PVC 10 <.02 Pass/Pass 

 * 

Table_4 

£&!ÜEI§lii°Q Results 
After Load Removal 

Average 
Cable Compressive Load Attenuat ion Jacket 
Type N/cm(lbs)) Change (dB) Performance 

SJ 600 (1350) <.02 Pass 
DJS 750 (1685) <.02 Pass 
DJSb 750 (1685) <.02 Pass 
DJA 750 (1685) <.02 Pass 

DJA-PVC 750 (1665) <.02 Pass i 
Table_5 

Cable 
Type 

SJ 
DJS 
DJSS 
DJA 
DJA 

Compressive Load 
N/cm (lbs) 

756 (1700) 
980 (2200) 

1070 (2A00) 
1070 (2A00) 
1290 (2900) 
  

Number of 
Trials 

2 
2 
2 
2 
1 

Results 

One Fiber break in one trial 
One Fiber break in one trial 
One Fiber break in one trial 
No Fiber breakage 
No Fiber Breakaoe 

.   ..- J 

Table_6 

^t§Qy§tion_Recovery_After_Load_Rennoval 

Compressive Load 
N/cm (lbs) 

Average Attenuation 
Change (dB) 

DJS DJA DJSS 

800 (1800) 
890 (2000) 
980 (2200) 

1070 (2400) 

<.02 
<.Ü2 
<.02 
<.02 

<.02 
0.15 
0.91 
1.23 

<.02 
<.02 
<.02 
<.02 

■ •'•A 
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lable_7 

I 

Designation 
' Shell 

Length (in] Load T^ge 
'Shot' 
Size 

Shot wilqht Powder Weight 
(drams] 

G6 
G7.5 
M6 

M6-3 

2 3/4 
2 3/4 
2 3/4 
3 

Game 
Game 

Magnum 
Magni im 

♦6 
*7.5 
♦6 
K 

1 .000 
1 .000 
1.500 
1 .fi?5 

3.25 
3.25 
4.00 
4.75 

Table  8 

Shotgun   Impacts   -  Physical   Results 
• w- 

["Cable Shell "~DTstince~" 
—.—____—.——_—— —— —~—'—| 

Lixfii   Des^gnation_  (feetj  Results   

DJS G7.5 40 Penetration to Core 
DJS G6 40 Penetration to Core 
DJS M6 60 Penetration to Core 
DJS G6 60 Penetration to Core 

DJSS M6 60 Per etration to Core 
DJSS G6 60 Penetration to Core 
DJSS 

DJA 

M6 

M6 

60 Penetration to Core 

40 Penetration to Core 
DJA G7.5 60 Penetration to Core 
DJA G6 60 Penetration through Armor 
DJA 

UJA-PVC 

M6 

G7,5 

60 Penetration to Core 

Armor 40 No Penetration through 
DJA-PVC G6 40 No Penetration through Armor 
DJA-PVC M6 40 No Penetration through Armor 
DJA-PVC M6-3 40 No Penetration through Armor 
DJA-PVC G6 20 Cable Crushed 

I        

. n 

TABLE_9 

CURRENT CAPACITY 

Loading Conditions 

§tead^_Statej 
4Ü-C rise in air 
Calculated (Amp) 
Measured   (Amp) 

130-C rise 
Calculated (A2-sec) 

Steel 

30 
35 

104 x 103 

Stainless 
Steel 

12 
14 

16 x      10? 

Aluminum 
Armor 

115 
117 

2.4 x 106 
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COMPOSITE   CONDUCTORS   FOR   CABLE   ELECTROMAGNETIC   COMPATIBILITY 

Dennis  Chalk Lyle  E.   McBride 

Brand  Rex  Company 
Willimantic,   Conn.   06226 

Texas   Instruments   Incorporated 
Attleboro,   Mass.   02703 

Abstract 

Nearly all shielding methods for cables 
have been based on the use of conductive 
materials to carry away unwanted signal 
currents. The purpose of this work is to 
investigate the behavior of a conductive 
material, copper, coated with a magnetic- 
alloy. Invar, when used as a shielding 
braid. Performance, as measured by the 
surface transfer impedance of the shield, 
is compared to that of a similar copper 
braid. 

Test results indicate that the expected 
fall-off in transfer impedance at low fre- 
quencies (below 1 MHz) because of the 
small penetration depth in Invar is not 
observed. In fact, the mutual inductance 
due to coupling through the shield appears 
to be increased. However, there is a 
rapid improvement in performance beyond 20 
MHz. This phenomenon is shown to be due 
to high-frequency losses in the Invar 
surface. 

Introduction 

Cables carrying analogue and digital 
signals, essential links in computer and 
communications systems, are natural anten- 
nas. Well-shielded equipment may fail to 
meet EMC requirements because interconnec- 
ting cables are susceptible to outside 
interference, or are guilty of broad- 
casting the signals they carry. Twisted 
pairs, copper braids, aluminum foil, cor- 
rugated or spiral-wrapped strips and a 
variety of other techniques have been used 
to attack  this  perennial   problem. 

Nearly all shielding methods for cables 
have been based on the use of conductive 
materia1s--copper or aluminum--to carry 
away unwanted signal currents to ground. 
The shielding effects of conductors have 
been investigated and analyzed for over 
half a century [1]. The value of magneti- 
cally permeable metals in combination with 
conductors has been recognized nearly as 
long [2] although such shields have been 
little used   in cables until   recently. 

The purpose of this work is to inves- 
tigate the use of composite conductors 
containing both copper and a magnetically 
permeable alloy. For this initial inves- 
tigation, the alloy chosen was Invar (36% 
nickel, balance iron), because of its low 
cost, high ductility and relatively high 
magnetic permeability. Earlier studies 
[3,4] have covered the effectiveness of 
such materials in strip form because of 
the reduced penetration of alternating 
fields in conductive-magnetic composites, 
and one report [5] revealed a similar 
effect when a copper clad steel wire braid 
was sandwiched between an inner brass tube 
and an outer copper braid. The shielding 
effectiveness of such multilayer compo- 
sites can be approximately predicted by 
surface impedance equations [4]; however, 
a single layer braid composed of clad wire 
does  not   fit   the  multilayer   strip model. 

The material selected for the tests 
reported here was made by bonding a layer 
of Invar on the surface of a copper rod 
and drawing the resulting composite to 
final gauge. The finished wire has an 
outside diameter of 0.0071 in (0.18 mm); 
it is roughiy 17% Tnvar by cross-sectional 
area. 

The Invar clad copper wire was applied 
to a typical multi-conductor cable as a 
braided shield. The braid angles, cover- 
age and other parameters were chosen to be 
the same as those of the optimized tinned 
copper braid normally used with this par- 
ticular  cable  design. 

Becfause the test results with this first 
design appeared to indicate an over-opti- 
mal braid condition, a second cable sample 
was prepared having a lower braid density. 
The change did not, however, produce a 
significantly different result. In an 
attempt to reduce the surface transfer 
impedance and demonstrate the reduction 
(due to skin effect) typical of composite 
strip shields at intermediate frequencies, 
a further sample was prepared, similar to 
the first except that the Invar surface 
was pickled in ferric chloride to remove 
most of the surface oxide; the Invar was 
then  coated  with  solder  to give  the samp 
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surface  as  that of  a conventional  copper 
braid. 

Experimental   Procedure 

tSI    .1X11   «I 

ftSt  < HANlH 
Ml *mNt Anm 

0-«' 

O^ 
.  fMI  MuriHE <M<l[l1Mtl)> 

Figure   1 — Sample Arrangement 

The excitation voltage was connected to 
the shield under test by means of the 10 
dB attenuator specified by MIL-C-85485. 
The center conductor of the cable was 
connected at one end to the test channel 
of the computer-controlled data acquisi- 
tion system described in reference [7] by 
means of an impedance matching network; 
the other end was connected directly to 
the cable shield being tested. Two net- 
work analyzers, both under computer con- 
trol, were used to cover the frequency 
range  from 1  KHz  to   1  GHz. 

fer impedance curve was the same as that 
shown in figure 2. The tinned (solder 
coated) sample's performance is shown in 
figure 3. 
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Figure  2—Clad Braid 
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Test   Results 

Figure 2 shows the results of the test 
with the first sample, converted to the 
units of surface transfer impedance by 
means of the equations of MIL-C-85485. At 
1 KHz the transfer impedance is 4.6 milli- 
ohm; it begins to rise linearly at about 
300 KHz, reaches a peak of 315 milliohm at 
27 MHz, and then declines as frequency 
continues   to   increase. 

Tests of the sample with lower optical 
coverage showed that its performance was 
essentially   unchanged;   the   surface   trans- 

Discussion 

The Invar clad braid's behavior is quite 
different from that of an essentially 
identical shield made from tinned copper 
(a typical test curve for copper optimized 
braid   is   shown   in   figure  4). 

The low-frequency asymptote (equivalent 
to the d-c resistance of the shield) is 
slightly higher for the clad shield, be- 
cause of its reduced copper content. The 
copper's transfer impedance begins to fall 
sharply at 500 KHz and reaches a minimum 
at 2 MHz, presumably because of reduced 
penetration  of   the metal   due   to  skin  ef- 
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feet. The clad shield's impedance might 
be expected to fall at a lower frequency 
because of the enhancement of skin effect 
by   its   magnetic   properties. 

The fact that, instead of falling, the 
transfer impedance of the composite rises 
in this frequency range shows our initial 
assumption--that a clad wire braid would 
behave much like a clad strip shield--to 
be fundamentally incorrect. Instead, the 
test data are consistent with a conclusion 
that the coupling coefficient between 
shield wires a,nd internal conductors 
remains the same (the geometry is, of 
course, identical) but because the self- 
inductance of the shield wires is in- 
creased by the Invar cladding, the mutual 
inductance between shield and center con- 
ductors   is   increased   in   the  same   ratio. 

10000 

FREQUENCY 

smooth, and falls off rapidly as the fre- 
quency increases. This fall-off in trans- 
fer impedance to levels below those of 
tinned copper is particularly unexpected 
in view of the higher mutual inductance 
noted   above. 

The most likely explanation appears to 
be based on the dependence of transmis- 
sion-line losses on the surface impedance 
of the shield. The same skin-effect phe- 
nomenon that leads to a reduction in the 
transfer impedance of a metal tape shield 
produces a rise in both the surface resis- 
tance and the surface inductance of the 
clad conductor. The analysis of reference 
[2] shows that when the thickness of a 
conductor is larger than the depth of 
penetration at a particular frequency, the 
surface impedance approaches the charac- 
teristic impedance of the metal, and has 
equal   resistive  and   inductive  elements. 

Because the characteristic impedance is 
proportional to the square root of permea- 
bility divided by conductivity, an Invar 
surface has several orders of magnitude 
more surface impedance than c copper sur- 
face at high frequencies. Calculation of 
magnetic metals' impedance is questionable 
at high frequencies, because of the change 
of permeability with frequency; however, 
the equations of [2] can be used to 
estimate the effect that might be expected 
from   this   cause. 

Figure 5 (based on the losses of a cal- 
culated one-meter transmission line having 
an Invar conductor and an assumed charac- 
teristic impedance of 50 ohms) illustrates 
the probable difference in attenuation 
between a copper shield and one of clad 
wire   under   the  conditions   of   test. 

• 

Figure   4—Tinned Copper  Braid 
Surface  Transfer   Impedance 

A similar region of linear increase 
appears in the curve for the tinned copper 
braid, but at about an order of magnitude 
lower amplitude level. It appears, then, 
that the magnetic surface layer has 
increased the mutual inductance component 
of surface transfer impedance by a factor 
of   ten--hardly  a  desirable  change. 

In the region above 10 MHz, energy 
transfer by this mutual inductance (due to 
aperture coupling and the "porpoising" 
effect) would be expected to dominate the 
transfer impedance; the two shields in 
that case should behave similarly at high 
frequencies except for the amplitude in- 
crease due to the Invar's added induc- 
tance. However, it is clear that the 
shapes of the two curves are significantly 
different above about 20 MHz. While the 
copper curve oscillates violently, the 
curve    representing    the   clad    wire    is 

104(f) 

Figure  5—Signal   Reduction  due   to 
Invar   Surface   Resistance 

This calculated curve is at least quali- 
tatively consistent with the differences 
between figures 2 and 4; the reduction in 
both   cases   begins   to   appear   at   about   10 

-.,. 
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MHz, and is more than an order of magni- 
tude at 1 GHz. (In fact, the reduction in 
figure 2 is more than two orders of 
magnitude, considering the factor of ten 
increase in the mutual inductance referred 
to   above.) 

An even stronger corroboration of the 
assumption that the differences are due to 
attenuation by the Invar surface resis- 
tance is the 3limination of the sharp 
peaks or resonances apparent in figure 4 
above 10 MHz. These peaks are caused by 
standing wavej in the short-circuited 
transmission lino made up by the shield 
and the outer braid (Figure 1). The high 
attenuation in this transmission line due 
to Invar's surface resistance has elimi- 
nated the reflections from the short- 
circuited end; the peaks and valleys above 
100 MHz have vanished completely in Figure 
2. 

When the Invar wire surface was tinned, 
the result (Figure 3) also supports the 
above explanations. Below 20 MHz, the 
curve is almost identical to that of 
Figure 2 (although there is a slight 
decrease in the mutual inductance, 
probably due to improved contact between 
wires at the points of crossing, and hence 
smaller effective orifices). Beyond 20 
MHz, however, there is a gradual 
transition from the behavior of the Invar 
braid to something very like the tinned 
copper   of   Figure   4. 

Vhe change is apparently due to the 
conductivity of the solder coating. As 
the resistance of the Invar surface in- 
creases because of skin effect, the effect 
of the solder layer's conductance begins 
to appear, and the curve begins to ap- 
proach that of the tinned copper (which is 
also dominated by the effect of the solder 
coating at high frequencies). It appears 
that at some frequency beyond the capabi- 
lity of the tests conducted here the 
curves of Figures 3 and 4 would merge, 
because the field is confined by skin 
effect to the solder surface in both 
cases. 

Conclusions 

The sharp reduction in surface transfer 
impedance observed at relatively low fre- 
quencies in clad strip shields does not 
occur with braided shields made from Invar 
clad copper wire; in fact the clad shield 
is less effective than plain copper around 
1   MHz. 

There is, however, a very large improve- 
ment in measured shielding effectiveness 
at frequencies above 100 MHz because the 
high surface resistivity of the Invar 
absorbs interference energy before it can 
be transferred to the shielded conductors. 
While this effect is probably not, theore- 
tically speaking, a reduction in surface 
transfer impedance, it does represent a 
rf»q 1 improvement in the ability of the 
shield to protect the cable against high 
frequency interference. The gain appears 
to be as much as  20   to 40   dB. 

Tinning the Invar surface appears to 
negate the advantages of the clad shield 
at high frequencies without doing very 
much   to   improve   low   frequency  performance. 
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r THE ADAPTATION OF AN AIR-DIELECTRIC RF CABLE FOR USE AS AN OIL-FILLED HIGH VOLTACF 
PULSE TRANSMISSION LINE • 

W.C.Weiss      R.L. Copp      L.L.Reginalo      .I.A.Schmidt 

Lawrence Livermore National Laboratory 
Livermore, California 

> - • Abstract 

This paper describes the specifications, 
conceptual design, prototype testing and operating 
experience of an oil-filled high voltage pulse 
transmission cable adapted fron' commercially 
available air-dielectric RF components. 

Lawrence Livermore National Laboratory's 
Advanced Test Accelerator (ATA) reguires a method 
of transmitting 250kV, 70 nanosecond pulses from the 
power conditioning equipment to the accelerator. The 
oil-filled cable approach was chosen over alternative 
concepts because of its high voltage holding 
capability, long life and flexibility. The criteria for 
cable and connector design are discussed. The results 
of prototype testing and performance of the final 
design are presented. 

Introduction 

Pulsed power requirements for components 
occasionally exceed the specifications of 
commercially available components used in 
conventional applications. This necessitates either 
developing new components in cooperation with 
manufacturers or modifying standard components. 
This latter course was followed in meeting the ATA 
requirement of transmitting high voltage pulses from 
pulse generating eguipment located in an area safe for 
personnel access into a hazardous radiation area. 

ATA is a 10 kiloamp electron beam accelerator 
with an output energy of 50 MeV. This energy is add?d 
to the beam in 25ükV increments as the beam passes 
through a linear array of 200 accelerating stages or 
cells. Each 70 nanosecond accelerating pulse is 
carefully timed to arrive at a cell as the beam begins 
its transit through it. 

Figure I shows one accelerating stage consisting 
of a pulse generator, accelerating cell and one of the 
two interconnecting transmission lines. The paralleled 
2U ohm transmission lines carry the pulse from the 12 
ohm generator to the accelerating gap within the cell. 
The impedance the cell presents to  the transmission 

lines is 250kV/10kA or 25 ohms. To match the 12 ohm 
equivalent transmission line impedance terminating 
resistors are connected in parallel with the cell input 
terminals. 

In addition to the electrical specifications the 
transmission lines are required to have enough 
mechanical flexibility to permit their installation and 
removal from the conduits which cross the radiation 
barrier. Flexibility is also necessary to eliminate the 
alignment difficulties caused by multiple transmission 
line connections between the support structure, which 
mounts the 200 pulse generators, and the accelerating 
cell array. 

Selection of Cable Dielectric 

Solid, gas and liquid media were considered as 
dielectric choices for the cables. A solid dielectric 
has a problem similar to that of a solid dielectric 
capacitor. They both have a limited charge-discharge 
cycle lifetime in pulsed operation. The dielectric 
invariably contains voids resulting from the 
polymerization and extrusion processes and possible 
separation spaces at electrode surfaces. Air or 
residual polymerization gases ionize during each high 
voltage pulse and enlarge the voids by erosion. 
Eventually the reduced dielectric thickness is unable 
to withstand the electric field stress and dielectric 
puncture follows. Reference 1 presents empirical 
formulae indicating that breakdown field stress is 
inversely proportional to the one-tenth power of the 
dielectric volume. This relationship is based on the 
probability of the occurrence of potentially 
destructive voids being proportional to the volume of 
stressed dielectric. The reference also shows that, 
similar to capacitors, cable pulsed lifetime is 
proportional to the eigth power of the ratio of 
breakdown field stress to the maximum operating field 
stress. Using these criteria the calculations for a 
polyethylene cable of the specified electrical 
characteristics and a 30 million pulse lifetime resulted 
in a center conductor diameter of 2.75 inches and a 
shield diameter of 5.0 inches. A cable dielectric of 
these dimensions is difficult to fabricate with an 
assurance of a minimum of voids and it is doubtful 
that the flexibility requirement could be met. 

Gas    filled    cables    avoid    the    pulse    lifetime 

*Work  performed jointly under  the auspices of  the U.S.  Department  of Energy by Lawrence Livermore 
lational   Laboratory  under contract W-7405-ENG-48 and for  the Department  of Defense under Defense 
Advanced  Research  Projects  Agency ARPA Order No,   4395,  monitored  by Naval  Surface  Weapons  Center 
under document number N60921-84-WR-W0095. 
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limitation of solid dielectrics, but because of the 
lower dielectric constants of gases compared to those 
of the solid dielectrics, the conductor separations 
must be smaller to produce the increased capacitance 
per unit length needed for low impedances. For 
example, the conductor separation for a 24 ohm gas 
filled cable is 37.7% of that of a 50 ohm cable with 
the same shield outer diameter. To compensate for 
the reduced separation the Insulating gas would 
require high pressurization at 2i0kV operating levels. 

Liquid dielectrics also are free of lifetime 
limitation!! end while investigating the characteristics 
of gas filled cables it became obvious that the low 
dielectric constant problem of gases could be 
overcome by substituting a liquid dielectric such as 
water (relative permittivity of 80) or transformer oil 
(relative permittivity of 2.3) in cables originally 
intended for gas filling. 

Using a liquid dielectric also offered the 
possibility of compatibility with the high energy 
density storage water dielectric of the pulse generator 
or the combination insulating and cooling transformer 
oil dielectric of the accelerating cell. The 
transformer oil was chosen over water on the basis of 
calculations which showed that the oil permittivity 
allowed the use of standard gas filled cable 
components to obtain the 24 ohm impedance. A 
second factor in favor of oil was the use of the cables 
as return lines for the accelerator cell cooling system. 

Cable Design Criteria 

The cable design factors include the impedance 
which determines the ratio of outer-to-inner 
conductor radii and the selection of an inner conductor 
radius sufficiently large to give a reasonable 
breakdown safety factor. 

The characteristic impedance equation for a 
coaxial cable is: 

Zo      =':i/2Pi)(u/e)'/2(Lnr0/ri) 

r0/rj   =exp[2PiZo(e/u)1/2]     (1) 

where      u = dielec^ le permeability, H/M 
e = diele  r.ric permittivity, F/M 
r0 = out',.' conductor radius, cm 
rj = inner conductor radius, cm 
Pi =3.U 

The maximum electric field occurs at the surface 
of the inner conductor and is given in reference 2 by: 

-max -. ^ MV/cm      (2) 

H Ln(r0/ri) 

where V = cable voltage in megavolts 

The 'jreakdown field at an electrode surface for 
liquid dielectrics under pulsed conditions is 3 function 
of the t.urface area and the time the field is present. 
The empirical equation for fie breakdown field is 
given in Reference I as: 

Ebd   = 

where 

t   = 

A   = 

K 

tl/3Al/10 
MV/cm (3) 

K is an exp«"v.ient8lly determined 
constant for the dielectric. 

time that field is present in microseconds 

Surface area of electrode stressed to 
90% or more of the maximum field on 
the electrode - in square centimeters. 
For a round conductor coaxial cable A ■ 
2 Pi rjL where L= cable lenqth in 
centimeters. 

Setting the maximum field of equation (2) equal 
to the breakdown field of equation (3) and substituting 
the conductor radius ratio of equation (I) 

^Vt'/^PiL)'/'0  I*0'9 

2PiKZ0   (e/u) 1/2 

For the ATA application: 

cm(4) 

L     =       686 cm (22.5 ft.) 
V     -       0.750 megavolts (using a safety factor 

of 3 x 250kV) 
K    =      0.50 for transformer oil 
u     =      4    (10*7) Henries/meter 
e     =       2.3 (8.84 x lO-'?) 

Farads/meter (2.3 is the relative 
dielectric constant of 
transformer oil) 

Z0= 24 ohms 
t      =       0.070 microseconds (70 

nanoseconds) 

rj is calculated to be 2.6 cm(I.O inch) 

Substituting this value into equation (1) 

r0= 4.7 cm  (1.85 inch) 

For the polyethylene separator, which holds the 
inner conductor In position (Figure 4), the naximum 
field will occur at the center conductor interface and 
can be calculated from equation (2). For a safety 
factor-included cable voltage of 750kV Emax = 
481kV/cm or l220V/mil. Polyethylene is rated in 
Reference 3 at l200V/mil. Since the volume of 
separator material is small compared to the oil 
volume, the lifetime predicted by the equations of 
Reference 2 is well beyond the specified 30 million 
pulses. 

O' The calculated outer conductor radius, rL 

approximates that of the RF cable manufacturers 
nominal 4 inch O.D. 50 ohm cable and the inner 
conductor radius approximates that of the inner 
conductor of his 5 inch O.D. cable. (Since both 
conductors are corrugated, the manufacturer 
recommends using an average of the peaks and valleys 
of the corrugations for dimensions used in impedance 
calculations.) The separator required for this 
combination of conductors was non-standard but the 
manLfacturer agreed to design and fabricate one for 
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several lengths of prototype cable. 

C able Construction 

The details of the cable construction are shown 
in figures 2, 3, and 4. Both the center conductor and 
shield are made of corrugated copper sheet with a 
seam running the length of the cable and welded to 
hold a specified lOlb/sg.in. The center conductor is 
supported by a serrated polyethylene separator, I /A 
inch thick, wound around the center conductor in a 4 
inch pitch spiral. The minimum bending radius for the 
cable is recommended by the manufacturer as 35 
inches, although later tests showed that the cable 
would operate successsfully with a 20 inch bend. The 
connector fittings are hard soldered by the 
manufacturer to the outer shield and center 
conductors and provide liquid-tight seals. The 
polyethylene anchor insulator, shown in figure 3, gives 
additional center conductor support at the connector. 

Cable Test Procedure 

Figure 5 shows the test stand assembled for 
evaluating the prototype cable. A 10 ohm, 50 
nanosecond, 250I<V water-dielectric pulse generator 
was connected by a water-to-oil interface to the test 
cable. The cable was essentially unterminated since 
the center conductor was loaded only by a small 
capacitance to the capacitive voltnge divider and the 
divider housing. 

At the 10 ohm-to-24 ohm interface the 
transmission coefficient is l.A and with the cable 
unterminated the reflected pulse amplitude added to 
the incident pulse amplitude results in a voltage 
doubling. Therefore, the total voltnnp stpp-t.T is 2.8 
and for a generator output of 250kV the maximum 
available test voltage is 700kV. Without a Matched 
terminating load pulse reflections from the end of the 
cable will produce a series of alternate positive and 
negative pulses which will continue until the energy 
injected by the pulse generator is dissipated by 
transmission line losses. This effect subjects the cable 
to a more severe test than it would experience in 
normal terminated operation where the negative pulse 
from the generator transits the cable and is absorbed 
in the load without further reflection. However, with 
a series of reflected pulses, voltage is present for a 
longer time and eguation (3) indicates that the 
breakdown voltage rating wil! be lowered. 

The cable was suspended as shown with the 
specified bend radius and filled with de-aerated and 
filtered oil. Oil at eguilibrium with the atmosphere 
will contain ID\ by volume of absorbed air. When 
subjected to a low vacuum most of the air will be 
removed. If the de-aerated o'l is used to fill a system 
with trapped air pockets, the oil will gradually absorb 
the trapped air and if arcl.g occurs the released gases, 
consisting oredominantly of hydrogen and smaller 
amounts of methane and acetylene, will also be 
absorbed. Filtering is used to remove carbon particles 
resulting from the arcing, although in pulsed systems 
an appreciable amount of carbon can be accumulated 
before dielectric strength is significantly affected. 

During the initial test series the cable voltage 
was raised in small increments from a 250kV level 
until the first breadown occurred at 525kV. The cable 
was allowed to "re'rover" for 3Ü minutes which was 
hoped to be sufficient time to absorb gases released 
during the breakdown. The next series of pulses 
started at 230kV and the level was increased in small 
increments until breakdown occurred at over 600kV. 
Again the cable was given time to recover. The cycle 
of repeating the test series with breakdowns occurring 
at higher levels and allowing for cable recovery was 
repeated until the 700kV maximum available voltage 
was reached without further breakdown. The oil in the 
cable was then exposed to the atmosphere overnight 
and a test series was repeated to the 700kV level with 
no further breakdown. 

Several additional tests were conducted. A 
section of cable was tested in the horizontal position 
to determine if the de-aerated oil could successfully 
remove air or breakdown gases more likely to be 
trapped in this position. The test results showed no 
significant difference in performance over inclined or 
completely vertical sections. The bending radius was 
reduced to 20 inches with no degradation of 
performance. The radius was further reduced until a 
crease developed in the outer shield. Repeated 
breakdowns took place at the crease but when the 
cablo was returned to the recommended bend radius 
the breakdowns stopped. 

The entire test procedure was repeated on a 
second cable sample. The ir.itial breakdown occurred 
at a level slightly higher than the first sample (575kV) 
but after repeating the breakdown-recovery cycle 
eventually 700kV was reached without breakdown. 

Test Analysis 

After completing the tests a dissection of the 
cable showed that each bre. /down appeared to have 
taken place at a different location. Each arc either 
punctured the dielectric separator or tracked along its 
edge. At the site of each breakdown the arc discharge 
energy produced a depression or dent, occurring most 
frequently in the center conductor but occassionally in 
the outer cr.nductor. Although the pulse supplied by 
the generator was negative, oscilloscope traces 
showed that breakdowns were likely to occur on a 
subsequent positive reflection. This is to be expected 
because with a positive center conductor free 
electrons will be drawn into a region of higher field 
gradient, gaining energy at an accelerated rate as they 
approach the center conductor. Thus, the avalanching 
effect is enhanced with positive voltage on the center 
conductor. Normally, when there is an option, pulse 
energy is generated and transmitted with a negative 
polarity. 

The improvement in the cable's voltage 
handling capability after the breakdown "conditioning" 
process can be attributed to the probability that oil, 
which fills in dielectric punctures, replaces weak 
dielectric material. Oil also fills the dented spaces 
between conductors and the dielectric which 
effectively increases the conductor spacing with a 
resulting decrease in electric field stress. 

■•-■ 

148   Internatiüial Wire & Cable Symposium Proceedings 1984 

r 
■ 

•-*■- 

- • ■ 

■ ■-''-•-■■ - -  ^ - 

.•-•-■ 

■*'■'■ *■'■' ■ ■*■' ■-■-•■"■■- - -. - ■ ■ 

-•*.■.■ 

•   ,-■.    ..... 

•   . • - 
• •--1> ."- ."■■ „v. 
v \S ■.■--.-.■., 

' 1 v 



ii . IJ ii ■■.' n IL ■■. ■^■^■i wt w^^***^*^^w^^m&:^*^im^i*^i**rm^^^^iQ^i ^^^^^ 

:n 
Accelerator Cable Performance 

The cables installed between the pulse 
generators and accelerating cells operate under 
conditions less severe than those of the test stand. 
The maximum bend radius is 30 inches with 
inclinations no less than 45 degrees. Prior to filling 
with de-aerated oil the rabies are evacuated. During 
accelerator operation the oil is continuously circulated 
and filtered while a vacuum is maintained on the oil 
reservoir. In routine operation a ZSOkV negative pulse 
is transmittea to the accelerating cell which appears 
to be a matched load when a beam is passing through 
the cell. If the cell is pulsed without a beam present 
the cell impedance is mismatched upward with a 
transmission coefficient of 1.35 and reflected voltage 
pulse of 1.3? x 250kV or 337kV. 

The accelerator was brought on line and up to 
its rated energy output in small increments of 
accelerating stages öP experience with beam 
propagation permitted increased energy levels to be 
attempted. Consequently, not all cables have 
accumulated the same number of pulses. At a 
pulse-per-second repetition rate the cables with the 
largest pulse totals have about 5 million pulses. Of 
the four hundred cables in service only one has 
required replacement and this was due to a wrench 
socket found in the cable which caused repeated 
arcing until the outer shield was punctured. During 
the start-up period cables which had breakdowns were 
allowed to continue breaking down with the 
assumption that, as in the prototype test, the voltage 
holding capability would improve. Eventually, 
breakdowns stopped in all cables except the one with 
the socket. 

<* 

W. C Weiss is an Engineering Associate with the 
Beam Research Group at LLNL. He has been active in 
the design and testing of pulsed power equipment for 
several accelerators and flash x-ray machines at 
LLNL and formerly at the Physics International 
Company. 
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Conclusion 

Adapting commercially avr lable air-dielectric 
cables to high voltage pulse applications by filling with 
a liquid dielectric is feasible where the impedance and 
voltage requirements can be met with existing 
components or minor modifications to those 
components. The cable's long life and ability to 
recover from breakdowns is valuable where reliable 
operation is important. 

The disadvantages include the requirement for 
a sealed connector, a circulating de-aerated oil supply 
and possibly a means of evacuating the cable before 
filling. However, if the cable is operated at 
conservative levels, without breakdowns, it could be 
treated as a permanently sealed system and be as 
reliable as oil-filled power transformers. 
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FILLING COMPOUND FLOW TEST 

C.  K.   Eoll 

Slecor Corporation 
Hickory, North Carolina 

Procedure 

Abstract 

The filling trials were carried out using 
25x19. 100x26 and 50x26 AWG foam-skin cores 
that had been manufactured earlier. All cores 
were filled In tandem with jacketing, using 
experimental pressure filling equipment. 

The Rural Flectrlficatlon Administration 
and others specify that filled telephone cable 
must pass a "compound flow test". This "drip 
test" Involves hanging a short sample of cable 
In a hot oven for a specified period of time; 
filling compound must not drip from the 
sample. According to the version of REA PE-89 
described In the Federal Register dated July 
9, 1984, cable with copper conductors and 
cellular Insulation must be tested for 2A 
hours at 80oC,  The results of extensive drip 
testing are reported. Two different modes of 
failure are identified and traced to different 
sources in the processing.  The results show 
that some cable susceptible to one of the two 
failure modes can pass at 80'C but fall at 
lower temperatures such as 71eC.  In addition, 
the method of sample preparation is shown to 
affect the outcome of drip tests. 

Introduction 

The relation between drip performance and 
processing conditions in the filling operation 
was investigated for filled, foam-skin tele- 
phone cables. 

Drip testing was performed at four test 
temperatures from 71 to 85CC, using samples 
prepared by each of two methods.  For every 
combination of temperature and method of 
preparation, several samples of each experi- 
mental cable were tested. 

Included in the results were some 
surprises. 

About 300 to 500 ft of core was needed to 
make each 30-foot test cable.  In all, twelve 
such cables were manufactured undei various 
conditions of processing. 

Choice of Filling Compound. 

For this experiment a grease was chosen 
that was known to be relatively susceptible to 
drip failure at the highest test temperatures. 
Without a significant number of failures the 
results would contain little of the Informa- 
tion sought. 

Filling Equipment. 

The experimental equipment included a 
pressure filling chamber 30 Inches in length. 
Grease was supplied to the head by a 
positive-displacement pump with a continuous- 
ly variable output. 

Provision was made to allow grease 
overflowing the head to be collected whenever 
necessary to measure the rate and temperature 
of the overflow.  (A small amount of material 
escaped collection. This led to systematic 
errors in the measurements - errors which were 
small, but for which no quantitative estimates 
of magnitude were available.) 

Processing Conditions. 

For the 19 AWG core, the temperature of 
the grease in the pot at the filling station 
as well as the overflow rate were varied from 
run to run. Only the overflow rate was 
changed for the 26 AWG cores. The particular 
conditions chosen were extreme in some cases, 
again to help ensure a significant number of 
drip failures. 
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For all runs of any particular core, all 
other conditions were kept essentially the 
same. 

"Start-up" line speeds were used in 
this set of trials. 

Equilibrium Conditions:  It was assumed 
that equilibrium conditions in the filling 
head were quickly established once the line 
reached its intended speed and the appropriate 
overflow rate was set.  Data was available to 
prove that this was at least approximately 
true under some processing conditions. 

In most cases at least 120 ft. of core was run 
through the head to allow equilibrium to be 
established. To help In reaching such a 
condition quickly, the filling head was not 
allowed to cool off between trials; grease was 
kept circulating through the head. 

Only under equilibrium conditions would a test 
cable be made in the same way throughout its 
length. 

Actual Temperature of Grease Filling 
Cores: The grease loses a significant amount 
of heat as it is pumped from the pot to the 
head.  Heat is lost to the pipes, the pump and 
the head itself. One may estimate the 
temperature drop associated with this loss 
as follows.  If the line is stopped with the 
core still in the filling head and with the 
temperature of the grease in the pot un- 
changed, overflow temperature drop as a 
function of overflow rate may be measured. 
The temperature drop due to cooling by the 
equifment under the original processing 
conditions is approximated by the zero-llne- 
spaed temperature drop at an overflow rate 
equal to the original total rate of flow 
through the pump.  (Since flow patterns and 
temperature distributions In the head are 
different at zero line speed than at normal 
running speeds, the rate of heat loss to the 
head itself can be different. Therefore the 
zero-line-speed data cannot provide more than 
an estimate of the loss under normal running 
conditions.) 

Heat loss at zero line speed was measured for 
two overflow rates for each of the three cores 
used in this experiment.  Using this data 
the temperature of the grease actually in- 
volved in filling and heating each core during 
the experimental runs was estimated. 

Test Conditions. 

Sample Preparation;  Except for the 
method of flaring the pairs, all drip samples 
were prepared according to the REA compound 
flow test procedure in PE-89.  Each test 
sample was one foot in length, with 5 inches 
of Jacket and 3 Inches of shield and core wrap 
removed from one end. 

Roughly half the samples had the exposed 
pairs flared according to the REA method, 
where each pair is separated from every other 
pair.  In the remaining samples the pairs were 
flared in a way that will be designated the 
XXX method, where all pairs are flared at AS" 
to form a hollow cone. 

Definition of Drip Failure: The pres- 
ence of an oily spot or spots on the paper 
under a sample after 2A hours at the test 
temperature constituted a failure for the 
purposes of this investigation. Sometimes 
at the end of a test there would be what 
looked like droplets of liquid on the flared 
conductors.  If the paper underneath was clean, 
however, the sample was not considered a 
failure. 

Occasionally, a blob of solid-looking 
material was found on the paper under a 
sample. Such a blob typically appeared within 
the first hour or so of a test. If there was 
no other evidence of dripping within the 24 
hour test period, the sample was considered to 
have passed.  (Sometimes when pairs are 
flared during sample preparation, a blob of 
filling compound Is left hanging from a 
conductor by only a thread of grease. The 
weight of the blob and/or air motion in the 
oven can cause such a thread to break during 
testing. The dropping of such a blob was not 
deemed to be a true failure.) 

Results 

The drip performance of 347 samples of 
the various test cables is presented in 
Table I. 

For each test cable the final temperature 
of the fillod core as it left the filling head 
is calculated in Appendix II using a formula 
given in Appendix I. 

Table I provides only some of the pro- 
cessing information pertinent to each test 
cable. Table VII in Appendix II provides 
further data. 

- ■ - • . • • • 
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TABLK  I;  Drip Performance 

Pair 
Count 
& Gauge 
(AWC) 

fable 
II 

Approx. 
Temp, of 
Grease In 
Pot CF) 

Flow Rate 
tnto Head 
- W ♦ G 
(Ibs/min) 

71' 
Temp 

C 
jrature 

75' 
and Type 
C 

of Drip Test * 
80oC 850C 

XXX REA XXX REA /XX REA XXX REA 

25x19 1 220 6.5 PP PPP PPPP PPP 
F 

PPPP PPP 
F 

PPPP PPPP 

" 2 II U PP PPP PPPP PPPP PPPP PPP 
F 

PPPP PPPP 

n 3 n 32 PP PP 
F 

PPPP PPPP PPPP PPPP PPP 
F 

PPP 
F 

•• 4 235 6.5 PP PPP PPPP PPPP PPPP PPPP PPPP PPPP 

" 5 ii M PP PP PPPP PPPP PPPP PPPP PPPP PPP 
F 

•i 6 " 26 PP PPP PPP 
F 

PPPP PP 
FF 

PPP 
F FFFF FFFF 

>• 7 " 33 PP PPPP PP PP P 
FFF 

P 
FFF FFFF FFFF 

100x26 8 220 4.6 PPP P 
FF 

PPPP PP 
FF 

PPPP PPPP PPP 
F 

PPPP 

•• 9 H 16 PPP P 
FF 

PPPP PPPP PPPP PPPP PPPP PPPP 

50x26 10 220 8.2 PP PP 
F 

PPPP PPP 
F 

PPPP PPPP PPPP PPPP 

'i 11 ii 18 PP PPP PPPP PPPP prpp PPPP PPPP PPPP 

ii 12 ii 83 PP PP 
FF 

P 
FFF FFFF 

PP 
FF 

P 
FFF 

P 
FFF FFFF 

■  ■ 

-• ■■ 

■ 

*   XXX = pairs in 45° hollow cone; REA ■ each pair separated from others; P - Pass, F ■ Fail 

Interpretation of Results 

Two Types of Drip Failure. 

Drip failures in Table 1 fall naturally 
into two distinct classes.  Om. class, the 
"random" failures, includes relatively isolat- 
ed failures scattered across the four test 
temperatures. The other class, the 
"non-random" failures, includes those that 
cluster at the higher test temperatures: if 
non-random failures occur at some test temper- 
ature, then non-random failures will occur at 
all higher test temperatures. In the case of 
cable 117,  for example, the majority of samples 
tested at 80° and 85°C failed; but there were 
no failures at 71° or 750C.  In only one or 
two cases is there any doubt about which class 
a failure belongs to. 

Melt Failures. 

The non-random failures (Table II) are 
associated with those trials with the hottest 
grease and/or the highest overflow rates. 
Cable 912,  for example, was made with an 
extremely high overflow rate; and the failure 
rate at 71° was 33Z while at all higher test 
temperatures the failure rate was at least 
63X. 

Table VII in Appendix II indicates that, 
generally speaking, increasing either the 
overflow rate or the grease temperature 
Increases the temperature of the core as it 
leaves the filling head. Table III compares 
core temperature to drip performance. Noting 
that possible experimental errors make the 
core temperatures only approximate, no 

Kva 
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TABLE II: 

Melt (Non-random) Failures In Table I 

No. of failures in 4 test samples: 

Test 
Temp.C C) 71 75 80 85 

Method XXX REA XXX REA XXX REA XXX REA 

Cable 
// 3 1   1 

f 5 0   1 

f 6 1** 0 2 1 4  4 

f 7 3 3 4  4 

ft   12 0*  2 3  4 2 3 3  4 

Total   0  2    4  4 

* Only 2 samples tested. 

12  14 

cable that had a core temperature of 186"? 
or lower exhibited non-random failures, while 
every cable where the core temperature was 
189°F or higher did show such failures. 

Shock-cooled grease is known to have a 
higher melting point than grease that cools 
slowly from the molten state.  Conventional 
wisdom says that filling compound in a core 
must cool rapidly through some congealing 
point in order to end up with good drip 
properties, and the above results* provide 
supporting evidence in the case of non-random 
failures.  By implication, unless the tempera- 
ture of the core is already below this con- 
gealing point when the core leaves the filling 
head, the subsequent slow cooling will yield a 
grease with a suppressed melting point. Then 
this grease simply melts in the drip tests, 
producing non-random failures at all test 
temperatures at or above its melting point. 
With this reasoning in mind, the non-random 
failures are being called "melt failures". 

Shear Failures. 

** Identification of failure type un- 
certain - tentatively take:! as a 
non-random failure. 

The random failures almost all occurred 
in samples tested using the REA method. With 
only one unequivocal exception - one of the 
samples of Cable #8 tested at 850C - none of 
the samples tested using the XXX method of 
flaring the pairs exhibited random style 
failures. 

TABLE III & 

Melt (Non-random) Failures 

Gauge Cable Approx.Core Lowest Temp, at 
(AWG) » Temp, after which Failures 

Filling Occurred 
CF) (°C) 

19 147 None 
" 185 None 
" 194 85 

19 173 None 
" 194 85 
" 189 75* 
" 200 80* 

2b 155 None 
■ i 179 None 

26 10 170 None 
M 11 186 None 
M 12 215 71 

When the random failures at each test 
temperature are all considered together 
regardless of core type or processing condi- 
tions, rate of failure is found to go up 
as test temperature goes down.  As shown in 
Table IV, for samples from the six cables 
exhibiting random failures and prepared by the 
REA method, the failure rate goes from OX  at 
850C to 33% at 710C.  (Tlis behavior is even 
more exaggerated for 26 AWG cable considered 
alone; 56% of the sampler: tested at 710C 
failed, and there were no failures at 80 or 
SS'C.) 

Table V relates the number of random 
failures exhibited by each core to the approx- 
imate core temperature immediately after 
filling.  In contrast to the case of melt 
failures, there is no simple overall relation- 
ship between failures and core temperatures. 
Fixing attention on the cables made with the 
220oF grease and considering only one core 
type at a time, however, the number of random 
failures typically fe.l with increasing core 

• « 

* One cannot be certain that the single 
failure of cable #6 at 75°C was a non- 
random failure.  In addition, only four 
samples of cable #7 were 'ested at 750C; 
it is possible that failure(s) of that 
cable at 75°C would have occurred if 
eight samples had been tested as in the 
case of cable #6 at 750C. 

* Perhaps the congealing point appropriate to 
filling with the experimental giease should 
be defined to be between 186 and ;89°F,  The 
congealing point measjred by the particular 
method of ASTM D-938 rfas 181.5 "F.  Since 
the absolute accuracy of the calculated core 
temperatures is possibly poor, the two con- 
gealing points might even be closely related. 
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TABLE IV: 

Shear (Random) Failures in Table I 

No. of Failures Using REA Method: 

Cable Gauge 
(AWG) 

Test Temperature (°C) 
f 71 75 80 85 

19 0 I 1 0 

•• 0 1 0 

" 0 0 

26 2 0 0 

•i 0 0 0 

10 ii 1 0 0 

Total 6 4 2 0 

No. of samples 
of each cable 
tested 3 U k 4 

%   failure rate  33 17 8 0 

Note: Using XXX method, only one out of 
86 samples of these same cables at 
the same test temperatures exhibited 
a definitely random style failure. 

temperature. The number of random failures 
also dropped when 235° Instead of 220° grease 
was used to fill the 19 AWG core. Thus, for a 
given core, increasing the pot temperature 
and/or the overflow rate will reduce the 
number of random failures. 

Many filling compounds are known to be 
shear sensitive.  According to conventional 
wisdom their drip properties are degraded by 
shearing forces, acting on the partially or 
wholly solidified materials.  Such working of 
a grease would be involved if it was squeezed 
between the conductors in a core after it had 
congealed.  Since random failures are associa- 
ted with lower core temperatures. It Is 
natural to connect the random failures with 
degradation through shear; so random failures 
are being called "shear failures". 

Earlier Work. 

1.2.3 
Several papers ' '  in the literature of 

the early seventies addressed subjects 
related to drip testing.  Since then, further 
understanding has been gained but little has 
been published.  The "conventional wisdom" 
referred to in the last two sections is, of 
course, the author's interpretation of recent 
Information that has been available through 
private communications. 

Conclusions 

.'■ 

TABLE V: 

Shear (Random) Failures 

Approx. Apprcx. 
Temp.of Core Temp. 

Gauge Cable   Grease after     No. of 
(AWG)   I     in Pot Filling   Failures* 

CF)      CF) 

19 

19 

2h 

26 

5 
6 
7 

I 
4 

10 
11 

220 

235 

220 

220 

157 2 
185 1 
194 1 

173 None 
194 None 
189 None 
200 None 

155 5 
179 2 

170 2 
186 None 

* amongst all samples, whether prepared by 
REA or XXX method. 

The Experimental Crease. 

For cable made by using a particular 
grease to pressure fill preassembled cores, 
two distinct drip failure mechanisms were 
identified.  Melt failures are associated with 
cores that are too hot as they leave the 
filling head, and shear failures are associ- 
ated with cores that are too cold. 

The XXX method of flaring the pairs in 
drip samples was unsuitable for identifying 
cable susceptible to shear failures. 

For 26 AWG cable tested using the REA 
method of flaring the pairs, shear failures 
were found only at the lower test temperatures 
of 71 and 750C.  Considering cables #8 and 
#9 in particular, the results were startling: 
amongst samples prepared by the REA method 
none failed at 80oC, whereas the failure rate 
at 71° was 67%. 

According to the version of REA PE-89 
described in the Federal Register published on 
July 9, 1984 (pages 27,952 to 27,954), cables 
with cellular insulation must be tested for drip 
at 80oC; according to the discussion in the 
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Register, If a filling compound passes the 80° 
requirement then separation of the material will 
be avoided in aerial installations.  Cables #8 
and /'9, for example, show that passing an 
80° test provides no such guarantee, assuming 
that poor behavior in drip tests really can 
imply a higher susceptibility to compound 
separation. 

By tailoring process conditions to ensure 
that shear failures will not occur - i.e. by 
processing at relatively hot temperatures - one 
Increases the risk of melt failures at 80°C. 
Susceptibility to drip at lower test 
temperatures would, however, be avoided. 

A better product could be assured by 
a 7l0C requirement than bv an 80°C requirement. 

Other Greases. 

Other filling compounds have been found 
to be prone to shear failures to varying 
degrees.  Extensive experimental work with 
several members of one widely used class of 
compounds found some susceptibility to shear 
failure in every one of those members - and 
the best materials with respect to melt 
failure are not necessarily the best from 
the point of view of shear. At least some of 
these compounds can be used to make products 
that pass drip tests both at 80°C and lower 
temperatures; in all cases, however, tempera- 
tures in processing must be kept under rela- 
tively tight control if melt and shear 
failures are both to be avoided. 

3.  J.J. Kaufman and T.E. Luisi, "Shear & Flow 
Characteristics of Waterproof Petrolatum-based 
Cable Filler Compounds", Proc. of the 23rd Tnter- 
national Wire & Cable Symposium, p. 76, 1974. 

Appendix l! 

Formula for Core Temperature 

The Hnal temperature of a core, T,  (°F), 

as it leaves the filling head is given by the 

Wv 1,000W 

gl. 
(Tj8 - Tf

g) + <]. 
where T. ■ the ^nitial temperature of the 

core as it enters the filling 
head, i.e. the temperature of the 
unfilled core ("F); 

T 8 - the initial temperature of the 
grease that fills and heats the 
core, and it is defined to be the 
temperature of the grease in the £ot 

(T 8) less the temperature drop due 

to heat loss to the equipment (°F); 

T 8 - the _flna1 temperature of the 
grease that only heats the core, 
i.e. the temperature of the over- 
flow CF); 

W  « overflow rate (lb/min); 

-■■ i", 
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The parameter a  is dimension less, and it is 
defined by the formula 

where c 

c c ♦ c^i 
c    i 

c and c are the heat capacities 
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of copper, the Insulation and the grease, 
respectively, in BTU/db-'F); and c and 1 are 
the amounts of copper and insulation, respect- 
ively, in lb/1,000 ft. 

c 
The above formula for T, may be easily 

derived by noting that the core is heated by 
the grease which remains In the core as well 
as the grease which overflows the head, and 
assuming that the core is uniform in tempera- 
ture as it leaves the head. 
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Appendix IT: 

Temperature of Filled Cores 

The temperature of each core as it left 
the filling head may be found in the last 
culumn of Table VII.  These temperatures were 
calculated by means of the formula In Appendix 
I, using the input data provided in Tables VI 
and Vll. 

TABLE VI: 

The only "pos 
that were taken in 
tlons were some of 
temperature. Othe 
Ignored, either be 
ly small Impact, o 
significantly affe 
the relative, accu 
temperatures. 

slble experimental errors" 
to account in the calcula- 
the possible errors in 

r possible errors were 
cause they had a relatlve- 
r because they could 
ct only the absolute, not 
racy of the calculated core 

Estimating Heat Loss to Equipment. 

The line drawn through the experimental 
points in Graph I was used to provide the 
estimates of the drop In grease temperature 
due to heat loss to the piping, pump and 
head. 

The six points plotted for flow rates 
between 6 and 36 lb/min give the measured 
amounts by which the temperature dropped at 
zero line speed. Within experimental error, 
the temperature drop was independent of core 
type and pot temperature here. 

Parameters for Calculating Core Temperatures 

Material Heat Capacity 
in BTU/(lb.0F) 

Grease 0.674* 

Copper 0.093 

High density 
polyethylene 
insulation 0.55 

* average from 163 to 235*^. 

Core 
Type 

M 
a 

25 x 19 FS 1.06 

100 x 26 FS 1.21 

SO x 26 FS 1.15 

** defined In Appendix I, and calculated 
using nominal values for weights per 
1000 ft of copper, insulation and 
grease In each core type. 

Temperature in plant - 82,>F; unfilled 
cores assumed to have same temperature. 

As for the point at a flow rate of about 
83 Ib/mln, the estimate of the temperature 
drop of the grease due to heat loss to the 
equipment was calculated using data from cable 
/* 12 where the core was moving at 30 ft/rain. 
Since 141 times as much grease was being pumped 
through the head as was being consumed by the 
core one could assume that the insulated conductors 
must have become almost as hot as the over- 
flowing grease.  At 30 ft/min this would have 
required about 61 BTU/min; and with grease 
flowing at 83 lb/mln, 56 BTU/min would have 
been provided for each degree Fahrenheit drop 
In grease temperature. Thus about 10F of the 
drop in temperature of the overflow was 
attributed to the cooling of the grease by the 
core. Since the overflow was 5 ♦ 1*F cooler 
than the grease in the pot, heat loss to 
the equipment resulted in a temperature drop 
of about 4 1 10F. 

Id 
o 

I   6 
41 c 
9 
LJ 
r. 
U 
OJ 
c 
B 
OJ 
H 

4- 

2- 

GRAPH It 

Drop in Temperature of Grease 
Due to Loss of Heat to Equipment 

"^T —I 1 1  

20    40 
Rate of Flow 

through Pump (lb/mln) 

IcT 

—^ 
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TABLE VII   ;   Core Temperatures after Filling 
> . 

i 
■.-■ 

Cable Type of  Temp, of Line Measured Temp, of 
#    Core    Grease   Speed Head Over- Head 

In Pot flow Rate Overflow 
(0F)  (ft/mln) (lb/mln) ("F) 

1 25x19 

2 ii 

3 ii 

4 it 

5 II 

ft II 

7 " 

8 100x26 

9 H 

10 50x26 

11 " 

12 ii 

Symbol 
or formula 

Posslbl I error 
In each reading 

220 

222 

222 

234 

235 

235 

235 

220 

220 

220 

220 

220 

40 4.58 

40 11.8 

40 30.3 

40 4.51 

i,7 11.7 

40 23.5 

41 30.7 

29 3.50 

28 14.5 

29 7.58 

29 17.3 

30 82.5 

w 

200 

204 

211 

206 

215.5 

224 

224 

199 

20; 

207.5 

212 

215 

Calculated Estimate of Cooling of Final 
Consumption Temp . 1 3rop Over fl 5W Core 
by Core In Piping, by Core Temp. 
(lb/mln) etc. ( 0F) r F) CF) 

1.96 9.0 + 1.0 n + 2 157 1 3 

1.96 5.0 
+ 0.7 

0.5 
13 

+ 1.7 
1.5 

185 ± 5 

1.96 4.8 + 0.5 6.2 + 1.5 194 t 12 

1.96 9.0 
+ 2.0 

1.0 
19 

+ 

™: \ 
2.05 5.0 

+ 1.0 
0.5 

14,5 
+ 

1.5 
194 :* 

1.96 4.9 I 0.5 6.1 + 1.5 189 ± 9 

2.00 4.8 + 0.5 6.2 + 1.5 200 ♦ 12 

1.08 10.0 + 1.5 11 + 2.5 155 t  5 

1.04 5.0 1 0.5 6.0 + 1.5 179 1 10 

0.57 8.0 + 1.0 4.5 | 1.6 170 ♦ 10 

0.57 5.0 + 0.5 3.0 » 1.5 186 t 21 

0.59 4.0 + 1.0* 1* 215* 

,000 
g •r 6    »p 6 

1    f P 

±0.5 ±0.5** 

* Here the final core temperature Is assumed, not calculated. Details are provided In text. 

** Except for cable I1/ 10 where the possible error Is ±0.1. 
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Water   Blocking   Optical   Fiber  Cable   Filled with Grease  Compound 

T.   Kaneko,   S.   Yamaguchi,   H.   Tanaka,   T.   Maeda, 
Y.   Ijiri,   K.  Mio and  Y,   Hayashi 

Dainichi-Nippon  Cables,   Ltd.,   Itami,   Japan 

:• 

Abstract 

In order to improve reliability of 
the optical fiber cable and lower 
maintenance cost, an optical fiber cable 
using a new water blocking material has 
been developed.  The water blocking 
compound consists of urea grease as a 
filler and starch modified with acrylic 
acid as a water absorbent and sweller. 
This material has the advantages of 
being easily injected, inexpensive and 
soft at room temperature. 

Two types of optical fiber cables, 
one incorporating ten and the other 
thirty VAD-GI optical fibers, were made 
with this water blocking compound. There 
was no degradation of fiber properties 
due to cable fabrication.  The test 
results of optical and mechanical pro- 
perties were the same as or better than 
those of the air core cable.  No 
compound dropping was observed in flow 
experiment at 110 *C  for 24 hours.  The 
excellent water blocking capability of 
the compound was proved. 

1. Introduction 

Water seepage into optical fiber 
cable causes an increase in transmission 
loss and deterioration of fiber 
strength.   To overcome this problem, 
the gas maintenance system has been 
conventionally used.  This system, 
however, involves protective measures 
and equipment leading to much 
complicated maintenance and high cost. 
Therefore, the development of a new 
water blocking optical fiber cable has 
been required.  In the past, water 
blocking materials used in metallic 
cables have been experimented with, but 
a material which sufficiently meets the 
demands of optical fiber cable was not 
developed. 

We have considered a new compound 
consisting of urea grease as a filler 
and starch modified with acrylic acid as 
a water absorbent and sweller.  With 
this new blocking compounc" we prepared 
layer type and unit type cables. 

This paper reports the 
characteristics of the water blocking 
compound itself.  Also included are the 

results of tests of these cables for loss 
increase by cabling, water blocking, roll 
bending, and heat cycle properties as well 
as loss under lateral pressure. 

2. New Water Blocking Material 

2.1 Water Blocking Test 

The water blocking compound we have 
developed is a mixture of urea grease and 
starch modified with acrylic acid which 
act as an absorbent and sweller.  This 
material, soft at room temperature, is 
easily injected and does not affect the 
fibers when the cable is pressed by 
external force such as bending, lateral 
pressure and so on.  Table 1 shows the 
characteristics of various grease 
compounds: water blocking capability, 
dropping point, cone penetration of 
samples with varying proportions of urea 
grease and starch modified with acryric 
acid.  The water blocking test was carried 
out by spreading a 10  x 10  x 0.1  cm 
sample on a glass plate, and by placing a 
0.9 mm thick metal mesh on top and another 
gl■ss plate over the mesh. One of the 
edges was placed in water and the amount 
of seepage was measured.  The use of 
starch as a water absorbent is very 
efficient. 

Table 1   Characteristics of Various 
Grease Compounds 

Ratio of urea grease 
and Starch 1:0 2:1 1:1 1:2 
Water blocking 
capability 

Mone Good Good Good 

Dropping point ( 'O >20V >200 >200 >200 
"one penetration 272 255 207 152 

A dropping point over 200 C is a 
characteristic not found in the 
conventional water blocking material used 
in metallic cables.  The urea grease to 
starch ratio of 2:1 sterns better, in 
consideration of thr influence of the 
compound on the fibers and aase of 
filling, as the compound softens in pro- 
portion to the amount of grease mixed in. 

•/ 
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2.2 Absorption Test 2.3 Compound Reliability Test 

On the assumption that water seepage 
and drying are repeated, the water 
absorption capability of the compound 
was tested.  Testing was conducted on 
the compound (urea grease: starch = 2:1) 
by the following procedure and the 
absorption and drying process was 
repeated five times. 

(1) An envelope was made with a 
filter paper and weighed, (w) 

(2) The compound (about 1 g) was 
placed in the envelope and weighed, (w.) 

(3) The envelopes were allowed to 
absorb de-ionized water, tap water, or 5 
% salt water for an hour and weighed, 
(w, ) 

<4] 

hours at 50 u0 and weighed, 
Then absorption was calculated'with the 
following formulae: 
(A) : the amount of water absorbed by 
starch 
(W ) : the amount of water absorbed by 
the filter paper 

1) The envelopes were dried for 48 
at 50  0 and weighed. (w0) 

(B) wa 
A = W  - W  - W 

ter left aftSr drying 
B = W, W, 

The results'of the test as shown in 
Fig. 1 indicate no deterioration in 
absorption capability of the samples 
allowed to absorb de-ionized water, tap 
water or salt water. 

Another test was perf 
whether seeped water can 
developed compound over a 
time. 

Glass tubes 7.5 mm in 
1,000 mm in length were f 
pies (urea grease, starch 
to 550 mm, then 300 mm of 
was poured onto the sampl 
allowed to stand for two 
length of water permeatio 

As shown in Table 2, 
the compound consisting o 
starch with a 2:1 ratio s 
permeation. 

ormed to check 
be blocked in the 
long period of 

diameter and 
illed with sam- 

i or the compound) 
colored water 

■V 'i 

es and they were 
months.  The 

• 

n was measured, 
the sample with 

 1 " 1 
f urea grease and 
topped the 

■ 

/ : 
er Permeation Table 2 Length of Water Permeation 

(mm) 
Sample 

Time 
Urea grease Compound Starch 

Initial 0 0 0 
1 hr. 290 0 0 
2 hrs. 310 0 0 
3 hrs. 400 1 11 
6 hrs. 550 2 12 
2 days leaked 8 15 
4 days - 13 18 

10 days - 22 22 
20 days - 22 42 
40 days - 22 42 
60 days   j - 22 42 
h.b Samples were not fully-filled in 
consideration of the practical applica- 
tion to cables. 

400' 

■500. 

20C' 

10C 

de-ionized 
water O 

tap water o 
3ß  salt water • 

Fig.l 

A   BAB   A   BABA 
A:Ab8orption 
B:Drying 

The Results of Repeated 
Absorption Test 

Finally, the effect of this compound 
on fiber coating materials such as nylon 
and epoxy was tested by leaving these 
materials placed in the compound at 100 0C 
for 72 hours.  The stability of the com- 
pound was proved by the absence of swell- 
ing and chemical reaction. 

3. Optical Fiber Cables Using the 
Water Blocking Grease Compound 

A layer type cable with ten fibers and 
a unit type cable with thirty fibers were 
made with the developed compound and 
tested.  The optical fibers 50/125 um in 
diameter were graded-index type VAD fibers 
with silicone buffer 0.4 mm in diameter 
and nylon jacketing 0.9 mm in diameter. 

3.1  Layer Type Ten Fiber Cable 

Two layer type ten fiber cables as 
shown in Pig. 2 were made: one was filled 
with the compound and the other with 
pp-yarn.  Comparison of test results 
revealed the following: 

(1) No loss increase due to compound 
filling was seen because the compound is 
soft at room temperature. 

(2) The water blocking test performed 
at 1.2 m water pressure for 24 hours 
showed that a cable filled to 80% with the 

•- 
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new compound was more than able to stop 
seepage.  However, the use of urea 
grease only as a filler requires filling 
the cable 100 %. 

(3) Fig. 3 shows results of roll 
bending tests.  The cable filled with 
the grease compound showed results 
similar to those of the pp-^yarn cable. 

(4) Fig. 4 shows the comparison of 
lateral pressure resistance of these 
cables.  Loss increase incurred by 
sandwiching the cable with iron plates 
50 mm wide as shown in Fig. 5 was 
measured.  The results show the grease 
compound cable had the better lateral 
pressure resistance. 

(5) The bending test was also 
carried out with a mandrel and loss 
increase was measured.  As shown in Fig. 
6, results were satisfactory. 

Moisture barrier sheath 

Wrapping tape 
(if PP-yarn is used) 

Fig 

n 0.4 • 

■ ■ ■ ■ I 

m 
o 

PP-yarn or compound 

Optical fiber 

Galvanized 
steel wire 

"olythylene insulated 
copper wire 

Wrapping tapedf 
aapound is uaed) 

Cross-section  of   Layer  Type  Ten 
Fiber  Cable 

OThe compound cable 

• The PP-yarn cable 

PuUey=13ö mm 

^ 

Fig , 

01  
0 Jff 100 150 

Tension    (kg) 
Roll  Bending Characteristics of 
Layer Type Ten  Fiber  Cable 

0.04 

'0.03 

■ 
20.02 
I ■ 
c 

°0.01 

O The compound cable 

• The PP-yarn cable     / 
/ 

/ 
/ 

/ 
/ 

■/j 
.•1 

(4 
0 175 250 375 

Pressure    (lcg/5cm) 

Fig.   4     Lateral  Pressure  Resistance 

Pressure        Iron plate 

Cable 

Fig.   5    The Method of Lateral Pressure 
Test 

0.15 

m 
■n 

m 

I o-1 
■ c 

n 
n 
o 

-3 

0.05 

O  The compound cable 
•   The PP-yarn cable 

Mandrel 

.■•J 

200 150 100 
Mandrel diaraater    (mm) 

Fig.  6     The Method and  the  Results  of  the 
Bending Test 
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3.2 Unit Type Thirty Fiber cable 

The applicability of the developed 
grease compound to optical fiber cable 
was confirmed in the section 3.1.  Next, 
a unit type thirty fiber cable with a 
spacer having spiral grooves to enhance 
protection against roll bending and 
lateral pressure as shown in Fig. 7 was 
tested. 

Strength member Moisture barrier sheath 

Fig. 7 Construction of Unit Type Thirty 
Fiber Cable 

In order to increase the number of 
fibers each groove can contain a 
six-fiber unit.  Non-woven polyester 
tape with mesh was used as support 
wrapping to facilitate filling of the 
compound.  Evaluation tests showed the 
following results: 

(1) No loss increase was observed 
after fiber stranding, unit stranding 
and compound filling. 

(2) Fig. 8 shows the results of the 
roll bending test.  At 200 kg tension, a 
loss increase less than 0.01 dB/km was 
recorded.  There was no change in 
stranding pitch after the test. 

(3) Fig. 9 shows the results of the 
lateral pressure test.  There was no 
loss increase by lateral pressure up to 
500 kg/5 cm owing to the high 
protectiveness of the spacer 

(4) A heat cycling test (-30 0 C for 
6 hours - 60  C for 6 hours) was 
carried out.  Loss increase was less 
than 0.04 dB/km, indicating little 
influence of temperature on cable 
performance.  This is because the 
compound itself remains soft even in low 
temperatures. 

(5) The results of water blocking, 
dropping, bending, flexibility, and 
torsion tests summarized in Table 3 were 
satisfactory. 

0.3 

0.2 

Pulley=300#mm 

Ü c 
-H 0.1 / 
01 
0 

0 
0 

/ 

100          200 300 

Tension (kg) 

Fig.   8 

400 

Roll   Bending Characteristics of 
Unit  Type Thirty  Fiber  Cable 

250 500 750 
Pressure    (kg/5cm) 

Fig.   9     Lateral  Pressure  Resistance of 
Unit Type Thirty Fiber Cable 
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Table 3 Test Conditions and Results 

1        Item Test condition Hesulta 

|    Water- [I   1.2m Pressure 1cm length    { 
!          blocking 

i          M   for 24 hours of water 

permeation    | 

a—     ) 

M No loss        ' 
Bending 

MaAdrel diamater=200mm 
2 Times of 

reciprocation 

increase    j 

~o~ 
j    Dropping 1 

0 
Sample lenÄth=ncm 

No dropping 

U00C  x ?4  hours 

|    Flexibility 

f 
14cm/llce     | 

Sample length=50cm 

i  
No  losa 

!    Torsion L/        l 
increase 

>/    1     oamcle  lengthslnl                           1 
EsSs Torsional        „    1 
^^        angle^lBO0    j                           | 

4.  Summary 

As a water 
optical fiber c 
mixture consist 
starch modified 
absorbent. A 1 
and a unit type 
incorporating t 
were test-produ 
optical and mec 
confirmed. The 
capability of t 
enhances the re 
fibers. 

blocking compound for 
able we have developed a 
ing of urea grease and 
with acrylic acid as an 

ayer type ten fiber cable 
thirty fiber cable 

he developed compound 
ced and their excellent 
hanical properties were 
water blocking 

his compound greatly 
liability of optical 
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A   HIGHLY   EFFECTIVE   APPROACH   TO   WATERPROOFING   CABLE 

H HliCHES K A HUNN 3 T KXJBERT 
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SCIENTIA,    PRETORIA,   SOUTH AFRICA 

AhSTRACT 

The existing methods of cable waterproofing such as 
petroleum jelly filling, discrete water blocks, etc, are 
mentioned and their drawbacks arc noted. This new 
patented approach uses coated yarn which is laid 
between the conductors in the cable. The eifect of the 
coated yarn on the electrical and water resistant 
properties of the cable is discussed. Manufacture on 
conventional production equipment is easy and does not 
slow the production process down. Cable laying is done 
in the conventional manner with no danger of moisture 
ingress during field installation even under wet 
conditions. Jointing is clean and can be carried out at 
sub-zero temperatures if need be. There are no 
material incompatibility problems and the cable 
parameters are hardly affected by the waterproofing. 
In addition the cost penalty ol waterproofing is less 
than 60o. 

CURRENT SITUATION 

A   degree   ol    incompatibility    of    materials 
precluding the use of certain polymerics 

A  need   to alter   the  cable  design   to   maintain 
electrical properties 

Jointing difficulties caused by the nature of the 
materials under service conditions. 

NEVl  APPROACH 

2.1        Description 

Of all the existing methods of cable waterproofing the 
w ater-swellable powder appears to be the most 
promising solution, but it is difficult to obtain a 
uniform distribution of the powder in the cable. To 
incorporate the water-active agent into the cable with 
sufficient uniformity the idea was conceived to use a 
suitable yarn as a carrier and to include these coated 
yarns into the cable construction during the twinning 
stage of cable manufacture. 

The importance of providing plastic insulated cables 
with some form of protection against water ingress 
from sheath permeation, sheath damage or leaking 
joints is well documented (I) (2) (3). Among the 
methods that have been tried or adopted are: 

das prcssurization 

Aluminium polyethylene  laminate (APL)  sheaths 

Dis! rcte water bloc ks 

Petroleum jelly (pj) filling 

Polyurethane filling 

Water-swellable powder filling 

W ater-swellable tapes 

All these have significant shortcomings of one form or 
another such as: 

High   capital   cost   of   production   or   operating 
plant 

Only partial protection 

Non-uniformity of  fillings due  to manufacturing 
difficulties 

Cable llexibility limitations 

In this way the coating material is retained uniformly 
throughout the length and cross-section of the cable. 
In the presence of moisture, the active ingredient on 
the yarn reacts rapidly to produce a water block 
capable of remaining effective for many years even in 
the event of complete cable severance. 

l\eyond this, cable design and manufacture are entirely 
normal, involving negligible penalty in cable dimen- 
sions, electrical performance, production speed or cost. 

2.2        Waterproofing effectiveness 

The volume of the water-swellable compound increases 
about Id-fold when wet. In fact by observation of the 
mechanism of blocking in glass-tube models it would 
appear that the block is not formed by a mechanical 
pressure blocking of the interstices so much as by an 
increase in the viscosity of the penetrating water to 
the point where it can no longer flow through the inter- 
stices. This happens very quickly with the chosen 
material so that under a metre head of water, the 
block stabilises, restricting the presence of water to 
within 900 mm from the point of entry, as can be seen 
from the limiting boundary in Fig.  I. 
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The average pair capacitance of a screened multipair 
cable can be calculated from the well-tried empirical 
relationship based on Spencer's derivation CO: 

3IK 
lnCl,22 (2x - \)1 

nF/kni 

Fig  I.   Formation of Vlatcr Mock in Cable. 

x the ratio of insulation to w.re diameter, D/d. For 
unscreened I ables the factor 31 becomes 29,5. This 
equation has been found to be accurate to 1% over a 
wide range of x. 

An empirical approach to determine K, the effective 
cable permittivity, which appears to fit the measure- 
ments over the range investigated so far is: 

Ki I  . 0^5 (Ks - I) (ds/D)2 

K 0,7 (Kd - Ki)  i  KJ 

where ds, Ks are the diameter and permittivity of the 
coated yarn and D, Kd are the diameter and 
permittivity of the wire insulation. 

Early CüDIC samples have withstood 1 m head of water, 
end-applied, for over four years to date without signs 
of deterioration or failure under normal ambient 
( onditions. 

2.3       Stage of development 

Production-scale lengths have been made and are being 
tested in a local telephone distribution network in 
South Africa. 

3. CABLL DLSICN 

It was decided to base this design on a standard 
50-pair APL-shoathed subscriber distribution cable. 
Conductors would be 0,5 mm insulated with solid 
polyethylene to a diameter of 0,92 mm, and assembled 
in 5xl0-pair units. The diameter of the coated yarn is 
selected to fit into the interstice between conductors. 
Ttic APL is omitted, and there is virtually no change- 
to the outside diameter of the cable. 

It is known that the omission of the APL reduces the 
pair capacitance by approximately 50o. 

To determine the effect of the coated yarn on pair 
capacitance, it was estimated by reference to tables 
ol material properties that the coated yarn would have 
a permittivity of between 3 and '». If the yarn were 
perfectly circular in section, a yarn diameter ot 
0,62 mm would fit the pair interstice and still only 
occupy 60<?o of the total existing interstitial area of 
the cable, ii it is then assumed that the dilution effect 
ol the air is simply proportional to area, the nett 
increase in permittivity ol the interstices would 
increase the pair capac itance by about 2'#0o. However, 
in a preliminary experiment it was found that the pair 
capacitance increased by only about »"o. ConsequcntK 
it is clear that the permittivity of the interstice is not 
diluted in the simple proportion of material to air. We 
have therefore approac hed the design as lollows: 

These relations can be used to investigate the probable 
effects of varying coated yarn parameters. In Fig. 2 
the percentage increase in K with variation of Ks is 
shown for the theoretical coated yarn diameter of 
0,67 D. It will be seen that a permittivity of 3,5 
would correspond with the 8% increase in K observed 
in the early trials. 

% 

15     _ 

10    _ 

5    _ 

Ks 

Fig. 2: Total Permittivity Increase vs Coated Yarn 
Permittivity 

In Fig. 3 it can be seen how Ks can be increased by- 
reducing coated yarn diameter, lor a constant J^o 
increase in K. The yarns we used were deliberately 
left untwisted hence the diameter ds ii somewhat 
notional. If twisted they would form into a diameter 
of 0,6 mm. 
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Fig.   3:    Coated  Yarn  F'ermittivity   vs  Yarn   Diameter 

Applying the above we would expect a cable 
constructed from 0,5 mm wire insulated to 0,92 mm 
with polyethylene to have an average pair capacitance 
of 50 nF/km if sheathed with APL and 51,^ nF/km if 
provided with two 0,6 mm coated yarns per pair and 
left unscreened. Vlith an expected standard deviation 
of 2 nF/km both thfc designs would meet our 
specification maxinum of 36 nF/krn for pair (apaci- 
tance. 

Approximately 5 0OQ m of 50-pair cable were made to 
this design for evaluation. 

*. CABLE CHARACTERISTICS 

'».I       Effect of water permeation through sheath 

Following the approach used by Dr 3 C Harrison (5) 
the effect of water permeation on this cable 
construction was calculated. As will be seen in Fig. U, 
the increased mass of water absorbent material 
considerably delays the build-up of moisture in the 
cable air spaces. If the end-of-life point is taken as 
Harrison's 95% Relative Humidity limit the lifetime of 
the cable is extended to 20 years compared with 8 
years for a similar cable without the coated yarn 
protection. 

4.2       Electrical effect of water 
block and fault location 

When water enters the cable through a hole in the 
sheath, it is assumed that the length of the water 
block is about 900 mm to either side of the hole. The 
capacitance of this section would rise from 51,5 nF/km 
to 105 nF/km. The effect of this on a 1 000 m length 
of cable would be to raise the effective capacitance te 
51,60 nF/km i.e. by 0,2%. This would be unnoticeable 
to voice frequency transmissions but would represent a 
'point' impedance increase of 17% at higher frequen- 
cies.   The reflection coefficient would be 0,085. 

This corresponds to -21,5 dB reflection. However the 
discontinuity is only 12 nsec long compared with a 500 
nsec pulse in a 2 M bit/sec system. Thus the effective 
reflection is at a relative level of - 45dB ut the point 
of discontinuity.    This is illustrated in Fig. 5. 

IMPEDANCE 

TIME (Yrs) 

 l_ 

10 15 20 

Fig.   4:     Moisture   Accumulation   in   Cable   due   to 
Permeatiori of Water through the Sheath. 

FRONT REFLECTION 

SHORTNESS 
LOSS 

DIFFERENCE PULSE 

REAR REFLECTION 

Fig.   5:     Effect   of   Blotk-length  on   Pulse   Reflection. 

Although the size of the in ,jedance change is insuffi- 
cient to affect PCM transmission materially, it is 
more than sufficient to permit exact location of the 
fault   by   pulse   reflection   techniques  when   necessary. 

b.i       Low Frequency Characteristics 

In Fig. 6 is shown a histogram of the pair capacitance 
measured on four I 000 m lengths of cable. The mean 
value  is   51,5   nF/km   and   the   standard   deviation   is 
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1,94 nF/km as expected. Normal APL-sheathed 
production cables show the same spread of pair 
capacitance but have a mean value of  50 nF/km. 

The pair-to-pair capacitance unbalance histogram in 
Fig. 7 has a standard deviation of 26 pF/1 000 m 
which is 620o of the value found in normal APL 
prodjction cables. This is due to the coated yarn 
cables having a moan pair twist-length only 70oo of the 
normal cables. This reduction is due to limiting the 
maximum twist-length to 100 mm as noted later under 
Cable Manufacture. 

80 

60 

40 

20 

MEANrSI.S 
STD.DEV.=1,94 
N=200 

P4 PW i     i     i     i     i     i      i     i 

44 46   48  50 52   54   56   58 
C nF/km 

Fig 6:    Pair Capacita .ce Distribution 

100 
MEAN=0 
STDDEV=26 
N=200 

50 

th- 
-100 -50   0    50   100 

Cub pF/km 

Fig. 7:    Distribution of Pair-to Pair Capacitance 

b.i*       High Frequency Characteristics 

In order to ascertain whether there were any 
unexpected effects at higher frequencies due to 
inclusion of the coated yarn, the primary transmission 
parameters were measured directly on a 6 m length of 
cable over the frequency range of 1 kHz to I MHz 
using a Siemens md Halske balanced impedance bridge. 
These results are shown as discrete points in Fig. S. 
The continuous lines represent the parameter values 
calculated using the measured dimensions of the tested 
pairs. Good agreement was found except for the 
capacitance parameter where the measured value 
showed an unexpected steady decline as frequency 
increased, reaching 8^ below the calculated value at 
800 kHz. To check that this was not a test 
arrangement peculiarity, a 6 m length of a standard 
APL cable was measured in exactly the same way. 
The capacitance values were constant with frequency. 
The same behaviour was shown by an unscreened 
bundle of pairs. Vie therefore conclude that the 
permittivity of the coated yarn drops with rising 
frequency from about 3,5 to 2,3. The expected and 
measured values of impedance and attenuation for the 
coated yarn cable are shown in Fig. V where the effect 
of the reducing capacitance is seen as an increase of 
impedance and a reduction ot attenuation from the 
expected values as the frequency rises. 
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Fig. ||   Primary Transmission Constants. 
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5. I'HVSICAL AND CHEMICAL 
CHARACTERISTICS OF THE COATED YARN 

^.1        Temperature range 

Labo.'atory tests on coated yarn show that it is stable 
from -20"C to at least 60oC, and it is believed that, 
with the new generation coatings being developed, 
water blocking to S0oC will be achieved. 

^       Storage 

Vie have no reason to suspect a limited storage life 
provided a normal level of control of ambient 
conditions is maintained. 

The bobbins with coated yarn should be kept dry 
because the coating on the yarn is hygroscopic. At 
approximately 250C the extent of water pick-up is of 
the order of I V'o when the relative humidity changes 
from 30oo to I0&%. While the yarn may easily be dried 
out again, the use ot moist yarn increases the pair 
capacitance of the cable. 

From general principles one would expect the change of 
pair capacitance to be significantly less than would be 
the case with paper insulation, for example. 

3.3       Flammability 

The major constituent of the coating is inorganic with 
the result that continuous burning of the coated yarn 
can only be achieved after exposure to a naked flame. 
The llammability risk level ot the coated yarn is 
however,  less  than that  ol   the polyethylene  insulation. 

'y.U       Compatibility 

The coated yarn in cither the dr> or wet state is 
completely compatible not only with polyethylene and 
polypropylene but also with PVC. The range of cables 
that can be waterproofed by this method is therefore 
greater than it pj is used. 

5.3        Tovicity 

The hvdrophilu ingredient in the coating is a food 
grade product. The preservative and all other 
components are also non-toxic. 

3.6       height variation in string manufacture 

Although the plant producing the coated yarn is still 
undergoing development and may therefore be regarded 
as somewhat experimental, coating weights can be 
controlled to what field trials have shown to be an 
acceptable level of about I0öo. As we gain more 
experience both in yarn coating and also in tin- 
manufacture of the coating solution, we confidently 
expect this level to be improved further. 

CABLE MANUFACTI'RL AN!") INSTALLATION 

The only difference to normal cable manufacture was 
the provision of two spindle carriers with simple 
braking to hold the bobbins of coated yarn at the back 
ot a double-twist twinner. Because of an improvised 
yarn guide some coating material was lost by scraping 
as can be seen m Fig. 10, but this was estimated to be 
less than 0,5oo oy weight. When a proper guide was 
installed there was no noticeable dusting during 
twinning   or   at   any   other   stage   of    manufacture. 

A significant change to the design was to restrict the 
pair twist lengths to a maximum of 100 mm to prevent 
the coated yarns looping out of the pair interstices. The 
speed of the twinners was not reduced from the normal 
I  500 rpm bow speed. 

After twinning the cable was formed in one operation 
in 5 x 10 pair units on a drum twister running at 120 
rpm. 

No special precautions were taken during manufacture 
to prevent atmospheric humidity affecting the coated 
yarn. 

Various stages of manufacture are shown in Figcres II 
to 16. 

Fig.   10:     Insulated  Conductor  and  Coated   Yarn   Input 
stand to Twinner. 

6.1        Cable Manufacture 

.- 

" 

'     •■' 

I 
: - 

The  manufacture of   the  cable  presented   no  problems. Fig. Ill    Input to Twinner 

r: ■> 
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Fig. 12:    Take-up inside Twinner Fig.  15:    Ten-pair Unit Closure on Drum Twister 

i )g,  i 3:    i'ay-off  to Drum Twister Fig. 16: Paper Tape Lapping of Cable on the Orum 
Twister 

6.2       Cable installation and jointing 

Cable laying is done in the ( onventional manner with no 
danger ol moisture ingress during held installation even 
under wet conditions. Jointing is a clean operation and 
i ould be done  at  near-zero   temperatures  il   necessary. 

7. COSTS 

Fig. 1*«    Input Lay-plates to Drum Twister 

The bar-chart in Fig. 17 illustrates the relative costs of 
typical constructions ol ^O-pair 0,5 mm cables using 
common forms of water protection. The costs are 
those applicable in South Africa and are normalised to 
the AFL sheath construction. All the cables arc- 
designed lor a common electrical specification viz: 

* Fair capacitance 56 nF/krn maximum 

* Capacitance Unbalance  570 pF/km maximum 

* Loop resistance 180 ohms/km maximum 

* Insulation resistance        40  Cohrns.   km   minimum 

* HV withstand (l'r-1'r)       6 kVdc   minimum 

. .-. , 
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Note that the cellular polyethylene insulation construc- 
tion would not normally be guaranteed to withstand 
(.kVdc. 
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All the cables have the same diameter except for the 
solid polyethylene p)-filled cable which is 15% larger in 
diameter to maintain the pair capacitance at the 
required level. 

It will be seen that in South Africa cable waterproofed 
by the new method costs only 6% more than the 
APL-sheathed cable which is the present standard and 
$% less than the nearest electrically equivalent 
waterproofing method. 

S. CONCLUSIONS 

In contrast to the existing methods of cable water- 
proofing which tend to have disadvantages in some 
respects, this proposed new approach proposed features 
well in all the aspects of cable manufacture, 
installation, use and costs. 

In this new approach: 

' The cable pairs are effectively protected against 
radial   and   longitudinal   water    penetration   and 
permeating water is absorbed. 

* There   is  no   incompatibility   between   materials. 

* The transmission parameters and high voltage 
withstand of the cable are hardly affected by the 
introduction of coated yarn. 

* The cable is not physically deformed by the 
ingress of water. 

* The coated yarn is easy to introduce In 
manufacture without costly extra plant, extra 
processes or reduced speed of production. 

* There are no objectionable handling problems in 
manufacture or installation 

* The overall dimensions and cost of the cable are 
minimally affected. 

A = Solid Pe. + Coated Yarn 
B = Solid Pe. + APL 
C = Solid Pe. + PJ 
D = Cellular Pe  ♦ PJ 

Fig. 17: Cost Comparison ol ttaterprooted Cables of 
Similar Electrical Properties. 

The cross-hatched portions ol the bars represent the 
processing costs and the vertical shading highlights the 
material cost of the water-protective element of the 
cables. The estimated cost per kilometer of cable ol 
adding gas-pressure protection to the APL cable is also 
shown.    The relative total cable costs are: 

* APL-sheathed cable without gas pressure 100 
\PL-shcathed cable with gas pressure 124 
P)-filled solid polyethylene insulated cable 1 14 
P)-filled cellular polyethylene insulated 
cable ys 

♦ Solid polyethylene insulated cable with 
coated yarn 106 
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DYNAMIC  SPLICING  OF   PROTECTED OPTICAL FIBERS 

Th.   TÜUCHAIS J.P.   HULIN M.   de VECCHIS 
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ABSTRACT 
A -fiber optic connection system which 
isolates, protects, and splices indivi- 
dual fibers from a multifiber grooved 
core cable is described. This system was 
developed to meet the specific cable 
desiqn and field installation require- 
ments of the French videocommumcat i on 
network. 
Two steps are involved in the process. 
First the fibers from the orooved core 
cable are individually pulled out of the 
cable and inserted into loose 
protective tubes. Then a splicinq 
instrument is used to align the fiber 
cores, to checl the efficiency of the 
splice by introducing optical power into 
the core without any fiber discontinuity, 
and to achieve and protect the splice 
with an ultra-violet polymerizabl e 
adhesive. The special splicing 
instrument, which was developed earlier, 
was adapted to this application. 

1NIR0DUCTI0N 

Optical fiber vi deocommum cat i on networl s 
require accurate, efficient, and durable 
splices for the optical fibers. These 
splices must be performed in the field, 
and their ability to carry the signal 
with minimal signal loss must t.e 
verified. Dunnq the splicing operation, 
the fibers must be protected from damage 
and from contamination from the field 
enviornment. The present splicing system 
was designed to satisfy these 
regulrements. 

This splicing system has two major 
components: a cable termination device 
(SECO) and an adhesive splicing 
instrument (FIBERPACK). These components 
have been previously presented as 
independent. items (See References 1 and 
2), but tney will be briefly summarized 
here. The design adaptations that were 
made in order to ensure their 
compatibility will also be described. 

The  cable  termination 
consists   of  loose  pla 
protect  the fibers and a 
sleeve to hold the tubes 
protect  the end of the c 
fibers are pulled out of 
a  time,  and a special t 
insert   them   into   in 
protective tubes without 
the  fibers.   This isola 
the fibers while they are 

device (SECO) 
stic  tubes   to 
heat shrink able 

in place and to 
able core. The 
the cable one at 
ool is used to 
dividual loose 
havinq to spli ce 
t es and protects 
being  spliced. 

The adhesive splicing system is based on 
optimum alignment of fiber cores which is 
accomplished by finding the maximum 
optical power transmitted through the 
splice. The optical power is launched 
into and detected from macrobends in the 
fibers without removing the fibers from 
their protective tubes. The splice is 
made by inserting the fiber ends into a 
transparent tube filled with an ultra- 
violet polymerizable resin. Since the 
system monitors the signal across the 
splice, it provides a.i immediate loss 
reading for the finished splice. 

Extensive laboratory testing has been 
performed on splices made with ten fibsr 
cables. The tests include attenuation 
measurements and attenuation monitoring 
during environmental cycling, humidity 
exposure, and temperature aging. 

GROOVED CORE CABLE TERMINATION DEVICE 
<SECO) 

A cylindrical grooved core cable has been 
selected for use in the French video- 
communication network. This cable, which 
is shown in Figure 1., has excellent 
mechanical and thermal properties because 
the fibers are located in the grooves 
loosely, without tension but with a 
slight excess length. 

-     i 
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F-"ia. 1. Fibers In a Grooved Core Cable. 

Any time the cable element comes tc an 
end (at a termination box or a splicing 
point)| all its advancaqes must be I ept, 
and the -fibers must be protected while 
craftsmen manipulate them durina 
splicing. A cable termination device 
(SECO) shown in Figure 2 has been 
designed to meet these requirements. It 
has two components: (a) small plastic 
tubes which allow easy fiber recognition 
and handling and which protect the -fiber 
against abrasion or any sharp edqe in the 
-final layout, and (b) a heat shrinlable 
transparent sleeve which holds the 
protective tubes in place at the cut end 
o-f the cable. 1 he tool which is used to 
insert the fibers intD individual loose 
protective tubes is shown in Figure Si 

Two different versions of the cablr 
termination device have been desiqned for 
the French vi deocommum cat i on networls. 
One version is used with termination 
boxes where the tube end is linked to a 
dematable connector which allows the 
network to connect or disconnect any 
subscriber. xhe other version is used 
with cable splices to ensure complete 
fiber protection from grooved core cabl° 
to grooved core cable. This paper 
describes the second version. 

The cable termination de' ice consists of 
a number of tubes equal to the number of 
fibers (typically ten) and of a heat 
shrink able sleeve made of irradiated 
polyolefm with two thermoplastic 
adhesive strips. The first adhesive strip 
locks the protective tubes into the 
grooves of the cable and joins them to 
the sleeve. The second adhesive strip 
loins the cable element to the same 

■51 eeve. 

The important desiqn parameters for such 
a device are all concerned with 

signal loss. First of all, 
must. create a minimum ot 

during its installation over 
In addition, the device must 

signal loss  over 

mi m ,iu z i nj 
the  device 
•signal lops 
the fibers. 
not  create any further 
the life of the fiber. 

Fiber 
ProfechngTube 

Grooved 
Seqlanf         Core Element 

"—?^—^^^ 
I X.J    il.,::--::-' i 

Fia. 

Heafshnnk Tube 

Cable      Termination      Device 
(SECO)   Attached   to   a   Cable 

Fi Q ■ Instrument  Used to Insert 
fibers   into   Protective 
Tubes. 

Since the linear coefficient of thermal 
expansion of the polvo:Rfin material in 
the protective tube is orders of 
magnitude niaher than that of alass. the 
differential elongation during tempera- 
ture cycles must be compensated for in 
order to avoid any losses. 
The design characteristics which have 
heen incorporated into this product to 
ensure its reliability include: 

The coefficient of thermal expan- 
sion of the protective tube is kept 
M low as possible through basic 
material properties, well 
controlled extrusion conditions and 
stabilization by irradiation. 

The inside diameter and wall thici- 
ness of the protective tube are 
«elected to provide freedom for the 
fiber to move inside the tube and 
to allow the max', mum permitted 
excess length of fiber in the tube. 

M 

. i 

.■•" ■ 
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I 
The material and thp smoothness of 

the inner surface o-f the protective 
tube are designed to minimise the 
■friction between the tube and the 
outer coatinq of the fiber. The 
friction coefficient is kept low to 
^llow any differential dimennonal 
value to be spread over the entire 
fiber/tube length and to teep any 
stresses well distributed. 

The  protective  tubes  must be 
flexible  enough  to remain in an 
80mm   diameter   coil   for the 
lifetime of the fiber. 

ADHESIVE SPLICING SYSTEM 

The adhesive splicing system is designed 
to minimised the signal loss across the 
splice bv aligning the fiber cores and to 
ma::imi?e the strength and integrity of 
the splice through the use of an adhesive 
resin encased in a protective tube. The 
instrument which is used to male the 
splice incorporates the ability to 
introduce a signal into the fiber on one 
side of the splice and read the signal on 
the other side of the splice. This 
instrument is shown in Figure 4. 

* The tensile strength of the 
protective tube/grooved core 
cable/heat shrinlable sleeve link- 
is very high In order to avoid anv 
disbonding during lifetime use. 

The procedure used to separate» and 
protect the fibers was designed to lower 
both craft sensitivity and installation 
time. The two opposed pitch terphane 
ribbons which protect and hold the fibers 
in the grooved core are only removed over 
an 80mm length of cable where the core 
will eventually be cut. This spot is 
located approximately 1.3 meters away 
from the end of the cable. Each fiber is 
then pulled back out of this cable 
individually and inserted into its 
protective tube before the ne:tt fiber is 
pulled and protected. Insertion and 
threadino of the fibers into the 
protective tubes is done by means of an 
easy to operate tool which pulls the 
fiber between a motor driven roller and a 
rubbery counter roller. The second roller 
is spring loaded to regulate ^he tension 
force and to avoid taking up anv of the 
excess length of fiber which must remain 
inside the cable. 

The total installation time of a 
cable termination device has been reduced 
to only fifteen minutes, and the ten 
fibers remain protected except during the 
short time when they are individually 
pulled out of the cable element and 
threaded into their protective tube. 

Fig. Dvnamic   Splicing   Instrument. 

Normally, it is impossible to check the 
guality of a splice in a fiber optic 
field operation without sending a signal 
from      the   beginning   of    the   cable. As     a 
result, splices are usually made by one 
crew and then either measured for signal 
loss by the same crew after it returns to 
the central office or checked by a 
different crew using the optical time 
domain ref 1 ectometer (OTDR)      in        the 
office. The   ability   to  obtain   a     splice 
gual i f i cation at. the site and without 
cutting the fiber represents an important 
breakthrough. This   new   system  can     take 
advantage of its signal launching and 
decoupling feature to measure the signal 
loss at the splice be-fore and/or after 
curing   the   adhesive. 

•    -, 
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The incrmuno Mher, encased in its loo^e 
protective tube, is secured around a 
mandrel which creates a macrobend in the 
11taer . The mandrel is then positioned in 
front o+ a signal device containina a 
light emitting diode (LED). This LED can 
send optical power throuah the protective 
tube into the fiber core without any need 
for    a   fibt?r   discontinuity. The   outgoina 
fiber is secured around another mandrel 
which al^o creates a macrobend in the 
fiber. This   fiber   is   then   positioned   in 
front of a FIN dxode which will monitor 
the      siqnal    delivered   from   the   LED. 

After stripping and cleaving the fiber 
end, each -fiber is posit lonned into a 
holder which includes two methods cjf 
fiber alignment: (a) The fiber can be 
moved along its longitudinal a;: i s using 
manual controls, or (b) a motor can be 
used to move the fiber in any direction 
piarallel      to   the   end  of   the      fiber. The 
directions of fiber alignment are shown 
in   Figure   5. 

1 
[Operator 

Control ] 

iTimimConfrol I    StZ ; *!     f Analog Sand Processor 

Fig.    6. Auto-AIiqnment   Capability. 

Once the -fibers have been aligned, the 
holders are locked into position so that 
the fibers can onlv be moved apart 
longitudinally; their core alignment can 
not     be     altered. The      operator        then 
uses the manual controls to separate the 
fibers -far enough to allow the splice 
tube     to   be   moved   into place. Once     the 
splice tube is in place, the operator 
moves the -fibers back together, and now 
they   are   inside   the   splice   tube. 

Fiq. Fiber   Alignment   Staoes. 

Once the fibers are fi;:ed in the holders, 
the signal sent by the LED and received 
by the     PIN     diode     is      input      into        a 
microcomputer. The microcomputer commands 
the motors which reposition the holders 
until the maximum signal is received, 
thus indicating that the optimum core 
alignment   has  been   made. The   resolution 
of the       complete     mechanism        is        0.3 
microns. The        automatic alignment 
capability is illustrated in the block 
diagram   in   Figure   6. 

Measuring the signal loss is a procedure 
which inyolves two main steps: 
calculating the power in the source -fiber 
and determining the signal loss caused by 
the       splice. These       two     steps        are 
described   below. 

After the -fibers have been 
automatically aliqned, and before the 
splice tube has been put in place, the 
operator uses the reticle of the 
microscope to position the fiber ends at 
a predetermined optimum distance from 
each     other. The   microcomputer      routine 
will then monitor the signal strength -for 
different X and Y coordinates and derive 
a numerical aperture for the incoming 
fiber. This     re-ference      measurment      is 
stored     in      the   microcomputer. 

For the second step, the splice tube is 
in place and the fibers are aligned 
within     xt. The   operator   positions     the 
fibers at two dif-ferent distances apart 
and records the signal readings at the 
two   distances   or   end   gaps. The   ratio   of 
the two readings is then correlated with 
the dB loss of the splice. This can be 
done and/or after the curing step, and 
therefore the splice can be reworked 
before it is completed if the signal loss 
is too great. (Such a situation could be 
caused by poorly prepared fiber ends or 
by   impuri 11es.) 

••-: 
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SYSTEM INTEGRATION 

The resolution of the system is within 
'.'. 1 dB, and the time to complete et 
splice, includinq prepanna the -fiber 
pnds, is 12 to 15 minutes. 

The splice tube is precision molded out 
of transparent plastic, and it contains a 
resin whose index of refraction closely 
matches the index of refract i or. of the 
fiber core. The resin is in its liquid 
state, but its viscosity is such that its 
surface tensiT will hold it within the 
tube and yet will allow the fibers to 
move durina the core alignment operation. 
After this is done, the resin is cured by 
means of two ultraviolet sources. Once 
the resin is cured, it locts the fibers 
in their final position and 
environmentally protects the connection. 
A typical splice tube is shown in hiqure 
7. 

Kl q . A Splice Tube 

This  adhesive splicinq t 
different  types of fiber 
as lonq as the outer coat 
the  fiber  is small enou 
fiber cores to be aliqned 
micron bore tube.    The 
supplied  in untraviolet 
cassettes  which contain 
and their shelf life is o 
splice  tube cassette is 
Fiqure 8. 

echnique allows 
s to be spliced 
inq diameter of 
gh to al1ow  the 
within the 500 

splice tubes are 
protected micro 
ten units each, 
ver one year.  A 
i11ustrated      in 

Thp>     cable      termination 
adhesive      splicinq   system 
independently. In      order 
toqethe»-,      some     design   mo 
to   be  mctde. The   splicing 
to     be     able   to   align   the 
fibers        while      they      were 
individual    loose   protectiv 
implied     the     ability   to 
power      into      ♦ he   fiber   cor 
protective      tube   wall   and 
aap     betwPc.i      the   inner   wa 
the   fiber   surface.      Furthe 
receiving   fiber   s'de,   the? 
received   had   to   be   strong 
microcomputer        processabl 
ratio. 

ystem  and  the 
were  developed 

to  use  them 
difications had 
equipment  had 
cores  of  the 
inside  their 

■a tubes.   This 
launch     optical 
e     through     the 
across the  air 
11 surface  and 
rmore,  on  the 
signal that war 
enough to get a 
e  si anal 'noise 

In order to meet these reguirements, the 
coupling length has been increased by 
coiling the loose tube containing the 
fiber around a mandrel. The signal can 
then be introduced into each of the 
colls. The same concept has been used on 
the monitoring side: the mandrel is 
located at the focal point of a 
reflecting ellipsoid, whose second focal 
point is occupied by the PIN diode. 

Using the cable termination device with 
the adhesive splicing system created some 
new design criteria for the protective 
tubes, such as: 

* The  tubes must  provide  optical 
clarity   at   the   840    micron 
wavelength of the LED. 

* The tubes must have mechanical 
properties which will allow them 
to be coiled around a small 
diameter mandrel without any 
kinking effect which would create 
sharp edges and damage the optical 
fiber. 

The flexibility requirements for the tube 
influence many of its design parameters 
including its Young's modulus E, its 
diameter, and its wall thickness. The 
tube must be able to return to its 
original shape after the splicing 
procedure and must avoid any remaining 
small curvature radius that would create 
a signal loss. 

•.•:-■' 

Fig. 8.   Splice Tube Cassette. 
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Measurement Method 

The splicinq operation subiects the fiber 
to some bending stresses, ^nd the 
postibilitv of fiber failure dunnq 
splicinq or durinq the lifetime of the 
fiber has been considered. The result 
piresented is the continuation of D.V 
Nelson's study (See Reference 31 for this 
particular application. 

The ^ .-suits shown in Fiqure 9 are plotted 
for a lifetime of 10 years. The 
probability of a breal occurrinq is 
minimized because the fiber is only bent 
around the mandrel for a few minutes 
dunnq the splicinq operation. In 
addition, the mandrel diameter has been 
optimized to allow maximum coupling and 
decouplina of power at minimum fiber 
stress levels. The present coilinq 
mandrels have a 6mm diameter. 

Signal attenuation is measured either by 
direct insertion loss or by the 
bactscatterino method. 

The insertion loss system, which is 
illustrated in Fiqure 10, was designed to 
insure long term stability of the base 
line signal. The light source is a 
tungsten ribbon filament lamp contained 
in a housing. Light is columnated by an 
achromatic condensing 1en^, modulated 
mechanically, and refocussed at the fiber 
by a microscope objective. The focussed 
spot size is 1mm m diameter. One of the 
common sources of long term drift in a 
system of this sort is misalignment of 
the injection optics caused by 
differences in thermal expansion and 
contraction between the separate optical 
mounts. The use of the 1arqe focussed 
spot size has minimized this source of 
error. 

: ... 

BENDING    STRESS 

J ■ 

FIBER DIA^Sum 
LIFETIME .-10/oars 

BEN  ■.    RAaUSOFaÄWl«E(mm| 

Fig.    9. Bending   Stress. 

EXPERIMENTAL   RESULTS 

Several tests have been performed on 
graded i nde;; fiber of 50/125/280 microns 
to gnalifv the ultraviolet curable splice 
under different environmental conditions. 
The measurement methods are described 
below, and then the results are presented 
for splice        attenuation, temperatLire 
cycling,       humidity   exposure,      temperature 
.aging   and   tensile   strength   tests. 

—H=0=^ 

lie       •..rwi«* •*!*• 
U Mmttrmn hi 

Fig.    10. Insertion   Loss   System. 

On the receiver side, light leaving the 
fiber is columnated and projected onto a 
silicon photodiode contained in a 
housing. This housing also contains a 
series of ten nanometer bandpass 
interferance filters. All of our tests 
thus far have been done at 0.85 micron. 
The signal from the photodiode is fed to 
a        loct-in        amplifier and        read-out 
digitally   on   a   front   panel    meter. 

■ . -'. 
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The MWlMM rate of baseline drift o* 
the svstem is less than O.OOti dB/honr. 
This was achieved with no correction far 
drift in the electronics. For longer 
term tests requiring greater stability, 
beam        splitters      are     mounted      in two 
locations and a portion o+ the optical 
siqnal is shunted directly from the 
source to the detector. this is used to 
correct for long term degradation of the 
lamp and thermal drift of the detector 
and   amplifier   circuitry. 
The     bact scattering     techmgue   as» s      for 
two      measurements     to     avoid     any      error 
which     could     be   due     to     the     different 
fiber      dl ffusivities.      The     splices      are 
made     between     two   cable   reels     with     at 
least     BOO   meters   of   cable on   each.      The 
OTDK   is   then   used   from   bo'-h   ends   of      the 
spliced   cables   and   the   final   attenuation 
value     is      the   average   of   both     readings. 
When     paper   graphs   of      the     bacl scattered 
curves     are   used.      the   resolution   of      the 
method   is   considered   to   be  0,05   dB. 

Attenuation   Histogram? 

the 

-ie 

The first set of results from thi 
splicing equipment was gathered with thi 
optical power launched directly into th( 
fibers. The     Corning   qlass   fibers      were 
broten     and   respliced,      then     attenuation 
was   measured   bv   insertion   loss. 
The     mean   value   for   141   splices   is      0.07 
dB      with      a   maximum   loss   of   0,16      dB,      as 
shown   m   Figure   11. 

" 

CORNING GLA55 FIBER 
N.W 

mean value :007dB 
«■ ;0013dB 

an    (UD 

A first group of measurements was done 
mating the fibers of one element to 
their corresponding fibers in the other 
cable element as shown in Figure 12. The 
second group was measured from randomly 
spliced fibres thus including the optical 
and geometrical parameter in the 
attenuation value. These results are 
shown in Figure 13. 

The mean value of O.22 dB from histogram 
S (Figure 13). with a standard deviation 
of 0,11 dB and a ma;;imuni attenuation of 
0,5 dB, shows that the proposed dynamic 
core alignment concept ensures a high 
quality splice with any two fibers being 
spliced. 

FOl FlBERINiATCHEDRBERSl 
N:<6 

mean loss ;0 17 dB 
^r -. 0 071 dB 

—K- 

SPLICE LOSSldBl 

Fig,    12.      Histogram   2. 

FOl FIBER  (RANDOM) 
N;20 

mean loss ; 0 22 dB 
<q-   :011dB 

INSERTON LOSSldBl 

OOD 01 OJD 

Sfl-CE LOSS (dB) 

Fig.    13, Histogram   3, 

nil n m. 

^ 
V, 

F i a,   U Histogram   1. Temperature  Cycling 

The attenuation measurements with the 
light launched into the fiber through its 
protective loose tube were done on Fibres 
üptigues Industries (FOl) fibers, which 
w: 1 1 be used in the French 
videocommumcation network. Measurments 
were made with the bacf scattem ng method 
using   two   cable   elements. 

Several cycles can be used to test the 
thermal behavior of a splice. The two 
temperature ranges that were used were 
- 40 deg to + 70 deg C and - 25 deg to 
♦ 00 deg C. The signal loss across the 
splice was measured bv the direct 
insertion loss method which was described 
earller. 
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The French Telecommunications administra- 
tion has recommended the use o-f the - 25 
den to + BO deq C cycle in order to 
better understand      the        behaviour o-f 
optical    splices. Three   dif-ferent   siqnal 
loss   excursion    limits      have   been   set: 

* O. 1   dB   ma;;   in   the   -   15  deq   to      +55 
rieq   C   cycle   (hour   0   to  hour    11' 

ii. ?   dB   ma;:    i n   the 
deq   C   cycle   (hour 

-   25  deq   to 
11      to   hour 

»■   70 
Hi 

* 1.0   dB   ma;;   in   the   +   55   deq   to      +   80 
deq   C   cyrle   (hour   24      to   hour   42» 

Furthermore,   the   *inal   siqnal    loss   after 
six   cycles   should   not   be   more   than   0.2   dB 
above   the   onqinal   value. 

OU) 

 , , , , 1 ,"                  .                                 ) 

1 ■ 

M 

■          ■ 

' 

" ■ 

1,1,1 , 1 .  

TIME IN HOURS 

Fiq.       15.      Results   o-f    Water   Soal     Test*. 

» 
• • ■ 

■ -.-■ 

Typical qraphs        o-f      the      siqnal loss 
variations with time are shown in Fiqure 
14. The ultraviolet polymerirable splice 
meets the     requirements     set      tor      both 
thermal    cycles. 

F1q.     14. 

TI»C M HOURS 

Results     of      Temperature 
Cvclinq    Tests. 

HumiditY   Exposure   and   Temperature   Aging 

The     tested     splices   were   either      soal-ed 
in      50   deq   C   water   for    100   hours   or      were 
put   into   an   oven   with   circulating   air      at 
B0     deq   C   for    100  hours. In   both   cases, 
the     siqnal      loss  was     monitored     by      the 
direct    insertion   loss   method. 

The     results   are  presented   in   Figures      15 
and      16. and      they      show     no     variation 
greater      than   0.2  dB   throughout   the     test 
t ime. 

*l 

 —1 1 1 ' 1 1  

■ 

-I 
■ 

—.. —_ 1  

-1 

'1 

1       .      1       .       1       .       1       . 

TIME IN HOURS 

Fiq.   16.   Results  of Heat  Ageing 
Tests. 

Tensile Strength 

A  tensile  test  apparatus was  used 
measure the strength of the splice, 
strength  is  the force needed either 
break  the splice or to pull one  of 
fibers  out 
material. 

to 
The 
to 

the 
of the polymerised  adhesive 

The jaw separation speed was 5 mm per 
minute. Two sets of measurements were 
made on the splices, one before and one 
after a - 40 deg to + 70 deo C 
temperature  cycle. 

The 0.5 daN averaqe value achieved in 
this test is an acceptable value, but it 
is on the low side of the acceptance 
range. Consequently, a new splice has 
been designed and is presently undergoing 
final qualification tests in our 
laboratories. The outside shape of the 
splice tube has not been changed, but the 
average tensile strength has been 
increased to 1 daN. 

■ 
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The      results, which      are      presented       in 
Fiqure 17, show no transmission chanqes 
qreater than 0.2 dB dunnq the test. The 
ne':t step is to test with the - 25 dea to 
+   SO   deq   C  temperature   cycle. 
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Fig.    17.      System   Temperature   Cycling. 

CONCLUSION 

A splicing system has been developed 
which provides protection -for the optical 
fibers -from the time they leave one 
grooved core cable until they enter the 
other qrooved core cable. The fibers are 
individually inserted into loose tubes 
which protect      them      from     damage        and 
contamination. The      fiber      cores are 
aligned, which provides the optimum power 
transmission      through     the      splice, and 
because the i nde:: o-f refraction o-f the 
adhesive resin closely matches the i nde;-; 
of re-fraction of the optical fiber, 
fibers of different brands and different 
optical quality        can        be spliced. 
Furthermore, since the splicing system is 
capable of introducing a signal into the 
fiber and reading that signal across the 
splice, the quality of the -final splice 
can be monitored in the field without any 
need for eütra crews or extra measuring 
eguipment. 
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ARC FUSION SPLICING MACHINE WITH AN APPLICATION OF  LOCAL MONITORING METHOD 

Naoshi  Hakamata,   Shuzo Suzuki,  Yuichi   Usui,  Toshiaki  Kakii 

Sumitomo Electric Industries, Ltd. 
1, Taya-cho, Totsuka-ku, Yokohama, Japan 

Abstract 

In single-mode fiber  splicing, optimum core 
alignment  is required for obtaining minimum splice 
loss.    In practical  field splicing,  it can be 
achieved by positioning  the fiber ends so as to 
maximize the transmitted  power.     But this method 
has the disadvantage that technicians must be 
readied at the far end of  the receiving fiber in 
order  to monitor the transmitted  power. 

To solve this problem, a new arc-fusion 
splicing machine with the ability to achieve the 
optimum core alignment only at the splicing point 
has been developed.    This paper describes the 
basic  study,  configuration,  and performance of the 
new machine.    We are convinced by the following 
test results that this new system will  have wide- 
ranging practical  applications. 

1.    Introduction 

Recently,   optical   transmission systems using 
single-mode fibers have been applied in many 
areas.    In the construction of single-mode fi'jer 
transmission lines, splicing technique, especially 
for the optimum core alignment,   is very important. 
Conventionaly,   optimum core alignment  is  achieved 
by positioning  the fiber ends at  the splicing 
point so as to maximize  the transmitted power. 
This method has  the following disadvantages: 

(1) Test technicians are required at the far end 
of the receiving fiber. 

(2) The above test data must be collated contigu- 
ously at the site of splicing point. 

The new arc-fusion splicing machine solves 
these problems  by monitoring scattered power only 
at the splicing point to achieve the optimum core 
alignment.    Data access  to the far end of the 
fiber   is not necessary. 

2.    Basic study on the new local 
monitoring method 

2.1     Experiment 

When misalignment of  Lhe core axes of   two 
fibers occurs at the splicing point, partial 
transmission power in the tranceiving fiber is 
coupled with the power of cladding modes of the 
receiving fiber.    It is known thatH] the power of 
cladding modes is easily scattered out of  the 
fiber.    Thus, we expect that the optimum cere 
alignment could be obtained by minimizing the 
power scattered from the receiving fiber at the 
splicing point. 

Fig.   1  shows the schematic view of the ex- 
perimental  set-up.    A 1.3um laser diode was used 
as a  light source.    Each fiber end was connected 
using matched-index fluid.    The partially scat- 
tered  light power was detected by a InGaAs photo 
diode through a Imm^ glass rod which was attached 
to the bars part of the receiving fiber with 
matched-index fluid.    Fig. 2 shows the relation- 
ship between the partially scattered power  and the 
butt joint loss as a function of the fiber offset. 
The results of the experiment indicate that the 
scattered power is minimized at the offset which 
delivers maximum transmitted power. 

Light source    Matched-index fluid ; 

Optical 
power 
meter 

Bare fiber 

■Photo diode 

Optical  power meter 

Fig.   1      Experimental  set-up for the scattered 
power measurement. 
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Fig. 2      Relationship between partially scattered 
power and the butt-joint loss. 

Cramp 

Butt-joint   ' 

Source    « 

!      V-groove 

—[J __r     Receiving fi ber 

Optical 
power meter. 

F*^  Optical 

Photo   "^ meter 
detector 

Large core fiber 

Fig. 3 Schematic view of the scattered power 
detection method. 

f 
-■ 

■v 

j 

12 3 4 

Butt-joint  loss [dB] 

Fig. 4    Local monitored power as a function of the 
butt-joint  loss. 

2.2    Discussion 

The butt-joint loss (a) and the scattered 
power (e)  are related with the power  transmission 
coefficient TL^J,  that is, 

a «   |101ogT|  (l) 

8=   lOlogd  - T)  (2) 

The monitored power y is expressed by 

Y= ß + K  + PL  (3) 

where,     K = coupling loss  in the scattered power 
detection system, 

PL = fiber output level  from light source. 

From Eq.   (1),  (2),  and (3), the local  monitored 
power y is expressed by 

Y «  10 log(l - i0'0-lxo1)  + K+ PL     (4) 

Fig. 5 indicates the calculated value of Eq.   (4) 
for several values of K and PL ■ -15dBm.    After 
comparing  the tendency of the line shown in Fig. 4, 
with those of lines in Fig.  5,  it is estimated  that 
the coupling loss   (K)  in our  local monitoring 
system is  about -24dBm. 

-     ---I 

-    ; 
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Butt-joint   loss [dB] 

Fig. 5    Local monitered power as a function of the 
butt-joint  loss for several  values of 
K defined by Eq.   (3). 

« 

■. 

Fig. 6 New splicing machine and optical power 
meter. 

I   Mill 
source 

Splicing 
mach ine 

Wj Fiber        UTCtäi r^  

Optical 
V^-grooye power 

.or 

Optical 
power meter 

3. Design and Performance 

3.1 Design 

On the basis of the experimental  resu'ts, we 
have developed a new splicing machine with an 
application of local monitoring system which 
consists of  a unirv,Q V-groove and an optical power 
meter which has tecr« newly developed and has high 
sensitivity.    Fig.  6 shows  a photograph of the new 
splicing machine and the optical power meter. 
Table   I  shows the specifications of  this  splicing 
machine and the optical power meter. 

3.2 Performance of  the local monitoring  splicing 
machine 

(1) Splice loss of  identical  fibers 

For the purpose of evaluating the splicing 
loss between  identical fibers, we set up the 
system as shown in Fig. 7 with a 1.3iim laser diode 
with -15dBm output from a single-mode fiber, the 
new splicing machine, the new optical  power meter 
for detecting local monitored power,  and an 
optical power meter for detecting the transmitted 
power.    Table 2 shows the parar.eters of a single- 
mode fiber used in this experiment.    Fig.  8 shows 
a histogram of the coupling loss (K) defined by 
Eq.   (3).     It   is found that  the coupling  loss (K) 
is fairly stabilized at about -<?4dDm.    When the 
local monitored power |t) a'ter the optimum core 
alignment  is much higher fian that derived from 
Eq.   (4), we can judge that the fiber setting is 
very poor before splicing.    Fig. 9 shows a 
histogram of splice losses by using this  local 
monitoring method.    An average splice loss of 

0.07dB was obtained. 

(2) Splice  loss of different fibers 

Table 3 shows the parameters of single-mode 
fibers used  in the splicing test.    After splicing, 
an optical   time domain reflectometer  (OTDR) was 
used for splice loss measurements.    The OTDR 

S  Splicing machine 

i   Size (mm) 240W x 200D x 250H 

|   Weight (kg) 12 

|   Power 12V DC       j 

Optical power meter 

Size (mm) 200W x 200D x 8CH   j 

Weight (kg) 3 

Power 12V DC       | 

■   - 

Fig.  7    Experimental   set-up for the splicing test. Table  1    Specifications 

■  . 
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Coupling loss K [dB] 

Fig. 8 Histogram of coupling loss in the 
scattered power detection system 
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measurements were made in both directions.    Fig. 
10 shows a histogram of splice losses for dif- 
ferent  fibers.    An average splice loss of 0.1IdB 
was obtained. 

Fiber diameter [urn] 125.1 

Core diameter    [pm] 8.0 

Spot size           [um] 5.1 

Core eccentricity    [%] 1.0 

Table 2    Fiber parameters 

Fiber 
diameter 

[um] 

Core 
diameter 

[um] 

Spot 
size 

[urn] 

Core 
eccen- 
tricity 

rn 

Fi'jer 
length 

[km] 

No.   1 125.5 8.2 5.04 1.2 1.31 

No.  2 125.5 8.1 5.22 2.0 1.36 

No.   3 125.0 8.4 5.20 0.7 1.33 

No.  4 124.9 8.2 5.07 0.5 1.30 

No.   5 125.1 8.1 5.19 3.0 1.16 

No.  6 125.0 8.4 5.05 1.0 0.92 

No.   / 125.7 8.2 5.02 2.3 1.54 

No.  8 125.1 8.1 4.98 2.7 0.92 

Table  3    Fiber  parameters 

30 

k 20 
.a 
E 

10 

n  =  100 
x  = 0.11   dB 
o ■ 0.06 dB 

Z 
0.1 0.2 0.3 

Splice loss [dB] 

0.4 

. - 

- 

-■• •» J 

.•-. 

Fig. 9 Histogram of splice loss for identical 
fibers using a new splicing machine 

Fig. 10 Histogram of splice loss measured by 
OTDR for defferent fibers -      1 
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(3) Discussion on the estimation of splice loss 

When the butt-joint loss is known, we can 
estimate the splice loss by using the local moni- 
tored power difference between before and after 
splicing (AP). From Eq. (4), AP IS expressed as 

AP Y2-Tl 10 lng(- 
lii 
-O.lxa 

- 10 
-0.1xa ) 

where, '; • the local monitored power after 
splicing, 

^i ■ the local monitored power hefore 
splicing, 

B2 ■ the splice loss, 

■l " the butt-joint loss. 

(5) 

3.3 Feature? of the local monitoring system 

The features of the splicing machine and the 
optical power meter which we have developed are 
summarized as follows: 

(1) The optimum core alignment can be achieved 
automatically within approximately one minute. 

(2) Each fiber end at the butt-joint is automati- 
cally immered in matched-index fluid. 

(3) No additional operation is needed for detect- 
ing the scattered power. 

(4) The minimum detectable power level of the 
optical power meter is -90dBm, the value of 
which is obtained mainly by using the InGaAs 
photo detector that we have developed. 

... 

A splice loss  (a.)   is derived from Eq.  (5) as 

■1 ■ |10 log (1-10 O.lxAP, ,10-0.1««,JJ 
(6) 

The solid line in Fig. II indicates the calculated 
splice loss as a function of AP by assuming »i = 
O.ldB. The dots of Fig. 11 indicate the measured 
splice losses, which were obtained by arranging 
the fiber axis purposely, as a function of AP. 
The measured splice losses agree with the one 
calculated within an error range of O.ldB. From 
these results, splice loss can be estimated within 
an error range of O.ldB by measuring AP and using 
Eq. (6). 

4. Conclusion 

We have developed a new-arc fusion splicing 
machine with an application of local monitoring 
method.  In use, an average splice loss of 0.07dB 
for identical fibers is obtained, and splice loss 
can be calculated with in an error range of tO.ldB. 
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Abstract 

For a short-haul multlmode, four- 
connector fiber-optic transmission system 
with an LED source, it is shown that the 
effects of mode filtering and mixing at 
connectors are very important in determiiiing 
connector loss.  It Is shown that connector 
loss is position dependent, being highest at 
the first connection, lowest at the second 
and between these values In the third and 
fourth positions.  Based upon the data ob- 
served, a meaningful production test set-up 
was devised with good correlation between 
predicted and ln-systera observed path loss. 

Point-to-point fiber-optic transmission 
systems may be conveniently categorized as 
either short- or long-distance systems.  A 
short-distance (short-haul) system Is often a 
tactical or moveable system and therefore 
generally uses multlmode fiber with several 
connectors.  Because of Its simplicity an LED 
rather than a laser source Is used.  A short- 
haul system can be defined as one where 
connector loss determines path loss. 

fibers.  Fiber modal-power distribution 
depends upon source power launch conditions 
and subsequent mode mixing and filtering 
which can occur at connectors.  Thus, the 
manufacturer Is confronted with the diffi- 
culty of making meaningful tests on fabrica- 
ted connectorlzed cable assemblies rnd the 
system designer with estimating path loss and 
Its variations. 

The system to be considered here (Figure 
1) Is made up of three concatenated cable as- 
semblies (four connectors), using 50-(jm core, 
all-glass, graded-lndex fiber with Hughes 
epoxled pin/socket connectors. The source Is 
an LED.  It Is shown that connector loss is 
different for different connector locations 
In the path, being highest for the first 
connector and lowest for the second connec- 
tor, that connector loss approaches an equi- 
librium value for the last two connectors and 
that a meaningful manufacturing test may be 
devised for connector loss in a short-haul 
system. 

Connector loss In such a system is a 
complicated function of the modal power dis- 
tribution In the transmitting fiber as well 
as misalignment and mismatching of mating 

Table 1 shows measured values of total 
path loss and individual connector losses for 
the system of Figure 1.  Note that the sum of 
individual connector losses equals the mea- 

Table I 

Measured Values 

Path Lei (dB) Lc2(dB) Lc3(clB) Lc4(dB) LrorldB) I    LcnfdB) 

1 2.4 1.00 1.42 0.67 5.49 5.49 
2 2.4 1.02 2.52 2.54 8.47 8.48 
3 2.4 0.68 1.03 0.93 5.04 5.04 
4 2.4 1.32 2.01 1.50 7.22 7.21 
5 2.4 1.12 1.00 1.35 5.87 5.87 
6 2.4 1.14 1.05 1.77 6.36 6.36 

Average Loss Lei = 2.4 dB 
Average Loss Lc2 = 104 dB 
Average Loss Lcs = 150 dB 
Average Loss Lc4 = 146 dB 

Average Loss (all connectors) = 1.52 dB 
Note: Lei = Loss at connector nearest source 

Lc4 = Loss at connector nearest receiver 

. - 
• ■ - ■ 
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sured total path loss and that the los^ Is 
different for each connector position. 
Figure 2 shows a plot of average connector 
loss as a function of position.  Note that 
the first connector position has the highest 
loss, the second position exhibits lowest 
loss and that the difference between the 
losses for rhe third and last position is 
very small.  Assuming that total connector 
loss Is made up of geometric misalignment 
effects, mismatches between transmitting and 
receiving fiber chararterlstIrs (core radius, 
numerical aperture and index gradient), and 
cladding and higher order mode removal by the 
connector's epoxy, the following explanation 
for the position-dependent loss Is presented. 

DETECTOR 

ON Ö 
CARD 

100 FT 

HERMAPHRODITIC 
 |      CONNECTORS 

CABLE ASSEMBLY 

BULKHEAD 
CONNECTOR 

ON CARD 
LED FLV LEAD 

Figure 1.  Typical Signal Path 

For the first connector (nearest the 
source) coupling loss is highest because of 
the removal of higher-order and cladding 
modes by the epoxy, in addition to normal 
misalignment and mismatch losses.  In the 
second connector, the loss is lowest because 
of the predominance of lower-order modes in 
the transmitting fiber resulting from the 
mode filtering In the first connector. 
Transmlttlng-fiber modal power is now concen- 
trated into a smaller diameter spot in the 
center of the fiber, thereby reducing the 
effects of misalignment and mismatching.  In 
the third and fourth connectors, connector 
loss is somewhat higher than for the second 
position because of the generation of some 
higher-order modes (mode mixing) at the 
second connector.  However, the loss differ- 
ence between the third and fourth connections 
is small indicating the approach of modal 
equilibrium condition.  It is also important 
to note that the average loss for the last 
connector is very close to the average con- 
nector loss for the path (i.e. total loss 
divided by the number of connectors), indi- 
cating that a connector-loss test setup based 
upon an equilibrium modal condition would be 
realistic for this system. 

</> 
</> 
o 

3- 

2- 

Figure 2. 

—I 1 1 r r 

2       3      4 

POSITION IN PATH 

Average Connector Loss Vs. Path 
Position 

Figure i  shows the connector loss test 
set whici- uses a mode filter between the LED 
source and the optical output. The mode 
filter consists of a mode mixer (scrambler) 
followed by a cladding mode stripper. The 
mode mixer was constructed by winding two 
hundred feet of the system fiber on a 2" 
diameter mandrel, and the mode stripper 
consisted of a fiber lead with approximately 
one Inch of bare fiber covered with index 
matching gel.  Figure 4 represents the dis- 
tribution of connector losses measured using 
this test set.  Good agreement is seen be- 
tween average loss for the system and 
measured connector loss.  Note that this data 
is skewed because no loss values greater than 
1.6 dB were recorded.  Any unit with a loss 
greater than 1.6 dB was discarded or re- 
worked, as this value represents the produc- 
tion pass/fail value.  If one assumes sym- 
metry about the 1.6 dB axis, a reasonably 
normal distribution can be approximated. 

C, MODE  C2 

SCRAMBLER 

OPTICAL FLY 
LEAD 

•PREF 

C,.C .C,: HUGHES PIN SOCKET 
CONNECTORS 

1. MEASURE PREF IN (a) 

2. MEASURE P0 IN (b) 

OPTICAL 
FLY LEAD 

3. CALCULATE LOSS: Lc(dB) ■ 10 log 
pREF 

• 

Figure  3.     Loss Measurement  System 
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Figure 5 depicts a smoothed, filtered 

curve of connector loss for 31 connectors 
Tieisured with the LED source, but with the 
mode filter removed.  This shows there Is an 
average loss value which Is the same as for 
the first connector In the system. 

It has been demonstrated that the ef- 
fects of connector mode mixing and filtering 
are very Important In determining path loss 

in a multimode, LED-excited, short-haul 
fiber-optic system.  Mode mixing and fil- 
tering not only makes connector loss sensi- 
tive to connector position, but makes mean- 
ingful tests and system design estimates very 
difficult.  However, using Judiciously ap- 
plied mode filtering in the loss measurement 
system, the manufacturing engineer can give 
the system design engineer meaningful data. 

I" 
&   to 

t nfu 

X ■ 1 33 
LOSS (dBl 

N = 7J 

X = I 33 
«r= 023 

20 

Figure  A.     Loss  (dB)  Distribution  LED Source 
with Mode  Filtering 

Figure  5.    Loss  (dB)   Distribution LED Source, 
No Mode  Filtering 
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F1KLD USABLE SINGLE MODE FIBRE: SPLICING APPLYING LOCAL CORE ALIGNMENT 
:^ 

CM. de Blok and P. Matthijsse 

PIT, Dr. Neher Laboratories 

Leidschcndam, Netherlands 

Abstract 

In   the  spring of  this year two  single mode   fibre 
cables,  each with  six fibres, have  been  installed 
in  the  Netherlands.  Splicing was  done  by electric 
glow discharge   fusion applying a core  alignment 
system based  on   the     local     injection and detection 
of an optical   signal  by means of  a bend  in both 
fibre ends.   In  addicion,   the  received  signal   level 
was  used  as  a  check on  the   fusion  and  protection 
process  by demanding an increase  of the  transmitted 
signal   just  after  fusion and no change  during 
protection of   the  splice.  A modified multimode 
splicing set was  used including a manually 
controlled  piezo-electric  fibre   translator.  The 
splicing was  done  by a regular jointing crew 
trained  for about  one month.   The  obtained mean 
value  of   the   splice   loss was  0.13  dB.   Splicing was 
rather  time  consuming and bothering for  the 
jointers,   primarily due  to  the preparation of   the 
end   faces.   No  specific problems were caused  by  the 
application  of  the  local alignment.   It offers   a 
great   flexibility  in  the  installation procedure  as 
sequential   splicing is  no  longer  required and 
simultaneous  splicing on different  splicing points, 
which was  done  on  several  occasions,  can be 
performed without  any  interference  problems. 

Introduction 

Concerning  the  introduction of optical  systems 
into  the  transmission network,   fibre splicing  is  of 
great   importance   for  the  Dutch PTT from the  point 
of view of both  the splice  loss as a part of  the 
total   loss  budget  and  the operational  conditions 
resulting  from the  splicing procedure.   Based  on  the 
fault   statistics  of  the  conventional buried  long 
distance cables  about  three  additional  splices  per 
kilometer are  expected during a 25 years'   period. 
Assuming provisionally  the same  number of 
additional  splices   for optical  cables,   the 
repeaterless  operation of 25 km links with single 
mode   fibres  during  this period,  which is   the 
intention,   requires  a mean  splicing loss  of 0.15  dB 
at most.  Most  of  these additional   splices will  be 
due  to cable damage or change of  the cable  routing 
caused by  road  diversions.   Therefore,  restrictive 
conditions with  respect  to  the sequence  of splicing 
or  the  necessity of  far-end monitoring equipment 
are hardly acceptable.  Both  considerations  lead  to 
the conclusion   that  the application of  local   core 
alignment will  be  a necessity in  the  future.   In 
this  paper  the  experiences with  the application of 
a  local  alignment  system,  which has  been developed 
in  the  PTT  laboratories  and has been used  for   the 

splicing of  two  single mode   fibre  cables  in 
Rotterdam will  be  described. 

Alignment   unit 

Most  local  core alignment  systems  for single 
mode  fibres,  which have been proposed till now are 
based on a precise  detection of  the mutual  position 
of  the cores  in both  fibre  ends.   This  can be 
done e.g.   by means ot   tluorcccencc   ''  or a precise 
video detection system3'1*.   In  reference 5 a 
transmission method has  been described,  based on 
the   local   injection and detection of an optical 
signal  guided by  the  core  of both  fibres.  This 
method is very simple, especially when using loose 
tube cabled  fibres with a  cladding mode  stripping 
coating as  in our cables.   For  this  reason this 
method was  chosen and made  suitable   for field use. 
Injection and detection of  the optical  signal  is 
done by bending both  fibres  at  a distance of about 
40 cm from the  splicing point   (R " A ram)  and 
without  removal  of  the coating material   (figure   I). 

Figure   1:  Fibre  in one of  the  bending clamps 

The  launched signal  emerges   from a  0.200 nm core 
diameter SI   fibre,  which was  insertedoin a metal 
tube and ground at  a sharp edge  of   15   .  The coated 
fibre  is  pressed against  this  oblique  fibre end 
with a reflecting clamp and bent over   180    just 
behind this  launching  region.   Loosening of  the 
clamp activates  a microswitch  to  switch off the 
launching  source  for safety  reasons.   Detection  is 
done with  the same arrangement.  Only  the metal  tube 
is  replaced by a quartz  rod with a diameter of 
1.8 mm provided with a  reflecting coating. 
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Tlie optical source is a 12 W, 904 nm pulsed GaAs 
single heterostructure diode laser. The driving 
signal is used as a reference signal for the 
synchronous detection circuit, which is preceded by 
a commercially available low frequency detector 
amplifier module. The received signal level is 
indicated on a pointer instrument. At each moment 
in the alignment procedure the signal level can be 
stored in a memory. The increase of the received 
signal relative to the stored value is indicated by 
the lighting of a number of lamps from a row of 
12 lamps situated besides the pointer instrument. 
Each lamp represents a 0.05 dB increase in optical 
signal level. The alignment unit is shown in 
figure 2 with the splicing set in front of it. In 
figure 3 the transmission of a fibre joint as a 
function of the transverse offset of the fibre ends 
is shown. 

100 

Transmission, 
signal level 

it) 

h 8 10 

• Offset   (pm) 

w 

Figure  2:  Alignment unit with splicing set  in  front 
of   it 

Figure  3:  Transmission of  a  fibre  joint  at   1300 nm 
and  detected signal   level  of  the 
alignment  system at  904  nm versus offset 

Curve a  represents  the  loss  of   the  joint at   1300 nm 
as measured with a  far end  transmitter and 
receiver, without bends   in  the  fibre,  whereas 
curve b represents  the signal  as produced by the 
alignment system.   From this   figure   it will be  clear 
that no cladding modes are  present  as  the 
transmission has  decreased  to  an negligible level 
for an offset  larger than  the  core  diameter.   It 
also shows  that  for  the  used  fibre  type  the 
alignment at  904 nm is more  sensitive  to offset 
errors  than  at   1300 nm as   the   transmission curve  is 
much more peaked  in the optimum region. 

Splicing equipment 

For  the  first  installations  in  Rotterdam it was 
decided  to use a modified multimode  splicing set 
based on  fusion by a glow discharge.  The reasons 
for this  decision were: 
i  )   these sets  are well-proven,   rather cheap and 

were easily available  unlike  possible 
alternative  single mode  fibre  splicing sets, 

ii)  in a preliminary stage  it was  shown in our 
laboratories   that with  this  set  low loss single 
mode  fibre  splices  could be made. 

The modifications  included a decrease of  the gap 
between  the electrodes,   a  shortening of  the 
discharge  time  and  the  lengths  of  the automatic 
movements of  one  of  the  fibre  ends  during the 
fusion process  and  the mounting of  a piezo-electric 
fibre  translator  in one  of  the   fibre clamps.  In 
February of  this year  three  of  these  sets,  each 
together with  an  alignment  unit,   became available 
for training purposes. 

•    - 
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Splicing procedure 

In the applied splicing procedure nothing was 
very specific besides the alignment and the check 
of the splice loss. Cleaving was done with a 
commercially available fibre cutter. After 
insertion of the fibres in the alignment unit and 
the clamps of the splicing set the fibre ends were 
aligned visually by using the mechanical 
translators and the viewer on the splicing set. 
This rough alignment resulted in a signal from the 
alignment unit, which was sufficient to start the 
fine alignment. This was done manually by means of 
the piezo-electric fibre translator while observing 
the signal level indicated by the pointer. The 
optimum signal level was stored in the memory in 
the alignment unit. After fusion there should be a 
signal increase indicated by the lighting of a 
number of lamps and originating from the vanishing 
of the Fresnel losses and the decrease of an 
occasional loss due to lightly slant fibre end 
faces. By correlating the measured 1300 nm loss of 
a number of splices with the corresponding number 
ot lighted lamps it WM found LliuL the llgliLiug of 
at least six lamps suffices for a splice loss 
better than 0.15 dB. If less than six lamps were 
lighted the jointer had to renew the splice. In 
case of a good splice it is protected, taken from 
the aligimcnt unit and fastened in the fibre 
organiser No check of the splice loss by means of 
a far i. nd measurement (e.g. an OTDR measurement) is 
performed. The only problem encountered in this 
procedure is that if the fibre ends are prepared in 
such a way that a good splice will be impossible 
(e.g. too slant end faces) the transmitted 
alignment signal nevertheless will increase after 
splicing, because the joint loss becomes less bad. 
In most of these cases, observed in the training 
period, all lamps lighted, which gives the jointer 
a warning that something can be wrong. A second 
warning can come from the optimum level of the 
transmitted signal, which is usually lower than for 
the other splices. Trials to measure the splice 
loss with the alignment unit by inserting the 
detecting clamp both after and before the splice 
were not successful up till now due to a lack of 
reproducibility and the complexity of this 
procedure for the jointer. Besides, the measured 
loss should be correlated to the loss at 1300 nm. 

Results 

Aftor a training period of about one month 
four jointers, none of which had any experience 
with fibres before, started with the splicing of 
the two six fibre cables in Rotterdam. In the last 
week of their training two spl'ning sleeves were 
completed in a realistic field ei. »ironment 
alongside a busy street. The mean value of the 
resulting splice loss, measured in the 
laboratories, was 0.15 dB. Three months later the 
splicing of the two Rotterdam cables was completed. 
The cables had a length of 7.6 and 9.4 km 
respectively, and were installed in an urban area 
in an air compressurized duct system. The total 
number of splicing points wis 33. Measurement of 
the total attenuation at 1300 nm resulted in a mean 
splice los.c of 0. 15 dB for the first cable and 
0.11 dB for the second one. The mean losses per 

route are shown in table 1. 

Route 12           3           4           5          6 

Mean splice 
loss 

0.11     0.19     0.19     0.09     0.18     0.15 

Route 7           8           9          10          11          12 

Mean splice 
loss 

0.08    0.14     0.09     0.12     0.09    0.13 

Table I: Mean splice losses in two six fibre 
cables. The routes 1 to 6 art in the first 
installed cable. 

It appears that there is a considerable variation 
in mean splice loss. Evaluation of the OTDR curves, 
which will be made from the two ends of each of the 
routes, probably will show whether these 
differences are due to incidental bad splices. 
Important other experiences were: 
- The preparation of the fibre ends had to be done 

very careful. Especially the fibre end faces must 
be perpendicular to the fibre axis. In practice 
it appeared that the used cleaving tool was 
rather sensitive to temperature variations. As 
the temperature in the tent where the splicing 
was done (see figure 4), varied from about 0 to 
25 C many initial problems arose. This problem 
was solved to a greater part by laying this tool 
on a temperature stabilized plate. 

Figure 4: Interior of the splicing tent 
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For  three  splices   it was  found afterwards  that 
the  corresponding discontinuity  in  the OTDR 
curve, which was measured  for other reasons,  was 
greater  than  2  dB.   Renewal  resulted  in a much 
better  result.   Probably  these  splices were  due  to 
the  reasons  described  above.  Although  this  only 
involves   1.5  Z oi all  splices   this effect 
requires  special   attention. 
The  application of  the  alignment  system requires 
that   a  rather   long  length of primary  coated  fibre 
has   to be  handled  and stored in the organiser. 
This  did  not   lead   to  any specific  problem. 
For most splices   the  splicing procedure had  to be 
repeated several   times.  This was most  probably 
due   to  the  non optimized splicing set  or  to  an 
end   face  preparation,  which was  not  satisfactory. 
The   total   time needed  to make a complete splice 
varied considerably  and sometimes was   very   long. 
Although   this  result  is  rather negative  as  for 
the  splicing procedure  it  also  shows   that   the 
check by means  of   the  alignment  system  is  rather 
severe. 
The  siraul tar.oous  working on  the  same  route  by   two 
or even  three  splicing crews did not  raise  any 
problems   for  the  splicing.   Also  the  sequence  of 
tho  splicing is not  determined by  the  splicing 
procedure   as  in  the  case  of using far end 
equipment. 
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Conclusions 

The principle conclusion which can be drawn from 
these installations is that the local core 
alignment using the bending method can be applied 
very well in a field environment. It can be 
combined with any splicing method, and showing from 
the total result obtained in the Rotterdam routes, 
it can even be combined with a splicing set which 
is developed for multimode fibres. Points of 
concern for the next installations are especially 
the choice of a splicing set which is more suitable 
for single mode fibres i.e. a set with a mechanical 
stability in the sub micron region, and a further 
improvement of the check on the splice loss. 
Important points which require continuous attention 
are the bending of the fibre and the transparancy 
of the cladding mode stripping fibre coating. As for 
the first point, the signal level can be increased 
ronsiderably by a more optimal launching and 
detection method, on which we are working now, 
resulting in less deformation of the fibre. The 
second point, the transparancy of the fibre coating, 
is especially relevant when painting is considered 
as a method for fibre identification. Intermittent 
painting or the choice of a material which is 
transparant for the launched wavelength or can be 
removed easily can be a solution. In case of a non 
mode stripping coating this alignment principle can 
only be applied if very concentric fibres are 
spliced or if special provisions are made for 
additional cladding mode stripping near the fibre 
ends 5. 
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ABSTRACT 

AT&T  Bell   Laboratories   has  conducted   a 
Closure  Development   Study  whose  goal 
was   to  organize   a  Plan   for  the  design 
and  development   of   new   closures  meeting 
the  telephone   companies'   needs   for   the 
80's   ind   beyond.     Data   were  gathered   by 
means  of   indepth   interviews with   fif- 
teen   bOC' s  and   then  were  combined  with 
information  generated   "in  house"   to 
establish  a  list  of  Design Objectives. 
Summarizing, the   customer   requires  a 
universal   closure  design   having   a high 
degree  of   reliability,   easy  to  assem- 
ble,   with   little   need  of  training and 
having  a  low   initial   cost.    The  result 
of our  effort   is   the   2000  Series Splice 
Closure.     Its   design   is   applicable   in 
all  plant  types  and  can  accommodate 
cable  sizes  and   types   from the  largest 
to the  smallest.     This   paper presents 
results  of   the   BOC   study   leading  to   the 
2000   Closure   and   details  of   the  design 
that   address   the   customers'   needs. 

I.     Introduction 

In  the  early   1980^,   AT&T  Bell   Labora- 
tories  established   a   Plan   to gu'.de   its 
efforts   in  developing   a   new  splice 
closure.     The   Plan  consisted  of   four 
steps,   namely: 

|t     Identify   all   the   significant 
influences  on   closure  design, 
usage,   and   applications. 

2. Determine the impact of each of 
these influences on future clo- 
sure  development. 

3. Compile a broad set of specific 
objectives for closure develop- 
ment. 

4. Design   the   closure. 

Thip paper will discuss each of these 
steps in detail.  It will begin with 
baF.ic inputs and end by describing the 
finished product.  In between, will be 
discussions of feasibility studies and 
an illustration of how the finite ele- 

ment analysis method was used as a 
design tool. 

It was in the execution of Step 1 that 
the customer's input was so vital and 
hence the title of this paper, "A Cus- 
tomer Designed Splice Closure." 

II.  Influences on >.luaute Design 

If given the opportunity to design a 
new product from scratch, the natural 
first step would be to identify all 
those variables or influences which 
affect the product.  In the area of 
splice closures, eight such influences 
were identified: 

P 

I, 

3. 

4. 

5. 

Present Performance - 
How well are current closures 
meeting field needs? 

Future Requirements - 
What will the outside plant te- 
quire of closures in the future? 

Human Factors - 
What should the closure designer 
expect of the closure user? 

Tools 
Under what circumstances might 
specialized closure assembly 
tools be desired? 

Closure Reliability 
What are the fundamental failure 
mechanisms for closures? 

Materials Technology 
What materials should be used 
future closure designs? 

in 

8. 

Manufacturing  Technology 
What manufacturing  processes 
should  be  used   in   future   closure 
designs? 

Economics 
How  is  the economic worth  of  a 
new closure evaluated? 

Having   identified  the   influences,   the 
next   task  was  to   identify   the   best 
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source(s) of information applicable to 
each influence.  Only data having a 
direct bearing on closure design was 
desired.  Generalized information was 
not sought.  With these guidelines, it 
was concluded that the Bell Operating 
Companies (BOC) were the best source of 
information concerning the first four 
listed influences.  Input on the last 
four would come from ATsT Bell Labora- 
tories and AT&T Technologies.  The 
remainder of this section will be de- 
voted to describing the methods used to 
gather information from the BOC and a 
discussion of some of those results. 

The method selected to gather the BOC 
information was an interview process. 
A list of possible management inter- 
viewees was established from sugges- 
tions submitted by the AT&T Bell Labor- 
atories Transmission Media Laboratory. 
Two qualifications were required to be 
included on the list.  First, the per- 
son should have some experience and 
understanding of closure requirements. 
Secondly, and most important, the 
interviewee had to have a reputation of 
interacting candidly with ATiT Bell 
Laboratories, i.e.  someone who will 
"tell it like it is." 

craft were about evenly distributed 
with experience in the different plant 
types; typically the experience level 
was very high.  Seventy-seven (77%) 
percent of the craft interviewed had 
two or more years experience.  Further, 
this same level of experience was pres- 
ent for all BOC's, not just the slower 
growth companies. 

TABLE 2 
Craft Demographics 

Work Area 
Construction 65% 
Maintenance 31% 
Const. & Maint. 4% 

Plant Type 
Aerial 32% 
Underground 37% 
Buried 28% 
Buildings 3% 

Work Experience 
<6 months 7% 
6 Months - 1 Year 6% 
1 Year - 2 Years 10% 
2 Years - 5 Years 9% 
>5 Years 68% 

■f. 
■ . ■ 

Each interviewee was contacted and an 
interview requested.  The survey pur- 
pose was explained to each interviewee 
and anonymity, to the best of our abil- 
ity, was pledged. 

Fifty-seven (57) management inter- 
viewees were thus selected from fifteen 
BOC's.  Twenty- two (22) interviewees 
had line responsibility and the remain- 
ing thirty-five (35) ware staff posi- 
tions.  Table 1 shows the management 
interviewee distribution by Level and 
Job Type. 

TABLE 1 
Distribution by Level and Job Type 

. By Level 
1st 9 
2nd 24 
3rd 23 
4th 1 

• By Job Type 
Construction 42 
Maintenance 4 
Const. & Maint. 1 
Engineering 3 

Two cratt crews, one construction and 
one maintenance, were interviewed for 
every management interview, resulting 
in a total of 300 craft interviews. 
Table 2 lists the craft demographics. 
There was a good balance between con- 
struction and maintenance with the 
craft, but it was not the 50-50 split 
desired.  Except for buildings, the 
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There was no attempt by the BOC to have 
only experienced.craft available.  This 
high level of experience is a positive 
factor when establishing credence of 
the data. 

The management people were individually 
interviewed using an established ques- 
tionnaire.  The craft people were 
interviewed in small groups using a 
second questionnaire.  Each question 
was discussed in order and then the 
craft marked their responses. 

The management questionnaire contained 
thirty six (36) objective type ques- 
tions, twenty (20) open-ended type 
questions, and five (5) bibliographical 
questions.  A similar number and type 
of question(s) were used on the craft 
quest ionnaire. 

Present Performance 

How do closures fail was one of the 
major results being sought on "present 
performance." Data requested was: 
relative frequency of failure modes, 
relative significance, and the eftect 
oi  geography and topography on closure 
failures.  Relative frequency data is 
shown in Table 3.  UG, B, and A stand 
for underground plant, buried plant, 
and aerial plant respectively.  Data 
shown is from the management 
interviews. 
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TABLE 3 
"Please rank the closure failure 
modes listed below as to their 

relative frequency" 

Failure Mode 

Reentry activity 

Poor craftsmanship 

Water entry 

Use of too small 
of closure 

Poor bonding 

Poor adhesion of 
sealing tapes 

Complexity of 
seal design 

Other 

Plant  Type 
UG B A 

1 J 1 

2 ^ 2 

4 i 4 

3 8 7 

6 6 3 

The rankings shown are based on the 
numerical average recorded for each 
factor.  Reentry activity and poor 
craftsmanship rank #1 and #2 for under- 
ground and aerial plant.  The actual 
numerical average in the underground 
plant was 2.23 for #1 and 2.31 for #2 
compared to 4.02 for the 3rd ranked 
factor, "use of •■oo small a closure." 
The difference between #1 and #2 in 
aerial plant was 0.27 compared to the 
.08 for UG. 

In buried plant, #1 was, as expected, 
water entry.  Second ranked poor 
craftsmanship was quite close to #1 
with a difference (delta) of .09. 
Reentry was a distant third.  This was 
most likely because buried splices are 
encapsulated and are generally not 
meant to be reentered. 

Bonding only appears to be a problem 
(relatively speaking) in aerial plant. 
Feedback during the interviews afid a 
craft question concerning bonding, 
shows the problem to be associated 
primarily with metal splice closures. 

Closure 
relative 
previous 
plant. 
"other 
consider 
and was 
naires. 
either | 
category 
design ( 

design attri 
ly good "mar 
ly mentioned 
However, exa 
responses sh 
ed a problem 

ranked #1 in 
Additional 

1, #2 or #3 
were:  poor 

3 instances) 

butes received 
ks" except for the 
bonding in aerial 

mination of the 
owed design was 
in buried plant 

two question- 
factors ranked 
in the "other" 
BOC engineering 

, reaction between 

sealing tape and encapsulant (2 in- 
stances) and temperature effects of 
metallic closures in aerial plant (2 
instances).  A final observation about 
the "other" data.  It was only desig- 
nated 8% of the time for the first 
three choices.  This indicates that the 
factors listed were in fact the most 
common and important factors as viewed 
by both AT&T Bell Laboratories, the 
source of the factors, and the BOC's. 

When asked to list the major closure 
shortcomings in the underground plant, 
data shown in Table 4 was recorded. 

TABLE 4 
UG Closure "Shortcomings" 

i 

:-■] 

■ ■ .•- 

Item 
Number of 
Time Noted 

Craft Sensitive 9 
Holts and Bar 8 
Too Large for Manholes 6 
Difficult and/or Slow Reentry  5 
Too Many Piece Parts 5 
Size Limitations 4 
Metal Cases Too Heavy 4 
Bonding on Metal Closures 4 
Alignment of End Plates 3 

Although many questions were answered 
by assigning the problem to a material, 
i.e., bolts breaking, only the data 
shown in Table 5 was gathered purely 
from a material failure viewpoint.  The 
data was taken from the management 
survey via the question, "What are the 
most frequent closure material failures 
that you have encountered?" 

TABLE 5 
Material Failure Modes 

Material(s)        Instances Noted 

Bolt and bolt strips       13 

B-Sealing Tape 10 

Inserts in End 
Plates 7 

. . ■ 

Cracks in metallic 
closures 

Corrosion of 
metallic closures 

Sealing Tape/ 
Encapsulant 

Sealing Tapes 

6 

4 

4 

4 

Exceot   for   the   metallic  closure   prob- 
lems',   all   instances  noted   in  Table  5 
refer  to  fasteners or seals. 
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Human Factors 

"Does a great r 
required to put 
interfere with 
craftsperson pr 
cent of the BOC 
nine percent sa 
ing sevtn perce 
between yes and 
behind this ove 
of "goof-proofi 
paid for and ta 
i.e., the talki 
with good quali 
and thus they 1 
lation as a nee 
cleaning up the 
accomplished at 
work day. 

eduction in the skill 
on a closure tend to 
job satisfaction or 
ide?"  Eight-four per- 
management said no, 
id yes, and the remain- 
nt offered an opinion 
no.  The reasoning 

rwhelming endorsement 
ng" was the splicer is 
kes pride in wire work, 
ng path.  Productivity 
ty are their motivation 
ook at closure instal- 
essary evil, the same as 
work site which must be 
or near the end of the 

Is the craftsperson's capability chang- 
ing and what impact will this have on 
closure design was addressed by asking 
both management and craft to rate char- 
acteristics that best describe the 
outside plant craftsperson.  Table 6 
lists the data by trait or characteris- 
tic.  Not all traits were on the craft 

response "same" is considered positive, 
then management views craft in a more 
negative manner than craft views itself 
on the physical traits, but more posi- 
tively on the mental traits than craft. 
All of these traits impact on closure 
design especially manual dexterity and 
strength. 

Tools 

The  basic  questions  the   interviews 
sought   to  answer  concerning   tools 
were: 

1. What  are  the valid  objections  to 
closure   tools? 

2. What   are  the motivations  for 
introducing   closure   tools? 

When   asked   how valid  are   the  given 
objections   to  new closures   tools,   cost 
was   ranked   #1   as  could   be   expected.     It 
received   thirty-two  first   choices  while 
#2   ranked  maintenance   received  only 
twelve   first   choices.     Thus,   cost   is  by 
far   the  most  valid objection   to  intro- 
ducing   new   closure   tools.     These 
results   are   in  Table  7. 

TABLE   6 
Craft  Characteristics 

Trait 

More Manual dexterity 
Same 
Less manual   dexterity 

Physically   larger 
Same 
Physically   smaller 

Stronger 
Same 
Weaker 

More   intelligent 
Same 
Less intelligent 

Better attitude 
Same 
Worse attitude 

More trainable 
Same 
Less trainable 

Slower turnover 
Same 
Rapid turnover 

TABLE 7 
Valid Objections to New Tools 

Management Craft 

12% 
32% 
56% 

34% 
30% 
36% 

25% 
25% 
50% 

42% 
41% 
16% 

13% 
29% 
59% 

13% 
47% 
40% 

51% 
39% 
11% 

44% 
33% 
23% 

23% 
30% 
47% 

18% 
25% 
56% 

51% 
26% 
23% 

~ 

5% 
19% 
75% 

- 
- 

Objection Average Rank 

Cost 1.78 
Maintenance & Repair 2.57 
Training 2.94 
Inventory 2.98 
Other 3.80 
Manpower Reduction 4.50 

Motivations for introducing new closure 
tools are ranked in Table 8. 

TABLE 8 
Motivation for Introducing 

Closure Tools 

Motivation Average Rank 

questionnaire.  The first three traits 
are physical while the last four are 
mental or personality oriented.  If the 

Make Closure More Reliable     1.85 
Make Job Easier 2.53 
Make Job Safer 2.65 
Make Job Faster 2.74 
Make Closure Less Expensive   3.85 
Other 6.00 

Reliability was a firm #1 choice fol- 
lowed by easier, safer, faster and 
last cost considerations.  Cost was a 
distant fifth place when compared to 
the fourth place of "faster". 
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Future Requirements 

BOC data on future closure require- 
ments covered a wide range of topics 
from reentry considerations to envi- 
ronmental concerns to the changes 
brought about by fiber optics and elec- 
tronic pair gain systems. 

Perhaps the most important question 
asked because it goes straight to the 
point is, "What closure attributes 
should be considered to assure BOC 
acceptance?" 

Reliability was the overwhelming #1 
choice.  This coincides exactly with 
ATiT Bell Laboratories design philoso- 
phy.  First cost was a distant ranked 
third, although it is used by many 
BOC's when determining which closure 
will be purchased.  Ease of assembly 
was ranked #2 and had an average 
response of 2.67 compared to 4.20 for 
first cost.  Ease of reentry, even with 
its associated problems, was considered 
important and ranked fourth.  The data 
is clear, make it reliable, easy to 
assemble and then cost effective. 

The above results were examples of the 
data gathered from the BOC's.  This 
information was combined with in-house 
studies of reliability, manufacturing 
processes, materials technology and 
economics.  From the gathered data, the 
Design Objectives shown in Table 9 
were established completing steps 1, 2, 
and 3 of the Closure Development Plan. 

TABLE 9 
Design Objectives 

High Reliability 

Universal Applications 

First Cost Advantage 

Simple to Assemble 

Ease of Reentry 

Compliant Seals Preferred 

Avoid Threaded Fasteners 

Alignment Aids Required 

Special Tool(s) Only to Decrease 
Craft Sensitivity and Only if Tool is 
Inexpensive 

Fewer   Parts 

III.     Splice  Closure Design 

Step  4   was   stated   simply,   "Design   the 
Closure."     It  was   in   fact  a series  of 
smaller   steps   consisting  of  material 
and   process   feasibility  studies,   de- 
sign  concepts,   and  preliminary  trade- 
offs   between   design  objectives   and 
cost  considerations. 

Material  and  Process Studies 

The  purpose  of   these  studies  was  to 
select   a material-process  combination 
that   would  economically provide   a 
product   to meet   the established  De- 
sign Objectives.     Initially,   the 
constraint  was   imposed  that  the 
selection of  both   the material  and 
the process  would   have  to be  taken 
from  those  currently available  and 
well-established   in order to avoid 
probable   lengthy  development  programs 
prior  to actual  product design.     Fur- 
ther  constraints  were placed on  mater- 
ial  choice   in   the   form of environmental 
and  associated  material  compatibility. 
Bell  System  and   REA performance 
requirements;   with  these constraints 
and  requirements   in mind,   the vast 
array of  possible  material-process 
combinations  were   reduced  to: 

Hot  stamped   glass  mat   reinforced 
polypropylene 

Injection  molded polypropylene 

Die cast  aluminum 

Sand  cast  galvanized cast   iron 

Extruded   polypropylene 

Roll   formed   nylon coated  steel 

Roll   formed   low carbon  coated 
stainless  steel 

The   first   four  of   these processes were 
currently   in  use   in  existing  closure 
manufacture. 

In order  to conduct a comparative eco- 
nomic   study,   a  simple  representative 
physical   model  was  established.     It 
consisted  of   three   sizes of  semi- 
circular  parts  providing a  reasonable 
similation of   the  proposed  family of 
closures.     These  models would  be  re- 
quired  to maintain   10 psi pressuriza- 
tion   for  a period  of  40  years  using  a 
standard   pressurization  system  under 
all  environmental  conditions  found   in 
aerial,   buried   and   underground  plant 
and   20  psi   for   a   short  time during 
flash   testing.     Accordingly,   the  model 
thickness  was  determined  bv  material 

■'.' 
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property  and/or   process 
fc"  example,   the   minimiim 
thickness   in  sand   cast   1 
inch,   even  though   this   g 
the  pressurization   requi 
models   were   then   subject 
analysis  and   a  study  to 
tal   investment   required 
facture  of   the   estimated 
of   the   three  sizes.     The 
resulted   in  the   solectio 
stamp  process  as   the  pre 
turing   method. 

limitation;   eg, 
practical wall 

ron  is   5/32 
reatly   exceeds 
rement.     These 
ed to  part  cost 
determine  capi- 
for  the   manu- 

annual   demands 
se studies 
n  of   the  hot 
ferred   manufac- 

To describe   the   hot   stamped  process,   we 
must   first   describe  the   material.     It 
is  a   laminate  of   polypropylene   and 

fiberglass mat.     It   is  sup- 
plied   in  a rigid   sheet   approximately 
one-eighth   inch   thick. 

Preforms or blanks are 
this sheet stock and pi. 
with the necessary cont 
the material up to a fo 
ture. At this point th 
are placed in matched d 
molds, mounted in a hyd 
sufficient capacity to 
material to the desired 
an adequate chill fo al 
structurally stable sta 
opened   and   the   finished 

Design  Concepts 

then  cut   from 
aced   in   an oven 
rols to  bring 
rmable   tempera- 
e   heated   blanks 
ie  sets,   or 
raulic  press of 
deform   the 

shape.     After 
low cooling   to  a 
te,   the  mold   is 
part  removed. 

The  basic  assumptions  used  to  generate 
design   concepts   where   the  closure would 
consisf  of either  a one  on two  piece 
cover  surrounding  a two  piece  endplate 
(1   cable entry).     The cover would be 
sealed   to  itself  or a second  cover 
piece  with  a  non-mastic   material. 
Likewise  the  seal   between  each   endplate 
and cover would  be  a non-mastic  and 
finally  the  seal   between   the  endplate 
and   the   cable  would  be  of  a  non-mastic 
material. 

Fasteners  would   be  one   piece  and  pre- 
ferably   integral   with   the  covers  and 
endplat.es. 

From  a   strength   consideration,   the 
closure   would  have   to withstand   pres- 
surization  to   10   psi  and   then   tempera- 
ture  cycling   from  -40°F   to   140,F   in   an 
eight   hour  period.     Further,   it   would 
have to withstand  an overpressure of   20 
psi   for   thirty minutes  and possess an 
impact   resistance  of   120   inch-lbs.   at 
0oF. 

Fasteners  were   originally  conceived  as 
one  piece   non-metallic  structures. 
Feasibility  studies   showed   this   appro- 
ach   to be  unacceptable.  The  fastener 
concept   then  turned   to  a  more  efficient 
use  of  metals   as   fasteners.     This 
direction   lead   to wire   forms. 

Traditional  mastic  sealing   techniques 
were  chosen   for   the   cable   to  endplate 
seal   after  considering  a  number  of 
alternatives.     These  seals  have  had  a 
history of high   reliability,   rarely 
need   to  be  disturbed   during   reentry  and 
permit  endplate  designs which do   not 
require   special   tools. 

Resulting  Design 

The  result of  the  above described   steps 
was   a splice closure   that   is  applicable 
to  all  plant  types.     Table   10  lists  the 
range of   sizes  available.     The closure 
can   be  utilized   with   lightguide  and 
copper  cable with diameters  up to   3.5 
inch. 

Figure   1   shows   the  design   features  of 
the  closure.     Key  to  uniqueness of 
this design  is   the use of  two compli- 
ant  seals   and  a wire   form as  an over 
center  fastener.     Such a system per- 
mits very  fast   reentry  and  closing 
times on  the order of  one minute. 
This compares  to  like  tasks of   14   to 
20  minutes  for  existing  product. 

-T- 
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The cover  seal  concept was a tongue  and 
groove   sealing   configuration  using  a 
sealant.     It  was  successful  as   a seal- 
ing  system  but  manufacturing  cost  and 
durability were  unattractive.     These 
developments   lead   to a groove-groove 
geometry  and a  solid compliant   seal 
member. 

FIGURE  1.   2000 CLOSURE 

.. 0.1 
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The compliant endplate seal and flange 
seal meet at each corner of the clo- 
sure halve. By properly selecting the 
seal geometry, seal groove geometry 
and seal material properties, the 
system when brought together with the 
spring latch forms a pressure tight 
seal capable of withstanding 10 psi 

TABLE 10 
Closure Sizes 

the cover, and the three lower ribs 
seal against the endplate.  Sufficient 
contact stress then exists between the 
seal ribs and the cover and endplate to 
adequately maintain internal pressure. 
The contact stress must be maintained 
over a range of part tolerences, and 
thermal environment which may alter 
part dimensions.  Bear in mind that 
substantial deformation of the ribs is 
required to accommodate the dimensional 
variations. 

Closure Inner   Sheath Opening 
20 inch 28 inch 36 inch 

5.5   inch X X 
7.0   inch X X 
8.5   inch X X X 

10.0   inch X X X 
12.0   inch X 

for forty yecjrs in a standard pressuri- 
zation system.  It was in the design of 
this seal system that the finite ele- 
ment method of analysis was utilized. 

The closure se 
analyzed as th 
nent in a pres 
and must relia 
the design lif 
of a particula 
then be exploi 
entire family 
parametrically 
model to predi 
each closure d 
factured. 

als were exte 
ey ire a crit 
surized closu 
bly seal the 
e. In additi 
r successful 
ted in the de 
of closure di 
varying the 

ct seal perfo 
iameter to be 

nsively 
ical compo- 
re design, 
closure over 
on, analysis 
design could 
sign of an 
ameters, by 
analytical 
rmance for 
manu- 

The endplate to cover seal makes use of 
compliant ribs to seal between the 
closure cover and endplate.  Figure 2 
shows a cross-section cl   the seal which 
is formed by extrusion, cut to proper 
length, and then bonded into a closed 
circle.  When the closure cove"- is 
installed the ring is compressed such 
that the three upper ribs seal against 

o    o 

The   relatively   complex  geometry  of   the 
seal   lends   itself  to   analysis  by   use of 
the  finite-element method.     Figure  3 
depicts   the  finite-element  model  gener- 
ated  to   represent a portion of  the 
actual   seal  cross-section.     Symmetry 
allows   this model  to   adequately   repre- 
sent  the  entire  structure.     Axisymmetry 
is employed to   represent the  three 
dimensional  ring.    Four node  isopara- 
metric   solid  elements   were   used   for  the 
seal   model.     In   addition,   gap elements 
were  employed   in   the   analysis  to  ade- 
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FIGURE 3.  FINITE ELEMENT MODEL 
OF ENDPLATE SEAL 
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FIGURE 2    ENDPLATE SEAL PROFILE 
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FIGURE 4.  U.USTRATION OF CONTACT SURFACE DEVELOPMENT 

quatel 
the se 
the de 
The se 
illust 
of the 
the ga 
which 
the ac 
adequa 

y repres 
al and s 
velopmen 
quence o 
rates th 
contact 

p elemen 
exists o 
taal mec 
te seal 

ent the interac 
ealinq surfaces 
t of the contac 
f pictures in F 
e non-linear de 
surface as one 

ts. The contac 
n this flat sur 
hanism for main 

tion of 
that is, 

t surface. 
igure 4 
velopment 
displaces 

t stress 
face is 
taining an 

The contact s 
function of t 
is, there is 
stress with t 
but the rate 
the deformati 
Figure 5.  Th 
into a range 
which to base 
mation can th 
design of sea 
tiotial closur 

tress is a non-linear 
he seal deformation, that 
a rapid rise in contact 
he initial deformation, 
of increase diminishes as 
on proceeds as shown in 
ese data were translated 
of contact stresses upon 
the design.  This infor- 

en be exploited in the 
Is for a range of addi- 
e sizes. 

EN, PLATE 
SEAL-COVER 

TOLERANCE RANQE*1 

1/ I 
•1 

. 1Z/J 
SEAL COMPRESSION 

FIGURE 5    FINITE ELEMENT PREDICTIONS OF CONTACT STRESS 

Instead of further detailed description 
of the design, its features can be best 
appreciated by examining the design 
against the customer generated Design 
Objectives listed in Table 9. 

• High   Reliability 
The   basis   of  demonstrating  relia- 
bility  is  embodied  in  meeting   the 
requirements of  PUB  55003.'     Such 
requirements  as   impact   strength, 
cable pullout,   flex testing,   elec- 
trical  tests,  overpressure  tests, 
chemical   resistance  and   tempera- 
ture  cycling  are   typical of  those 
specicied   in  this   document. 

• Universal   Applications 
These were   covered   in Table   10 
from  a  size   consideration.     The 
design   is   applicable  to  all   plant 
types.     Lightguide  cable  is  accom- 
modated with  the   use of  grommets. 
Vault applications  use   the same 
grommet  techniques  as  existing 
technology   in conjunction with  a 
fire  retardant cover and endplate 
material. 

• First  Cost   Advantage 
Prices of   the closure  are avail- 
able  through ATiT  Technologies  and 
they  are   competitive. 

• Simple to  Assemble  • Ease of  Reen- 
try   • Compliant  Seals   • Avoid 
Threaded   Fasteners 
These objectives  were   met  as  pre- 
viously discussed.    There are  only 
four   threaded   fasteners   in  the 
closure,   two   in  each endplate. 
This  compares  to   twenty-six   in 
existing  designs.     Further,   the 
bolt   torque   requirement   has  been 
eliminated   by careful   location  of 
the   fastener  with   respect  to   the 
sealant. 

i 
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• Alignment  Aids 
Two  aluminum   alignment   bars  are 
provided   to   insure  alignment  of 
endplates.     They   further   serve   as 
a  measurement   device   to  establish 
the  sheath  opening   and   locate   the 
endplate collars prior   to splic- 
ing. 

• Special   Tools 
No special tools are required to 
install or reente1" this new clo- 
sure.  Only hand tools typically 
carried by a craftsperson are 
necessary. 

• Fewer  Parts 
Basically   the   closure   consists  of 
two  covers,   two endplates,   two 
alignment  bars  and   four   seals. 
All   fasteners,   latches,   etc.   are 
in place  and   ready  to  be  used. 

IV.     Summary 

An indepth interviewing processing was 
conducted among fifteen BOC's to ex- 
plore and document the customer's opin- 
ion concerning the present performance 
and future requirements of splice clo- 
sures, the necessity of closure tools 
and their view of human factors relat- 
ing to the craft.  These data were 
combined with in-depth studies of 
materials and manufacturing technology, 
reliability and economic and a list of 
Design Objectives were established to 
guide the design and development of a 
new series of splice closures. 

The design that resulted has been named 
the 2000 Series Closure.   It is uni- 
versal in its application and is avail- 
able in a wide range of sizes and con- 
figurations. 

The message received during the BOC 
interview process was design a closure 
that is very reliable, simple to in- 
stall, go on right the first time and 
inexpensive.  The 2000 Closure meets 
these criteria. 

Gary S. Cobb is a Member of Technical 
Staff in the Cable Joining Department 
of AT&T Bell Laboratories, located in 
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BONDED ASP: A SUPERIOR SHEATH FOR BURIED 
AND UNDERGROUND FILLED CABLES 

D. M. Mitchell and R. P. Collins 
ATiT Boll Laboratories - Norcross, GA 

D. E. West and M. D. Kinard 
AT&T Technologyos. Inc. - Norcross, GA 

ABSTRACT 

A new primary sheath has been developed 
for filled cables which improves the 
cable handling and sheath strength 
characteristics, enabling installation 
in ducts. The new sheath, called Bonded 
ASP, utlizes the       Bonded       Sheath 
Technology developed for pressurized 
cables and extends it to the fully 
flooded sheath of filled cables. The 
resulting composite, in which the steel 
outer member is adhesively bonded to the 
polyethylene jacket, exhibits greater 
strength, greater flexibility, and 
improved handling characteristics. 
Sheath       buckling       in       cold weather 
installation, and jacket slippage in hot 
weather are virtually eliminated. This 
results in a cable which is, for the 
first time, rated for installation in 
underground plant, traditionally the 
domain of   pressurized  cable. 

1.       INTRODUCTION 

1.1      Filled  Cable   Evolution 

Filled Cable was introduced into the U. 
S. telephone industry in 1969 by Western 
Electric. Since that time it has grown 
to be the cable of choice for buried use 
m all independent and former Bell 
operating companies in this country. 
Today, well over half of all cable 
manufactured and placed is filled 
design. 

very small, 
reasons, and 
for filling 
ss sections 

about 2Ü0 
vent of cost 
skin insula- 
nding main- 
d cable, the 
f   larger  and 
grow.   Today 
filled cable 
with  pair 

made. These 

The first filled cables were 
partly for manufacturing 
partly because the premiums 
compoui nds   and larger cro 
could i not be justified above 
pair. However, with the ad 
and size reduct ions of foam- 
tion (1),  and the outsta 
tenance performance of filler 
demand for  fi lied cables o 
larger size has continued to 
a  substantial amount  of 
over 3 .0 inches in diameter 
counts up  to 3600 is being 

cables are not only being buried, but we 
know that many are being pulled into 
underground conduit. There are cases, 
particularly in smaller telephone offi- 
ces, where the conversion of the last 
few hundred or thousand feet of a long 
buried route from filled to pressurized 
air-core would be complicated and expen- 
sive. Moreover, in areas where new 
routes are just developing, many opera- 
ting companies find the exchange of 
slightly higher uable cost for the elim- 
ination of the first cost and long term 
maintenance of air pressurization a very 
attractive choice. 

1. 2 Limitations of Filled Cables   for 
Underground Use 

This general success 
and the concern for 
tenance of air pressur 
to rising demand for 
cable. However, from 
point, there have b 
tions to the endorseme 
usage of filled cab 
ground. These objectio 
on a number of facto 
ling compound and shea 

of filled cable, 
long term main- 

e systems, has led 
underground filled 
the design stand- 
een several objec- 
nt and widespread 
le in the under- 
ns have been based 
rs related to fil- 
th limitations. 

1.2.1 Filling Compound Limitations Up 
until 1980 all filled cable had a 
petroleum jelly {PJ) based grease-like 
filling compound. While these compounds 
had excellent processing and cable 
waterproofing properties, they have been 
a constant source of complaint from 
craftspeople. Because of their crystal- 
line nature, they stiffen greatly below 
30 deg. F, and large cables can become 
difficult or impossible to handle in the 
winter. In addition, PJ based compounds 
are rather incompatible with most splice 
cncapsulants such that low viscosity 
oily interfaces are formed between con- 
ductors and the encapsulant mass. This 
has been the basis for the requirement 
within the Bell companies that the 
exposed cable core be well cleaned of 
filling compound prior to splicing. Ade- 
quate cleaning is only achieved with the 
use of petroleum based solvents, and 
while these can be safely used  in open 

-'.  *. 
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splice pits, their use in the manholes 
of underground plant is generally con- 
sidered undesirable. The greasy nature 
of PJ compounds has also been ■ concern. 
Many users feel that PJ is very diffi- 
cult to clean up and remove from 
clothing, tools, etc., and that it can 
actually become a hazard when it becomes 
a slippery coating on ladders and equip- 
ment . 

(Otl wta» 
»UlttlM.1INI     l«(»ll 

r.    .v,     ^ 

»'niHG ' omPouHU 
MOODiHty  I C mPOuHD 

WAtfBPBOOf   f ABlf   WI'H   ASP    SHlATH 

FIG. 1 

1.2.2 Sheath Limitations Filled cable 
has always been provided with a fairly 
conventional composite sheath, and for 
the Bell companies the standard has been 
ASP, Figure 1. This sheath has an inner 
shield of corrugated aluminum, a protec- 
tive layer of corrugated steel, and an 
outer jacket of black low density 
polyethylene. The metal layers are well 
flooded with thermoplastic compound for 
corrosion protection and longitudinal 
water blocking. ASP sheath has evolved 
as the most suitable and economic design 
for direct plowing and trenching of 
buried filled cable in all regions of 
the U.S. However, in spite of its 
outstanding performance history in 
buried applications, it has not been 
optimum for very large cables, particu- 
larly in underground applications. As 
the unit weight and cross-sectioned size 
of cable increases, conventional ASP 
sheath is more susceptible to buckling, 
jacket slip, cable flattening, and open- 
ing of the overlapped seam in the metal- 
lic shield. These characteristics 
increased the possibility of inter- 
ference or jamming in the cable ducts 
and of resultant hidden sheath damage. 

2.      DEVELOPMENT OF BONDED ASP SHEATH 

2.. 1  General Design Criteria 

Improved mechanical performance from 
bonded construction in stalpeth sheath 
has been reported previously (2). 
Increased  resistance to jacket slip and 

sheath buckling reduce the possibility 
of handling problems and sheath damage 
as cables are pulled into underground 
ducts. The use of bonding in ASP sheath 
results in similar improvements, parti- 
cularly in cables exceeding 2.5 inches 
in diameter. 

FLEXGEL filling compound has also been 
described (3). This material, developed 
by ATliiT Technologies, is a thermoplastic 
rubber dispersed (or extended) in 
mineral oil; it is now widely used in 
the industry and has proved to have 
excellent waterproofing, handling, and 
performance properties. FLEXGEL' is more 
compatible with encapsulating compounds 
than PJ so that no cleaning is required 
prior to splicing, thus eliminating the 
solvent-in-manhole problem. Because of 
its non-crystalline nature, it does not 
stiffen significantly at low tempera- 
tures, so that handling of large cables, 
and wire separation for splicing are no 
more difficult in winter than summer. 
FLEXGEL1* has a somewhat crumbly nature. 
Figure 2, which many people feel makes 
it much easier than PJ to manage, clean 
up, and remove ^rom clothing. The 
advent of FLEXGEL has virtually elimina- 
ted filling compound as an obstruction 
to use of filled cable in the under- 
ground. 

FIG. 2   FLEXGEL   FILLING   COMPOUND 
IN OPEN CORE END 

Filled rable with bonded ASP sheath and 
FLEXGEL filling compound thus provides a 
combination of properties suited to 
underground applications: 

« High jacket slip strength. 

* Sheath buckling  resistance. 

* Simplified and   reliable encapsulated 
splicing. 

m 
FLEXGEL is a trademark of AT»T Technologies. Inc. 

/ 
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2.. I     Manufacturing Considerations 

Bonding between the jacket and under- 
lying metal must be sound and continu- 
ous. Mechanical strain resulting from 
bending or torsion tends to concentrate 
in a region in which bonding is inter- 
rupted, resulting in serious local weak- 
ening of the sheath. Adhesion can be 
prevented in an area in which the coated 
metal surface is contaminated prior to 
application of the jacket. For this 
reason, flooding compound, used to seal 
the inner sheath layers of filled cable, 
must be excluded from the bonded inter- 
face. When the outer metal is closed by 
a simple overlapped joint, seepage .of 
flooding compound through the open seam 
during jacketing must be prevented. 
AT&T Technologies has developed means to 
accomplish this reliably in a continuous 
sheathing process (5). 

Bend Radius for Buckle Formation* 

FIG. 3 COMPARATIVE BENDING 
OF ASP SHEATHS 

Tempera ture Sheath Cable O.D. Radius 
deg. F Type** Ins. Ins. 

15 ASP 2.70 19 
B-ASP 2.65 10 

70 ASP 2.98 30 
B-ASP 2.98 14 

no ASP 3.00 20 
B-ASP 3.00 7 

*   Overlapped  seam  in  compression. 
**   Asp =   Unbonded B-ASP  = Bonded 

Although the cables bent at 15 deg. F 
are somewhat smaller in diameter than 
those tested at the higher temperatures, 
significantly improved performance of 
bonded ASP is apparent in all cases. 

2.4 Torsional Performance 

Torsional st 
tance to t 
cable  sheat 
Bonded  ASP 
26-gauge DEP 
has been fou 
twist  in 6 
buckle.   In 
the proper j 
struction 
toughness ac 
the metal 
resist jacke 

ability is of  equal 
he mechanical performa 
h  for duct   install 
sheath on filled 1800 

IC cable tested at 15 
nd to withstand 1 full 

feet  without  tor 
addition, with select 

acketing material, the 
has demonstrated exc 
ross the overlapped se 
at the bonded interf 
t splitting. 

impor- 
nce of 
ation. 
-pair, 
deg. F 
axial 
sional 
ion of 
con- 

ellent 
am in 
ace to 

2.3  Bending Performance 

Figure 3 illustrates the difference in 
bending performance observed in bonded 
ASP versus unl mded ASP sheath. Both 
cables had 26-gauge 1800-pair DEPIC 
cores and outside diameters wore from 
2.62 to 2.68 inches. Free bend tests 
were performed, consecutively, at room 
temperature. Since the overlapped seam 
is most susceptible to buckling when 
placed in compression, it was positioned 
along the inner or concave surface. The 
cables were retained in final bend con- 
figuration for the photograph. Data 
obtained  from  separate tests are shown 
in the following taDle: 

2.5 Electrical Bonding 

As in tlie case of bonded stalpeth, stan- 
dard electrical bonding hardware and 
installation methods can be used to pro- 
vide continuity when sections of bonded 
ASP sheaths are joined. 

2.6 Water Resistance 

In underground cable plant, the presence 
of filling compound replaces pressuriza- 
tion as the means for resisting watert| 
entry. The effectiveness of FLEXGEL 
filling compound for this purpose has 
been established through its extensive 
use in feeder and distribution cable for 
buried applications. " 
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i.     CABLE  APPLICATION 

).1      Field  Experience 

Twenty six gauge cables up to 2700 pair 
containing FLEXGEL'" f i 11 ing compound and 
having bonded ASP shoath have been 
manufactured by AT^T Technologies, Inc., 
and successfully pulled into underground 
concrete ducts of the local telephone 
system in Oklahoma City, Oklahoma. 
Standard pulling eyes were furnished, 
exposed cable ends were capped, and 
standard installation methods were used. 
The ducts wore from 6 to 8 years old, 
4-inch and 3-1/2 inch I.D. runs were 
included, and rodding was done prior to 
piaccment. 

Air temperature ranged from 70 deg. 9 to 
80 deg. F. Cables entered the manholes 
in C - bend, but some reverse bending 
occurred at reel pay-off. Sheath lubri- 
cant was applied atid guide collars were 
used at duct entry; pulling speeds 
reached 85 to 90 feet/minute. Excess 
length was furnished in some sections to 
permit some cable to be completely pul- 
led through for inspection of the sheath 
after duct passage. Figure 4 shows a 
cable end emerging from a pull in excess 
of 600 feet; no indication of jacket 
slip or   sheath   buckling was  observed. 

FIG. 4 BONDED ASP EMERGING 

FROM CABLE DUCT 

Bonded sheath reduces cable ovality, 
lessening concerns for interference as 
the nominal cable diameter approaches 
the limiting duct clearance. Cable 
having bonded ASP sheath and 3.4 inch 
maximum diameter was successfully placed 
in 3-1/2 inch I.D. duct without 
incident. 

All splices below ground were encapsula- 
ted. Western Electric 710 modular con- 
nectors, 23-type closures, and D- 
encapsula t were used. Wire joining, 
closure assembly, and encapsulation of 
typical splices in 1800 pair cable were 
completed by two splicers in 3 hours. 
Figures 5, 6, and 7, show stages in 
splicing. 

• 

FIG. 5 CABLE SPLICE IN PROGRESS 

FIG. 6 COMPLETED SPLICE 

■i 

FIG. 7 CLOSURE ASSEMBLED & READY 
TO POUR ENCAPSULANT 
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3.2  Kecommendations for Underground Use 

m 
The combination of ELEXGEL tl.lling com- 
pound and bonded ASP sheath ;nake filled 
cable a fully satisfactory candidate for 
use in underground duct or conduit. 
Based on our past experience with th:s 
cable in underground applications, the 
following guidelines for its use have 
been developed. 

* The choice of filled cable should be 
economically justified. Often its' 
somewhat higher cost is readily 
offset by savings of construction 
and maintenance of air pressure 
systems. 

* Filled cable should not be randomly 
substituted into existing under- 
ground plant. Plant continuity 
should be maintained within indivi- 
dual cable routes, using filled or 
pressurized cable exclusively. 

« Where filled cable interconnects 
with pressurized cable, pneumatic 
isolation of the filled cable is 
required . 

« Filled cable should not be used in 
underground locations where maximum 
duct or manhole temperatures are 
expected to exceed 140 deg. F. 

« Ml splices of  filled  cable 
grade should be encapsulated. 

below 

* Avoid accumulating filling compound 
on platforms, ladders, or tools. 

* Encapsulant should be compatible 
with cable filling compound in order 
to seal to the wire surface effec- 
tively. Incompatibility between fil- 
ling compound and encapsulant may 
result in leakage paths along wire 
surfaces, 

« Complete removal of incompatible 
cable filling compound prior to 
encapsulation is required, and this 
may necessitate solvent cleaning of 
the wire work. The use of flammable 
or toxic solvents in manholes should 
be avoided. 

« Re-enterable cncapsulants are pre- 
ferred, however, the need for enter- 
ing and re-encapsulation of splices 
in manholes should be minimized. 
Initial planning and construction 
should anticipate growth and modifi- 
cations to avoid encapsulated splice 
re-entry insofar as possible. 

* Cable ends below grade level should 
remain sealed until spl ced, and 
open wire work should be protected 
in a sealed enclosure if left tem- 
porarily exposed. 

SUMMARY 
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TJ ADVANCHMfiNT  IN  PULP CABLP. DESIGN AND MANUFACTURP. 

P.P.   Kish P.A.  McGettigan 

Northern Telecom Canada Limited 
Montreal,  Quebec 

ABSTRACT TRANSITION TO TANDEM TWIST 

This technical  paper covers the development 
of nulti-unit pulp   CMUP)  cables with improved 
crosstalk performance manufactured on a new com- 
puter-controlled,   tandem twisting and unit  strand- 
ing facility.    During the process development and 
introduction of new cable designs,  extensive, com- 
parative testing was performed under controlled 
conditions.     In every such test,  several  important 
transmission parameters were significantly 
improved. 

A fully identifiable MIJP design using a 
staggered 25-pair twist  lay scheme provides the 
capability for color-to-color splicing without in- 
curring a sensible crosstalk  impairment compared 
with random splicing.    Both actual  splicing tests 
and computer simulations have shown  that the 
difference in the worst-case Far End Crosstalk 
performance is less than  1  dB.    Likewise,  the 
larger 100-pair units for the 22 gauge "true" MUP 
design resulted  in  a significant  improvement in the 
Near End Crosstalk characteristics. 

The conventional method of manufacturing a 
stranded pulp unit  follows a two-step process. 
In the first operation,  two insulated conductors 
are selected from reel  racks and loaded  into a 
vertical  twister.    The twist  lays are determined 
by manually changing a gear ratio.    The twisted 
pairs are then off-loaded and grouped  in sets 
by gauge and color.    In a separate operation, 
the twisted pairs are transferred to give-ups 
on "table tops" with 100 positions.     The pairs 
are then  guided through a faceplate,   stranded, 
bound and taken up through a rotating cradle. 

Tandem twisting eliminates one process step. 
The twisted pair is manufactured in the same 
operation  as the stranded unit and does not exist 
as a separate entity.    Fig.   1 illustrates the 
tandem twisting process and its main  components: 
the loading system, the rows of twister modules, 
the control system,  and the stranding machine. 

INTRODUCTION 

This paper describes the development  of a new 
multiple unit design pulp insulated  communications 
cable with improved transmission characteristics. 
A cornerstone in  the development of the new product 
is an integrated twisting and stranding process 
called tandem twisting.    Essentially,  it  is a 
process  that combines the twisting of single con- 
ductors and the stranding of twisted pairs  into 
cable units in one operation.    The new process 
provides more uniform twisting tensions and also 
design flexibility  in the selection of twist  lays 
and the  layup of pairs within a unit.    As a result, 
the crosstalk performance has been  significantly 
improved compared with conventional designs. 

This paper divides naturally into two 
sections.    The first part covers the operation 
and capabilities of the tandem twisting equipment. 
The second part covers the evolution of pulp 
insulated cable designs and the resulting 
improvement  in product performance. 
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FIG. 1  TANDEM TWISTING PROCESS 

First, at the back of the machine, up to 
200 reels of pulp insulated conductors are 
selected from reel racks in the proper color 
sequence.  They are then semi-automatically 
loaded with chariots into the respective twister 
head positions of each module. The twister 
modules are arranged in rows. There are five (5) 
modules in a row with ten (10) twisteT- heads per 
module for a total of 100 twister heads capable 
of producing 100 pairs of output. 
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Bach twister head  is   indepcuJent ly driven by 
an  induction motor through a micro-processor con- 
trolled variable  frequency drive.    A central 
computer controls  the frequency of rotation of the 
flybar as  a   function  of the   line speed   (i.e., 
number of twists per unit   length).    The  twist   fre- 
quency  is  set   in  accordance  with a programmed 
twist  scheme.     Any  number of different   twist   lays 
can be assigned to a  given  twister head position 
including a continuously varying twist   lay pattern. 
This arrangement  provides complete  flexibility in 
the design and manufacture of different  types of 
un i t s. 

The pairs coming from each twister head are 
then  routed through  guides,   pulleys,   grouped 
together and pulled by a helper capstan which  is 
slaved to the strander lin?  speed.    The pairs then 
pass through a faceplate and  into a conventional 
unit   stranding machine. 

The main benefits derived from tandem twisting 
are product   related and arc of particular signifi- 
cance  in the digital world: 

100-pair mul'i-unit  construction consists of four 
units of 25  pairs which are   identified by blue, 
orange,   green  and brown binders. 

MOD 
(1 x 100 PAIRS) 

«UP 
(1 x 25 PAIRS) 

FIG.  2      UNIT DESIGN 

- Improved transmission  characteristics of 
the product,  namely a  lower capacitance 
deviation  and a better crosstalk perform- 
ance which results from a more uniform 
control  of twisting tensions and a wider 
spectrum of available  twist  lays. 

- The  identification of all pairs  in a 
multiple unit  design pulp cable. 

- The potential   increase  in the number of 
Tl  carrier circuits in  a full-sized, 
22 AWG,   "true" MUP cable. 

PULP CAiUE  DESIGN 

Large pair count pulp insulated cables are 
generally used as  feeder and trunk cables which 
radiate from and connect  switching centers.    For 
such applications they are normally installed in 
underground ducts  in urban areas. 

Pulp insulated cables have undergone a number 
of design  improvements over the years.     For 
example,  a more compact pulp cable was  introduced 
in the mid TO's which enabled telephone utilities 
to increase underground duct efficiency.    This was 
later followed with the development of modular unit 
design pulp cable which permitted easy division of 
the cable  into 25-pair groups  for modular splicing 
systems.    Behind the scenes,  the computerization of 
the pulp insulating process and the advent of 
tandem twisting have provided  an extended cap- 
ability for product  design optimization and per- 
formance enhancement.    This has  led to the develop- 
ment  of a new multiple unit pulp (Ml)P)  design with 
improved pair-to-pair capacitance unbalance and 
equal   level  far end crosstalk   (ELFEXT)   character- 
istics. 

Fig.  2  illustrates the construction of the 
new  100-pair MUP unit  design  compared with the 
concentric modular unit design   (MOD)   layup.    The 

The unique feature which distinguishes the 
new MUP design from other pulp unit constructions 
is the fully identifiable color coding system in 
which all 25 pairs  in a 25-pair group are positive- 
ly identified by colors of insulation and stains 
on the white conductor.    The color coding scheme 
for the twisted pairs is shown  in Table 1 .    It  is 
particularly noteworthy that  the tandem twisting 
method of assembly permits this to be accomplished 
while providing the desired crosstalk character- 
istics on all  gauges.     Full pair identification 
provides the capability for color-to-color splicing 
when  required for cut-overs and in the restoration 
of a severed cable. 

TABLE  1 

COLOR CODE FOR TWISTED PAIRS 

Ring 

Blue 

Orange 

Tip 

White 
/Orange 
/Black 
/Red 
/Blue 
/Green 

White 
/Orange 
/Black 
/Red 
/Blue 
/Green 

Ring 

Green 

Red 

Tip 

White 
/Orange 
/Black 
/Red 
/Blue 
/Green 

White 
/Orange 
/Black 
/Red 
/Blue 
/Green 

Red Blue 
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CROSSTALK CIIARACTI.R1STICS 

Trailit ional ly,   standard  design  pulp cables 
arc made using only nine different   twist   lays  (13 
for MOD1 .    The  result   is  that   for most pairs  in  a 
large  unit of  100 pairs,  there arc  11  (seven  for 
MOD)  ur more pairs  in the same unit with the same 
lay.     Crosstalk  measurements  on  cables  indicate 
that  two pairs with the same twist   length at  any 
given  distance apart have values of KLFliXT which 
are 6 to 10 dB worse on average than pairs  the 
same  distance  apart  but  differing   in  twist   length 
by only 2% to 4"..     This  result   is   illustrated  in 
Fig.   3 which shows the variation of crositalk as a 
function of distance between  pairs   in  the  same 
layer  for a  100-pair pre-"MOi)" unit   design.     Note 
the dips of about   8 dB  in  the  curves when  the 
combination of pairs  are  separated by 2,  5  or I 
other pairs  in the same  layer.    These are the 
combinations of pairs which have the same twist 
lay.     Also,   it   should be noted that   pairs with any 
given  twist   lays tend to have values of FLFEXT 
about   7 dB worse   if they are  adjacent  compared 
with  those pair  combinations  which  are  separated 
by one  intervening pair. 
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FIG.   3      VARIATION OF dB AVERACE KITH SFPARATION 
AT  772 kHz   FOR  PUI.P CABI.F 

In  conventional manufacturing practice,   pairs 
are threaded through  holes   in   faceplates  such  that 
pairs having the  same twist   length are separated 
from one  anothei  by at   least  two other pairs within 
a layer or between  layers  in  a unit.    Short   strand- 
ing lays also help to maintain the pairs in  their 
desired positions   in the unit.    However,  there is 
always   a small   probability that  pairs  can become 
displaced or transposed due  to uneven  tension 
variations,  process vibrations,  or operator error. 
In such cases this can  lead to a high pair-to-pair 
capacitance unbalance  and detrimental  crosstalk 
couplings between  pairs with   like twists which 
become  adjacent   for a significant  distance  along 
the  length of the  cable.    Kith in the   limitations 
of the manufacturing process,  these  abnormal 
crosstalk couplings  could be  effectively eliminated 
if the twist  lengths of all pairs  in close proxi- 
mity were sufficiently different  from each other. 

The new tcjuiem twisting  facility has the 
capability of providing  any number of different 
twist   lays  according to the position of pairs 
within  a unit  and  independent  of the pair color 
code.     This capability has been exploited  fully 
in the new multiple unit pulp design,    lach pair 
within a 2S-pair binder group is assigned a 
different   twist   lay with  a minimum difference  of 
0.1   inch between  pairs.     Likewise,   adjacent   layers 
of pairs between  2ü-pair binder groups which  are 
located  side-by-side have  a different  twist   length 
assignment  and are also oscillated with respect  to 
each other.    Thus,  the   likelihood  of any  like  pairs 
becoming  adjacent   is virtually eliminated. 

Typical within-unit   Equal  Level  Far End 
Crosstalk characteristics are presented in  Fig.  4 
for  100-pair,   26 AWG MOP  units  of the new design 
compared with the  regular MOD design.    These 
characteristics were compiled  from a  large number 
of measurements  on  representative  cables  from 
regular production.     Both  cable  types have  similar 
average crosstalk values.    However,   in the worst- 
case  (i.e.,  < O.Oll of pair combinations),  the 
crosstalk  coupling  loss   is  significantly better 
for MUP units manufactured on  the  tandem twisting 
facility.     Poor crosstalk combinations  in this 
region  are probably due to displaced pairs or wrong 
twist   l.-.ys which are unlikely to be a problem with 
the new design and/or process.     For example,   in 
one unusual  instance on the tandem twister where 
a pulp unit was manufactured with the wrong twist 
scheme,   it  seemed that even when  the twist   lays 
on adjacent pairs were nominally the same,   in 
practice they were actually different enough to 
avoid a worsening  in ELFEXT.    This  is because the 
slip of any two  induction motors which drive the 
twister heads are never  identical. 

a   mup unIts with 2b tu t si I ays  k 

b   mod unit« with 13 twist lays 

26 cwg cab I«s 

i * v i \-t-i—-r—i-rt—f- 
CUMULATIVE PHÜBAB1LITY CV 

FIG.  4      EQUAL LEV!;!.  FAR END CROSSTALK 
ChARACTERISTICS  -!  772 kHz 

COLOR-TO-COLOR  vs.  RANDOM SPLICING 

The three main variables  influencing the 
Equal  Level  Far End Crosstalk   (ELFEXT)  of any two 
combinations of pairs   in  a pulp unit  arc: 
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(1) The effective distance separating the 
two pairs from each other,   i.e., the 
greater the distance separating any 
two pairs,  the better the crosstalk. 

(2) The quality of the  insulated conductors 
making up the two pairs,   i.e.,  for best 
crosstalk characteristics,   the dimensions 
of the insulated conductors  should be as 
concentric and as uniform as possible. 

(3) The  length of twist   lays,   i.e.,  the 
shorter the average twist   lay and the 
greater the difference  in twist  lays 
between the two pairs, the better the 
crosstalk characteristics. 

For any cable type 
can influence variable 
(2) and (3) are control 
ly and economically fea 
manufacturing processes 
inevitable that some pa 
than others. Random sp 
that the worst corabinat 
good combinations, thus 
effect. 

,  the  splicing procedure 
(1} ,  while variables 
led to  the  degree technical- 
sible by good design and 

In  any unit,   it  is 
ir combinations are worse 
licing  increases the odds 
ions will be  spliced to 
resulting  in an averaging 

Fig. I  shows the effect of random splicing 
on the Power Sum ELFEXT results for two 50-pair, 
22 AWG MUP unit designs with  13 and 25 twist lays 
respectively.    The Power Sum of ELFEXT in dB is a 
measure of the total  interference on any pair 
from all the other pairs within a unit combined. 
The higher the value the better the result.    A 
computer program was written to simulate a random 
splicinp  interconnection matrix for a full  repeater 
section comprised of several  lengths of spliced 
cable.    The Power Sum was then calculated from 
individual crosstalk measurements on  all pair 
combinations within a number of units of each 
design. 

From Fig.  5,   it  is apparent  that  random 
splicing provides  an  improvement  in the  1% Worst 
Power Sum compared with color-to-colo.• splicing. 
This  improvement   is greatest when a spliced length 
in a repeater section has abnormally poor cross- 
talk  characteristics,  as was measured for 50-pair 
MUP units with only 13 twist  lays.    A plausible 
explanation of this  is that the  1% Worst Power Sum 
is dominated by a very small number of poor com- 
binations  (1  to 5 out of 1225)  and, with random 
splicing,  the probability is low of a poor com- 
bination being spliced to another poor combination 
in a repeater section.    Thus,  the worst  combina- 
tions tend to show the greatest  improvement.    On 
the other hand,  the total ELFEXT power remains 
unchanged  - it   is essentially distributed more 
uniformly among the circuits. 

In the case of the MUP design with the 25 
twist   lays,  the  improvement  in the 1% Worst Power 
Sum due to random splicing is  less significant, 
typically  less than  1 dB in a repeater section with 
six randomly spliced lengths.    Also,  it  is noted 
that  for both random and color-to-color splicing, 
the average and the 1% Worst Power Sum ar» much 
higher than the corresponding values obtained for 
MUP units with  a limited twist  scheme. 

From these  results,  it can be concluded that 
color-to-color splicing of MUP units with 25 twist 
lays  is  technically feasible without incurring any 
significant  impairment in crosstalk performance 
compared with random splicing.    These results have 
been verified by splicing trials on a full-sized 
22 AWG identifiable MUP cable where some of the 
units were random spliced and other units spliced 
color-to-color.    The results of these trials are 
summarized  in Table 2 and show virtually no 
difference in the ELFEXT statistics between the 
splicing methods. 

TABLE 

SIT 

SI r 

ntup   2S twict loys -> color/color 
■"up   25 t v, i ■ t \ aTm > r onaorr 
ffiüp   13 lwi«l lays -> coIor/co;ory 
f^up    13 twrst ioy« -> random 

sna        si »at,      »       ») 
CUMULATIVE  PROBABILITY   H'M 

PIC.  5    EFFECT OF RANDOM vs.  COLOR-TO-COLOR 
SPLICING 
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CROSSTALK P^SULTS 
ON  A 900-PR./22 AWG MUP CABLL MANUFACTURED 

ON THE TANDEM TWISTER 

ELFEXT 1 772 kHz 
WITHIN 50-PAIR UNITS 

Random 
Splicing 

(dB/1000 ft) 

Color-to-Color 
Splicing 

(dB/1000 ft) 

Min. 47.9 47.6 

Avg 71.9 73.2 

Std. Oev. 9.0 9.9 

RMS dB 64.2 64.1     \ 

PSUM Avg 47.7 47.6        : 

PSUM Worst Pr. 43.8 43.8 

■.-.". 
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MUP RANCH EXTENSION 

A principal objective which has been  realized 
through the new design and process  is the manu- 
facturing capability for so-called true MUP  22 AWG 
j'ulp cables as a replacement  for psuedo-MUP.     Large 
sized 22 AW'C pulp cores are usually assembled from 
units  of 50 pairs.     In the psuedo-MUP design,  the 
pairs within a unit  are arranged in concentric 
layers using a limited number of dominant  pair 
colors,  usually green,  blue and red.     For such 
units   it is possible to separate the pairs within 
a unit   into two color groups of 25 pairs,  one 
group comprising of one color and the other group 
comprising of the remaining two colors.    The con- 
struction of a 50-pair MOD unit  design is  similar 
to psuedo-MUP,  except  that only two colors are 
used,  namely green and orange.     It  is not  usual 
practice to provide complete color coding of pairs 
in such units because of design and manufacturing 
restrictions.    For normal splicing operations, 
complete pair identification  is not  important 
because of the productivity and performance 
benefits provided by random splicing.    Neverthe- 
less  complete color coding of pairs is desirable 
after installation for cut-overs or where a cable 
is accidentally cut,  then restoration of the cable 
requires matching up of the conductor pairs  for 
splicing. 

A bO-pair true MUP unit design  is comprised 
of two 25-pair binder groups made up from 12-pair 
and  13-pair subunits.    As discussed  in the previous 
section,  a substandard crosstalk performance was 
measured on 50-pair MUP units with  13 or fewer 
twist   lays as a result of the close proximity of 
pairs with like twists,  either within or between 
the subunits.    However,   it was also shown  that 
the crosstalk performance is substantially 
improved by an identifiable MUP design which 
incorporates 25 different twist  lays. 

A comparison of the within unit ELFEXT 
characteristics between the different  designs  is 
illustrated in Fig.  6. 

ps*udo-inup 

mup   wiih   13   iwisi    lay 
mup   with   25    Iv. I si     ! o\ 

I  I   I » III       w 
CUMULATIVE PROBABILITY CJO 

• I »M 

The distribution of Power Sums is plotted for a 
full repeater section consisting of six randomly 
spliced lengths of cable.     The results indicate 
that  the psuedo-MUP,  the MOD,  and the identifiable 
MUP design with 25 twist  lays, all have essentially 
identical within-unit crosstalk characteristics. 

Tl  CARRIER FILL 

The capacity of a large sized 22 AWG pulp 
insulated cable for digital carrier applications 
is limited by the Near End Crosstalk interference 
between groups of Tl carrier circuits in opposite 
directions of transmission.     In accordance with 
Tl  engineering guidelines  for single cable 
operation,  such oppositely directed transmission 
groups are assigned in non adjacent units  from the 
outer layer of units  in the cable core.     For 
example,  in a 900-pair 22 AWG pulp cable which 
contains eleven  (11)  50-pair units in the outer 
layer,  only eight   (8)  units can be assigned for 
Tl carrier,   four  (4)   in each direction of trans- 
mission,  for a total of 400 pairs which is equiva- 
lent to a 44°»   IT  carrier fill.    The Near End 
Crosstalk characteristics between adjacent  50-pair 
units of standard pulp  insulated cables do not 
have sufficient  crosstalk  isolation to maintain 
acceptable error margins  for Tl carrier applica- 
tions.    However,   significant  improvements  in the 
Near End Crosstalk characteristics between 
adjacent units have been achieved with a  larger 
100-pair 22 AWG true MUP design manufactured on 
the tandem twister. 

The layup of a 900-pair 22 AWG pulp core with 
100-pair MUP units  is  illustrated in Fig.   7.    With 
this design,  600 of the 900 pairs can be used for 
Tl carrier yielding a maximum 67% fill.    This is 
possible since  improved Near End Crosstalk 
characteristics allow adjacent units in the outer 
layer to carry TRANSMIT and RECEIVE signals.    The 
result is a 50%  increase in digital transmission 
capacity compared with a standard pulp insulated 
cable. 

900-PAIR/22  AWG MUP 
100-PAIR UNITS 

FIG.   6      WITHIN UNIT ELFRXT CHARACTERISTICS 
FOR DIFFERENT DESIGNS 

FIG. 7 PAIR ASSIGNMENT FOR TL CARRIER 
APPLICATION:. 
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The Power Sum distribution  of Near I:nd 
Crosstalk  (NRXT) between adjacent units on the 
outside layer is shown  in Fig.  8  for different 
unit   designs,   including 50-pair MOD,   50-pair MUF', 
and   100-pair M1JP units.    The results  indicate a 
3 dB improvement  in the \% Worst Power Sum for 
100-pair MUP units compared with either of the 
50-pair unit  designs,   in  spite of a doubling of 
the number of interfering pairs.    This  result 
translates into a worst case error margin of 
12 dB which meets the Tl carrier design  criterion. 
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FIG.   8      HEXT BliTWF.EN ADJACENT UNITS ON 
OUTSinr  LAYHR 

At  first glance, the distribution of Power 
Sum NF.XT for 50-pair MOD units might  look rather 
unusual, however,  on closer scrutiny,   the  results 
are  readily explained.    The distribution  is 
bi-modal  in nature.    The pairs with the worst 
Power Sums correspond with the outer layer pairs 
of adjacent units.    These pairs tend to come 
together once every stranding lay and can  give 
rise to poor crosstalk couplings due to their 
proximity to each other.    On the other hand, 
the pairs with the better power sums correspond 
with the inner layer pairs within the units. 
These pairs are effectively screened through 
the  intervening pairs in the outer layers.     This 
effect does not occur in either the 50-pair or 
the  100-pair multi-unit designs because each of 
the subunits is oscillated and  stranded  independ- 
ently.    There is  less likelihood of any two pairs 
in different subunits coming together for any 
appreciable distance over the  length of cable. 

SUMMARY  AND CONCLUSIONS 

A large number of controlled trials and 
comparative tests have been performed on different 
pulp  insulated cable designs manufactured on 
conventional equipment and the new tandem twisting 
facility.     In all these tests,  the material, 
process,  and design parameters were kept constant 
except  for those being evaluated.     From this work, 
a valuable insight was gained on the effect of 
design and process parameters on cable performance. 

These results have  led to the development of a new 
Multiple Unit Pulp  (MUP)  cable design with improved 
transmission characteristics. 

Some of the results that have been achieved 
are summarized below: 

(1) "True" MUP 22 AWG cables using 25 
different  twist  lays provide within 
mvt crosstalk characteristics as 
good  as  MOD  or psuedo-MUP designs. 

(2) "True" MUP 22 AWG cables with  larger 
100-pair multi-units provide a 6 dB 
improvement   in  the RMS dB NEXT 
coupling loss between adjacent units, 
thus permitting adjacent units to be 
used for opposite directions of 
transmission  for Tl carrier systems. 
This increases the Tl carrier fill 
by up to 50'». 

(3) The new Multiple Unit Pulp design 
provides full  pair identification 
in a 25-pair binder group by colors 
of insulation and stains on the 
white conductor.    This permits 
color-to-color splicing when required 
for cable restoration or relocation. 

(4) A significant  improvement in the 
worst case Far End Crosstalk 
Performance makes color-to-color 
splicing feasible within 25-pair 
binder groups as for PIC cables. 
The expected crosstalk impairment 
compared to random spliced cable 
is  1 dB for the  1% Worst Power Sum 
of ELFEXT in a repeater section of 
cable. 
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DIGITAL   PULSE   TRANSMISSION   CHARACTERISTICS 
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ABSTRACT 

The  digital   data  transmission  capabil- 
ity  of   twisted  pair  cables   used   in 
customer   premises   applications   is  of 
great   interest   to  designers   and   users 
of  digital  communications  networks. 
Our   empirical   studies   indicate   that 
inside   wiring   cables  of   conventional 
materials  and  construction  have   consid- 
erable   potential   for  carrying  digital 
signals   at   rates of   1   Megabit   per   sec- 
ond   or   higher   for  distances  great 
enough   to   include  many   intrabuilding 
cable   runs.     A  single  parameter   such   as 
capacitance  can  provide   some   insight 
into  cable  performance,   but  does   not 
model   the   absolute   capability  of   the 
cable.     Conventional   transmission   line 
analysis,   which  considers   all   cable 
parameters,   can  be   used   to  assess   a 
cable's   usefulness   for   a particular 
application. 

INTRODUCTION 

The   capability of   twisted  pair   cable   to 
transmit   digital   signals  without   error 
is  of  great   interest   to   local   area 
network   designers   and   users  who  must 
understand   the  capability  of   available 
media   to  provide   the   simplest   and  most 
economical   transmission   system.     Twist- 
ed   pair   cable   is   the  most  commonly   used 
customer   premises  media  with  over   fifty 
years   service   for  voice   and   low   speed 
data  communications.     It   is  a   low  cost, 
easy   to   install  media   that   can   be   an 
excellent   transmission   line  when   used 
efficiently.     This   report   is  based  on 
laboratory  experiments  which   are   part 
of   an  ongoing   study   to   assess   the  data 
transmission  capability of  available 
inside  wiring   cable  designs. 

Current   inside  wire  and  cable  designs 
for   telephone   communications   represent 
an   evolution   in materials   and  cable 
development  considering   transmission, 
electromagnetic   interference   (EMI), 
mechanical   and   fire   safety  criteria. 
Polyvinyl   chloride   (PVC)   insulation   is 

the most  often   used   insulation  since   it 
provides   reliable   performance   in  all 
respects  at  low  cost.     In  situations 
where  stringent   fire  resistant require- 
ments  apply,   fluoropolymers  are often 
used   in   addition   to   PVC   based  designs. 
The  several  common   insulations used on 
pairs   (with or  without  various  forms of 
shields)   are  capable  of  producing  a 
wide   selection  of   cable  designs   for 
data   transmission. 

Digital   transmission   is  not,  of  course, 
a new  usage of   twisted  pair cable. 
Digital  carrier  has  been operating on 
telephone  trunking,   feeder  and distri- 
bution  twisted  pairs   for  a  number of 
years.     T2  carrier,   for  example,   is  a 
6.3  Megabit/second   system  capable of 
transmitting   13000   feet  on   22 AWG twis- 
ted pair  cable. '    Cable  designs  are 
optimized   for   such  systems  and  the 
example makes   the  point  that there  is 
significant  bandwidth  capability  in 
twisted  pair media   if  systems designers 
take  advantage of   it.     Another excel- 
lent  example of  optimization  is  found 
in Reference  2,   "D.C.   Welcomes MAT," 
the story of Metropolitan Area Trunk 
cables. 

Studies of  telephone   loop plant  intend- 
ed   for   "voice"   communications have 
also concluded   that  extensive oppor- 
tunity exists  for wideband applica- 
tions,   and  utilization of   in place 
cables  can provide  cost  effective  ser- 
vice.3    The  study   reported here  addres- 
ses   the   same  question   for   building 
cables. 

It   is  likely  that optimized designs 
will  appear  for  premises   applications. 
The optimization must  consider many 
factors:     bandwidth-length  needs,   sig- 
naling   format,   loss,   phase distortion, 
crosstalk,   EMI,   physical   characteris- 
tics,   size  and  cost.     The  user will 
often  need  to  address   the  question of 
adequacy  versus optimization as well, 
particularly  when   a  decision must  be 
made  to  use or  replace  existing media. 
In  addition to directions   for  specify- 
ing  new  and  special   cables,   there   is   a 
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need for guidelines for assessing a 
particular cable's capability. 

The work reported here began as empiri- 
cal tests to evaluate the distance 
potential of several commercially 
available twisted pair cables as a 
function of bit-rate.  The bit-rates 
were chosen for convenience bocause of 
available equipment, but they represent 
a wide range of rates.  The data are 
presented with discussions which 
relate the result to cable charac- 
teristics.  Expected trends are evident 
in that cables with coarser gauge cop- 
per, larger conductor-to-conductor 
spacing, and lower effective dielectric 
constants have greator ultimate capa- 
bility.  The results show, however, 
that all cables tested, including PVC 
insulated ones labeled as "voice" 
cables, have significant digital data 
transmission capability.  The differ- 
ences among cables are only of concern 
as the user plans applications that 
greatly exceed the typical station runs 
(250 ft.).  Standards placing strong 
importance on a single parameter (such 
as RS-232C does capacitance) correctly 
recognize trends, jut may unnecessarily 
exclude perfectly adequate cables for 
particular applications. 

TRANSMISSION ANALYSIS 

With complete transmission characteris- 
tics we can assess signal impairment 
due to the media. The signal is 
degraded by three mechanisms as it 
travels through the cable.  The first 
mechanism is attenuation, which reduces 
the level.  The limit on signal quality 
occurs when the level is too low to 
detect accurately. Secondly, the fre- 
quency dependence of loss, phase veloc- 
ity, group velocity and delay (related 
parameters) distorts the signal.  For 
digital signals, this second mechanism 
spreads the pulse with the limiting 
condition being intersymbol interfer- 
ence.  The third effect is crosstalk 
coupling from adjacent circuits in the 
same cable.  All three mechanisms are 
functions of cable geometry as well as 
materials selection.  The crosstalk 
especially is a function of manufactur- 
ing quality since deviations from de- 
sign intent can degrade pair to pair 
isolation.  Crosstalk performance is 
also a function of signaling format. 
For the majority of building applica- 
tions, crosstalk and interference will 
likely be the primary mechanisms of 
signal impairment. Woodard's treatment 
of crosstalk between pairs with unbal- 
anced signals exemplifies the limita- 
tions that can occur (in a case with 
inefficient signaling).'* 

The trcj^smission characteristics of 
twisted pair media are accurately 
modeled by a distributed circuit for 
most applications.  Figure 1 shows the 
model and defines the primary constants 
of the transmission line. 

R-DISTRIBUTED RESISTANCE 
L-DISTR1BUTED INDUCTANCE 
G-DISTRIBUTED CONDUCTANCE 
C-DISTRIBUTED CAPACITANCE 
dx-INCREMENTRL LENGTH 

FIGURE 1 

Figure 2 illustrates the modeling of a 
cable by a transfer function H(u), 
(where u is radian frequency), which 
operates on an input signal V^n and 
delivers an output signal Vpyt at the 
end of the cable.  The quality of the 
model depends on how well the secondary 
parameters are measured and how well 
they truly represent the manner in 
which the cable is interconnected and 
signaled in practice.  Most published 
transmission data assumes that each 
pair will be used according to the 
cable design intent which is with a 
balanced mode signal on each pair. 
Our dat^ agrees with this assumption. 
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The   transfer   function   for  a  cable of 
length   x   is   given  by 

H(u)   = e YX 

=   --ex   -J0X (1) 

where y,   the propagation factor is 
composed of a real part o, the atten- 
uation factor, and an imaginary part B, 
the phase factor. 

Figures 3A, B and C show attenuation, 
capacitance and phase data for several 
cables.  The numerals labeling the 
curves refer to the "Sample Number" in 
Table I.  Table I identifies the impor- 
tant features of each cable. 

Two observat 
pertinent to 
the cable ca 
in magnitude 
magnitude of 
tion dielect 
strates the 
and dielectr 
determining 
Second, whil 
factors gene 
citanccs, th 
not necessar 
differences 
it is the at 
control tran 

ions from Figure 3 are 
later discussions.  First, 
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ic diameters as factors in 
the cable capacitance, 
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rally correlate with capa- 
c differences in a or B are 
ily as significant as the 
in capacitance alone and 
tenuation and phase that 
smission impairment. 

The effects of attenuation and phase 
can be predicted by constructing the 
cable transfer function from the pri- 
mary constants R, L, G and C.  This 
analysis follows and the accompanying 
discussion emphasizes which parameters 
contribute to distortion and how they 
vary with frequency. 
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The propagation parameter   y  is  related 
to  R,   L,   G  and   C  by 

Y  =   a  +   jß  =   /(R+juL)(G+jü)C)      (2) 

With copper conductors and reasonably 
low loss dielectrics, low frequency 
(LF) and high frequency (HF) approxima- 
tions for a and B can be made.  (Impe- 
dance formulas are included for com- 
pleteness. ) 

; 
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rs 
aLF " VT" (3) 

trie constant ( Er ef£) accounting for 
interstitial spaces.  If D (effective 
shield diameter) is fixed, then for 
each d (conductor gauge) there is an 
optimum choice of S (conductor 
spacing).  It is calculated from 

'HF " m  T I %C 
RJC

+SJ^    (4) 
3a 

3{S/d) (9) 

(5) 

with loss approximated from Eq. 6 as 

a 1^ (10) 

HF = M KLC + ■ TL 8L (6) 

JL oLF - fa /-45• (7) 

where5 

v 
8Rss 2 

' .• 

ouc, ' Vc HF 

From Equations (3)-(6), resista 
inductance and capacitance are 
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and phase parameters. The high 
quency response is dominated by 
resistance, which increases as 
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and 

Z     = rr 

1+4 

eff 
2 

log 1 
.2p   (-    , «i) 

16p 
f   (l-4q2)l (12) 

and  p  =  S/d,   q  =  S/D,   uQ ■  permeability 
of   free  space  and   Rsc   (Rss )  are   the 
surface  resistivities  of   the   conductor 
and   shield,   respectively. 

Using   these  closed   form  equations   a 
plot  of  a versus  S/d   can   be  generated 
as  shown   in  Figure   5. 
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It is noteworthy that with the assump- 
tion of a good dielectric, the optimum 
S/d ratio is independent of the insula- 
tion dielectric constant, but the abso- 
lute level of attenuation varies with 
the square root of trerf.   Different 
choices of ereff give different impe- 
dances. 

EMPIRICAL RESULTS 

The data transmission capability has 
been evaluated empirically for several 
generally available inside wiring 
cables with difft-rent insulation mater- 
ials and slightly different dimensions 
as seen in Table I.  The intent was to 
study how materiell and dimensional 
variations influence the properties of 
the completed cable and relate the 
results to the transmission analysis 
above. 

The initial experiment was to simply 
determine the maximum distance a 
balanced mode digital signal could be 
transmitted without errors.  Cable 
sections were concatenated in lengths 
of 200 feet.  Send and receive circuits 
were looped within the same cable 
sheath on adjacent pairs.  Figure 6 
shows the setup and Figure 7 shows the 
results.  Number labels correspond to 
Table I.  Figure 8 shows the fundamen- 
tal pulse shape representing a "I" or 
"0" for the higher bit rate transmis- 
sion.  The lower bit-rate data is not 
optimum in that RS-232 unbalanced for- 
mat was used.  The empirical results 
were related to the analysis above by 
convolving the signal transform with 
the cable transfer function of Figure 
2. [6] .  The results of doing this on 
cables of lengths corresponding to 
those at which errors were noted are 
shown in Figure 9 along with measured 
results.  The user or designer may 
evaluate cable empirically or analyti- 
cally. 
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tion.      However,   the   results  of   Figure 
10  describe  typically  available  cables, 
and   there   is   little   reason   to  believe 
that   production  methods  will   change   in 
the   near   future.     Second,   the   lengths 
for  successful  transmission  are  very 
long   compared   to  typical   building   cable 
runs.     On  a  single   floor  of  a  multi- 
floor   building,   runs   for   telecommuni- 
cations   typically  be   under   250   feet 
[6].     Figure   11   shows   that  even  the 
"poorest"   cables  exceeded   this   length 
by a  factor of  two  at   the  highest  bit- 
rate   tested. 
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Of several observations that might be 
made from the results, two are of par- 
ticular interest.  First, the fact that 
the effective dielectric constant is a 
function of both the primary insulation 
and the air space around it signifi- 
cantly helps lower delay by diluting 
the efftct of the primary insulation 
dielectric constant.  With the common 
methods of making twisted pair cable, 
reducing the dielectric constant of the 
insulation material does not reduce the 
effective dielectric constant of the 
cable in a one-to-one fashion.  Figure 
10 shows effective dielectric constant 
(as derived from signal velocity) ver- 
sus primary insulation dielectric con- 
stant.  This explains in part why the 
distance performance of the several 
cables does not differ as much as might 
be anticipated from material character- 
istics alone.  It might be correctly 
noted that tightness of twisting and 
stranding greatly affects this observa- 
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A second experiment added crosstalk 
impairment. Signals of the same bit- 
rate were applied to previously quiet 
pairs.  For four pair cables this 
meant, for example, the two remaining 
pairs were used as a send and receive 
loop.  The results show some degrada- 
tion in the attained distance as seen 
in Figure 12. An interesting observa- 
tion with crosstalk in these four pair 
cables is that the usable distance can 
be independent of the transmission 
properties of the cable under test. 
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This probably points to the imprecise- 
n-jss of multipair cables in that varia- 
tions in manufacturing control of pair- 
balance can outweigh the potential 
benefits of careful material and dimen- 
sional selection.  The distances 
obtained are still, however, more than 
adequate for many building applica- 
tions. 
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DIGITAL PERFORMANCE OF METALLIC TWISTED PAIR TRANSMISSION MEDIA 

J.W. Kincaid, Jr. D. Johnson 

BELDEN TECHNICAL RESEARCH CENTER 
GENEVA, ILLINOIS 

1 
ABSTRACT 

The   figure of merit,   Fm,   concept   is  extended to the 
low   frequency or   long   line  case.     Fm  according to 
first order approximation  theory   is  presented.     The 
theoretical  transient  response  for this case  is 
compared to empirical   results   for multi-pair cable. 
An  algorithm  for  calculating  intersymbol   inter- 
ference  is derived  for the  skin  effect   limited case 
as well  as  the   low  frequency case  according to the 
first order approximation  theory.     Theoretical 
results  for both  Manchester  and NRZ  encoded data 
are compared  to  empirical   results   for multi-pair 
cable. 

INTRODUCTION 

The digital  performance of  twisted pair cable  is 
often deduced  from empirical  performance data 
measured on specific  cable  designs.     This may be 
accomplished  first  hand with  available cable or 

taken  from readily available  charts     of bit  rate 
versus  cable  length  for  a  specific digital  coding 
technique and distortion criteria. 

A second approach  to determine  digital  performance 
2   3 

is  the use of  approximate     '     theoretical   relation- 
ships between   frequency domain performance parameters 
(phase velocity,   attenuation  characteristic  Impedance) 
and  time domain  parameters,   (impulse  response 
overlap,  step  response 0-50°i,   I0-90oi  rise  time). 

Both approaches  have  shortcomings.     Not only  is 
empirical  data  expensive  to  acquire,   but   its 
usefulness  is  ultimately   limited  by  such considera- 
tions  as:     how  similar  is  the complicated  real 
world digital   application  to the   laboratory set-up, 
or how much different  will   the  performance be  if 
the cable actually  ir.italled  (due  to  the vagaries 
of purchasing/contracting)   is  different   from the 
specific design  referenced   for  empirical  performance 
data? 

The  theoretical   approach,   on  the other hand,   is 
limited by  the  simplifying  first  order approxima- 
tions which are  often made.     These  approximatir ns 
are  justified  to  the  extent  that   they provide 
qualitative understanding of performance  relation- 
ships.     Correspondingly simple   frequency domain 
relationships  do quite accurately  predict   frequency 

domain performance.    To approach this  accuracy  in 
the  time domain,   however,  requires  computer 
techniques  to  solve the  rigorous  theoretical 

4 
relat ionships. 

The  figure of merit    concept  is  an example of the 
second approach.     This  is an  interesting way of 
specifying the  digital  performance  of diverse 
transmission media such as  fiber optics,   coaxial 
cable,  and twisted pair cable.     For metallic media, 
the  figure of merit,  Fm,   is derived  from  first 
order approximations  (it  is  assumed that  signal 
degradation or  pulse dispersion   is  caused by skin 
effect   impedance,   f i 100 KHz,   and  that dielectric 
losses are negligible) and is a  function of media 
geometry,  materials,   and  length.     The units  of Fm 
are bit   rate multiplied by  length  raised to the 
exponent  i. 

The exponent IS has values of 2 for metallic media 
and from J to 1 for optical media. The practical 
application of  Fra  involves selecting the media with 

Fm greater  than  P.L    where P and L are the system 
parameters bit   rate and transmission distance 
respectively.     In addition to the parameters bit 
rate  and transmission distance,   the  allowable 
signal distortion  is also a significant  systems 
parameter.    Thus   for a given metallic  line  there  is 

not  a unique  Fra.     Starting with  an  eye pattern   ,   Fm 
has  been derived   for the case where  signal  degrada- 
tion  is  limited to 5* peak to peak time jitter 
(isochronous  distortion).     If higher  amounts  of 
jitter would not  unacceptably degrade  system 
performance,   larger values of Fm  could be  assigned 
than  for  the  5%  limiting case. 

This  paper extends  the  figure of merit  concept  to 
the   low  frequency or  long line case.     At   low 
frequencies,   (f  S   100 KHz)  the  skin  effect   is  not 
well developed  and does not account   for signal 
degradation.     Over   long  lines  the  normal   low pass 
filtering characteristics diminish  the high 
frequency signal  content  in favor of the   low 
frequency content.     Consequently  a   figure of merit 
based on  low  frequency relationships   is of 
interest. 
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The  pappr also compares  the  step  response predicted 
by  the  first order  approximation models  with 
empirical  results.     Finally,  the empirical  step 
response   is used  to calculate  peak  to peak  time 
jitter  for Manchester  and NRZ  encoded data. 

APPROXIMATIONS 

The   following simplifying assumptions will  be made. 

(1)     Source   impedance  equals  zero and  receiver 
impedance matches  the cable  impedance: 
Z(s)  = Zrrs),   Zg(s)  = 0 

I 

LOW FREQUENCY FIGURE OF MF.RIT 

GENERAL MODEL 

A frequently used model for a data transmission 
system in given in Figure 1. 

Figure 1.  Data tranimission system model. 

The signal, Vr, appearing at the receiver is 
determined by the receiver impedance Zr, the cable 
characteristics, the source impedance Zg, and the 
signal Vg.  In general, both the source and 
receiver impedances and the cable contribute to 
signal distortion - Vr is not a replica of Vg. 

The various relationships may be expressed in the 

frequency domain. 

Vr(s) = Vg(s) MkL 
Z(s) + Zg(s) 

(2) Conductance,  G,   is  negligible 

G = 0 

(3) R, L, and C, do not change with frequency. 

With these assumptions equation (1) reduces to: 

V (s) = V (s)  e ■f(i)l (6) 

Under these conditions signal distortion is 

attributed to the factor e     . Additional 
simplifying assumptions are required before 
proceeding to the figure of merit. 

By factoring out ^RCs from (3) and setting G = 0 
the propagation constant 3f(s) can be expressed as 
follows: 

r(s) = ^RCs ^l  + s    h (7) 

To a first order approximation (by retaining the 

first term in the binomial expansion of /l/l + s L^ 

the propagation constant reduces to the following 
expression. 

!(•) = (8) 

The real and imaginary parts of this expression 
o 

agree with known voice frequency expressions for 
attenuation «, and phase constant ß, respectively. 

UNIT IMPULSE RESPONSE 

•.v. 

1  ♦ P^s) -y(s)t (i) 

1  +  p1(s)p2(s)e 
■2y(s)e   e 

where  Z(s) 
VG + 

SL 
sc 

,   the cable characteristic    (2) 
impedance 

y(s) =^/(R + SL)(G + SC)   ,  the cable (3) 
propagation constant 

PjCs) Zr(s) - Z(s) 

Zr(s) + Z(s) 

P2(s) = Zg(s) - Z(s) 

Zg(s) + Z(s) 

, the receiver       (4) 
reflection coefficient 

, the source (5) 
reflection coefficient 

t    =  cable length 
s = ju 

R, L, G, C are the primary transmission line 
constants Resistance, Inductance, Conductance, 
and Capacitance, respectively. 

Using (8) in (6) and solving for the unit impulse 
response (V (s) = 1) the following result is 

obtained. 

Vrl(s) 
VRC tVT (9) 

The inverse of (9) is listed in standard tables. 

V ,(t) = 
rl 

- A2 

IT 
(10) 

2VT t3 

where A = t VRC. 

Comparison of (9) and (10) with the impulse 

response for the high frequency approximation case 
reveals the same form of equation except: 

1)  A =  £ _JL 

17 w i.   JL 
2     Zo 
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2) linear time shift factor = 
-«VCC    s 

Here K   is  a constant  delnrrained  by  the  skin effect 
and may be evaluated   from cable  geometry or high 
frequency attenuation.     Thus  A   is dependent  on 
length,   and high  frequency attenuation  and 
impedance  Zo. 

In a similar  fashion  the A of equation   (10)  may be 
expressed  as  a constant  determined by   length  and 
low  frequency attenuation and  impedance.     These 
relationships  are summarized  in Table   1. 

Table  1 

FREQUENCY 
RANGE |z| a A 

LOW 
Vü?c V*F 

OR 

T/2  i   1? 

HIGH 

IV1 

R-KV U» 

2Z 

OR 

v ■ 
v^ 

The   impulse  response  equation   (10)  may be 

normalized    by the change of variable 

p =  t    4 
AJ 

(11) 

where ß in the reference is identical to A,/4. 
Thus the normalized response plotted in Figure 2 
can be used for high or low frequency 
approximations by selecting the appropriate 
expression for A from Table 1. 

. 5 

> 

. i 

,' >, 

1 
i \ 1 

\ 
L 1 \ 
^ 

J 
"» 
^ 

P.±% 

s 1 
Figure 2.    Normalized impulse response. 

UNIT STEP RESPONSE 

The  unit  step  response  is  obtained by substituting 
(8)   in  (6) with Vg(s)  = _1_ . 

s 

- Vic" i V7 
Vr2(s) 1        e 

s 

(12) 

the   inverse of  (12)   is  listed  in standard  tables   . 
Alternately  the  inverse is  given as  the  integral of 
(10). 

Vr2(t)     = erfc  A_ 

2^7" 
(13) 

where       A =     e/^RC. 

Equation  (13)  gives   the step  response  for  high or 
low  frequencies with the appropriate choice of A 
from table   1.    The normalized step response  is 
plotted in Figure  3  along with the  impulse 
response. 

1. 

. e 

I > 
8.6 

L.4 > 

~ 

STEI^, „.' " 

y K 
1 

/ 
II 111 1: / 

t V 7 
/ / 

/ / \ s f 
y k- ,  

• »-< 
1 

s i 

Figure 3.  Normalized responses. 
Unit step and impulse response. 

DISTORTION CRITERIA 

Two arbitrary criteria for distortion have been 

proposed for the high frequency case.  These are: 

1) Limit the minimum pulse spacing to the value 
of time required for the impulse response to 
decay to 10 percent of maximum value. 

2) Limit the minimum pulse spacing to tvi, °. the 
value of time required for the step response 
to reach 50« of final value. 

The values of normalized time, p, from equation 
(11) which fulfill these criteria are 7.715 and 
8.70 respectively. 

SV 

-   -J 
5 

230   International Wire & Cable Symposium Proceedings 1984 

V 

HV- - •.•• *- 
- • - •   - - • ■ •-■'-'—--• 

■"•:-■:•■.'I"/-.- .-■. 1--;--.--1"•-•.-:. v--- •:•.:--- ': ": ':-'.-:. 



■•"■-■ \ ^.' ^ ■■ ■ ■- ^ ■* m^^^^^^^ 

For iho low frequency case the appropriate value of 
p is deduced from empirical data.  (The cable 
parameters are given in Figure 6) Figure 4 gives 
the measured 0-50% and 10-90% rise time as well as 
the values predicted by eq-ation (13) when A is 
given by Table 1.  It is seen that the 0-50% 
measured data approximates the predicted values for 
lengths shorter than 3000 feet.  However, measured 
and predicted values of 10-90% rise time diverge 
for length.-, greater than 130 feet. 

Clearly the empirical step response is quicker than 
that predicted by the complementary error function 
once cable length exceeds a certain value. The 
implication of a quicker step response is that the 
impulse response is also quicker.  This has been 
substantiated by extracting the impulse response 
from the measured step response.  With eye patterns 
it has been empirically shown that the condition 
for 5% isochronous distortion corresponds 
approximately to a unit interval equal to the 
10-90% rise time.  Therefore a figure of merit 
relationship based on 5% isochronous distortion 
should utilize a p scaled for the 10-5':% rise time. 

FIGURE OF MERIT 

The maximum bit rate, P, is given by 

P = (14) 

where t   is the minimum pulse spacing.  The value 
mm 

of t   is letermineJ from the values of p which 
min 

meet the distortion criteria. 

From equation (11) bit rate is then given by. 

P = (15) 

AJ p , rmin 

From Table  1   the attenuation  form for A may be 
substituted  into equation  (15). 

The maximum bit  rate  then becomes 

P =       _S_   JiL J_ (16) 

P   •       -' *' rnun 

The figure of merit, Fm, is readily seen from 
equation (16) to be given by 

F    =    P  •   e2     =       2 | (17) 

100000. 

10000 

g 

i 
m 
o 

1000 

TIME   (MICRO-SECONDS) 
o= EMPIRICAL DATA : = FIRST ORDER APPROXIMATION 

-. -7 

Figure 4.  Rise time versus cable length. A comparison of 
first order model predictions with empirical 
results for 0-50% and 10-90% rise time ot the 
step response. 
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Here p   ,     is specified by the distortion criteria. 
min 

The factor u/«2   is the  ratio of a given  frequency 
to the square of  attenuation at  the given 
frequency.     Equation  (17)   is  valid   for  both  the 
high and   low frequency cases.     Alternately 
equivalent  expressions   for A  from Table   1  can be 
substituted  into  (15)  and equivalent  figures of 
merit for high or  low  frequency can be derived. 
The various  relationships  are  summarized  in 
Table 2. 

Table 2 

FREQUENCY 
RANGE m'Pwfaf 

LOW 4           1 
RC   *    P 

2UU       1 
a2      P 

HIGH 
16 Z2        1 

I^-'P 
2W       1 
a'     P 

BIT RATE VERSUS CABLE LENGTH 

The empirical data presented in Figure 5 was 
measured on #24 AWG twisted pair cable with 100 ohm 
characteristic impedance. The cable parameters are 
given in Figure 6. 

The data source consisted of a pseudo-random bit 
generator, NRZ/Manchester circuitry, and a pulse 
generator with complementary outputs. The 
equipment output rise time was less than 5 
nanoseconds with source impedance equal to 50 ohms. 
At the data receiver the twisted pairs were 
terminated with a 100 ohm resistor and connected to 
a wide band oscilloscope via a differential probe. 

Isochronous distortion was determined from the eye 
pattern displayed on the oscilloscope. Typical NRZ 
and Manchester eye patterns are presented in Figure 
7. The bit rate was adjusted for conditions of S% 
or 10% peak to peak time jitter for twisted pair 
lengths ranging from 100 feet to 30,000 feet. 

| 

• 

i* 

100000. 

10000. 

Comoarison of NRZ to Manchester bit rate 
performance does not indicate one coding technique 
to consistently achieve greater bit rates than the 
other for the same cable length and isochronous 
distortion. 
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Figure 5.  Bit rate versus cable length. A comparison of 
first order model predictions with empirical 
results for NRZ and Manchester coded data. 
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Figure  6.     Attenuation versus  frequency.     Parameters  of 

multi-pair overall shielded cable. 
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Figure 7.  (a) Manchester code eye pattern 

(b) NRZ code eye pattern 

For example, at 500 feet the Manchester bit rate is 
approximately twice that achieved with NRZ. 
However, at 3000 feet, both Manchester and NRZ 
result in approximately the same bit rate for equal 
isochronous distortion. 

The first order approximation models for bit rate 
versus distance arr plotted in Figure 5 for values 
of p equal to 1, 2, and 7.715. This data was 
calculated from the attenuation form of the figure 
of merit, Fm, listed in Table 2. Attenuation 
values at frequencies equal to one half P, the bit 
rate, were used at low, high and intermediate 
frequencies. 

The high frequency model with p = 7.715 approaches 
the empirical performance for very short lengths-- 
for example 100 feet.  For long lengths the high 
frequency model is too conservative, compared to 
actual performance. 

The low frequency model with p = 1 or 2 
approximates bit rate performance for long cable 
lengths.  The choice of p = 1 or 2 is somewhat 
arbitrary.  However, this may be rationalized by 
comparing the empirical step response to the first 
order approximation step response in Figure 4.  For 
lengths greater than 7000 feet the calculated 0-50% 
rise time is actually greater than the measured 
10-90% rise time. With p = 2 the low frequency 
model underestimates cable performance for lengths 
greater than 7000 feet and overestimates 
performance for lengths less than 7000 feet. 
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PERCENT JITTER ALGORITHM 

For NRZ code the percent jitter was determined from 
the difference in threshhold crossing times for two 
bit patterns.  These are illustrated in Figure 8. 
The function f(t) represents the step response of a 
given length of cable. 

The equations in Figure 8 may be solved iteratively 
to determine the percent jitter for a given bit 
rate, (I/T), or the bit rate at which a given value 
of percent jitter occurs. 

Table  3 

NRZ    CODE 

n 
L. 

 / 
f <t.l)   - fCtl-T)   u(t-T)   -  1/2 
1   - f<t2-T)   u<t-T>   -  1/2 

PERCENT  JITTER t2-tl 
X IBB 

Figure 8.  NRZ code definition. 
Percent jitter algorithm 

CABLE 
LENGTH 
FEET 

1 
T FOR 5° , JITTER       S 

(1) (2)     j 

i  1000' 1350 1290    | 

2000' 770 717    \ 

10000' 38 34    | 

30000' 4.8 5    | 

The bit rates agree within 12%.  The accuracy of 
the algorithm is dependent on the accuracy with 
which f(t) represents the actual step response. 
Determining the step response from eye pattern 
photographs is inherently error prone. A direct 
digital interface to the oscilloscope trace would 
allow accuracy enhancement beyond the 12% figure 
determined in this work.  Use of the complementary 
error function for f(t) produces overly 
conservative estimates of bit rate for a given 
percent jitter. 

MANCHESTER CODE 

1    -   f <tl*<2n*l)T)    ♦   fCtl*2nT) 
♦   . . .     «•   FCtl*T/2>    -   f<tJ>    -    1/2 

f <t2*<2r.*l>T>    -   f <t2*2nT> 
*   ...    ♦   f<t2*T>    -   f<t2)    -   1/2 

-•-l, 2. 3. . . 

PERCENT   JITTER   -   te2~*^1    X    100 

Figure 9.    Manchester code definition. 
Percent  Jitter algorithm 

. 

Table 3 summarizes the results for the following 
cases (cable parameters given in Figure 6) 

(1) f(t) extracted from eye pattern photographs 

(2) percent jitter produced by a pseudo-random bit 
sequence 

An algorithm for calculating percent jitter at a 
specified bit rate (I/T), for a step response f(t) 
is given in Figure 9.  In Manchester code there may 
or may not be a transition between unit interval 
cells (I/T).  However, there is always a transition 
within the unit interval--the midpoint in Figure 9. 
The algorithm gives the difference in threshold 
crossing times at the unit interval mid-point. 
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The algorithm may be solved iteratively, as in the 
case of NRZ code.  For values of n = 4, which 
corresponds to nine terms, the calculated values of 
jitter averaged out to 3% for the cable lengths and 
bit rates corresponding to case (2) in Table 3. 
Again, it is believed the inherent inaccuracy of 
extracting the step response from eye pattern 
photographs causes the relatively poor agreement 
between measured and calculated results. 

CONCLUSION 

The low frequency figure of merit was derived and 
expressed in terms of attenuation, frequency and 
the parameter, p.  Although the form of the 
equation is similar to *hat of the high frequency 
figure of merit the parameter p was set equal to 
one or two for low frequencies, whereas the value 
7.715, or 8.7 has been suggested for the high 
frequency model.  With p = 2 the predicted bit rate 
(based on the figure of merit) was compared to 
empirical results for a 24 AWG twisted pair cable. 
The prediction was conservative for lengths greater 
than 7000 feet and optimistic for lengths less than 
7000 feet. 

4. D.R. Holt, "Expansions with Coefficient 
Algorithms for Time Domain Responses of 
Skin-Effect Lossy Coaxial Cables." J. Res. 
Nat. Bur. Stand., B.(Math. Sei.), Vol. 748, 
No. 3, July-Sept. 1970. 

5. R.L. Gallawa, "Conventional and Optical 
Transmission Lines for Digital Systems in a 
Noisy Environment," OT Report 77-114, 
March, 1977. 

6. J.A. Hull, "Characterization of Transmission 
Media," Telecommunications, pp-70-72, Feb. 
1984. 

7. J.I. Potter and S. Fich, "Theory of Networks 
and Lines," Prentice Hall Electrical 
Engineering Series, New Jersey, 1963. 

8. G.S. Eager, I. Kolodny, L. Jachimowicz, and 
D.E. Robinson, "Transmission Properties of 
Polyethylene-Insulated Telephone Cables at 
Voice and Carrier Frequencies," AIEE Trans. 
(Commun. Electron.), Vol. 78, pp. 618-639, 
Nov. 1959. 
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Future work should compare figure of merit 
predictions with empirical data for twisted pair 
cable of varying wire gage and characteristic 
impedance. 

The measured step response was compared to the 
first order approximation model. The complementary 
error function does not accurately predict 0-50°« or 
10-90°i rise once the cable length exceeds 
approximately 3000 feet and 130 feet respectively. 
Future work should improve the accuracy of the step 
response prediction for long cable lengths. 

Algorithms may be used to calculate percent jitter 
if the step response is accurately known.  A more 
accurate step response prediction for long cable 
lengths could eliminate the need for testing to 
determine the empirical bit rate/percent jitter 
characteristics for NRZ or Manchester code. 
Alternatively direct digital acquisition of the 
empirical step response could improve the accuracy 
of results when the bit rate/percent jitter 
characteristics are calculated from an algorithm. 

Standard Mathematical Tables, Chemical Rubber 
Publishing Company. 
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The Inelastica: The Effect of Internal Friction on the Shape and Tension 
of a Bent Cable 

A. L Hale 
■■ 

AT&T Bell Laboratories 
Whippany. New Jersey 07981 

ABSTRACT 

In many applications, the interaction of tension and bending in a 
cable having significant flexural stiffness has important practical conse- 
quences. A perfectly flexible cable pulled over a roller fairlead would 
conform to the throat curvature of each roller. For a real cable, max- 
imum curvature depends on tension: for sufficiently low tension, the 
specified limit of permissible curvature will be satisfied regardless of 
roller size. This paper considers the equilibrium of a stiff but weight- 
less cable as it passes through a bend around a frictionless sheave. 
During approach, cable curvature and bending moment Increase 
steadily; during departure, both decrease but not necessarily along the 
same path in the moment-curvature plane. The path traversed Is 
related in a simple way, useful with experimental data, to the tension 
change due to internal energy dissipation. A model based on the inter- 
nal friction mechanism associated with a particular cable design (one 
having a sheath reinforced by wires laid in a helical pattern) yields 
results that agree reasonably well with available experimental data and 
provides a means to discriminate among alternative unloading charac- 
teristics on a plot of moment vj. curvature. 

INTRODUCTION 

Figure I shows an aerial line truck being used to place lightguide 
cable by the moving-reel method. The cable passes from the rear- 
mounted reel to the cable guide ahead of the lasher by way of the 
"main sheave", a pair of back-to-back quadrant blocks or roller fair- 
leads free to swing Independently about a vertical shaft near the right 

Figure 1.  Line Truck Placing Aerial Lightguide Cable. 

rear corner of the truck cab. Each quadrant block contains three 
deep-throat rollers with a root radius of about 1.2 in., which is much 
less than the minimum permissible cable bending radius.   How nearly 

the cable curvature approaches that of the rollers depends, in part, 
upon the cable tension due to friction in the reel supports. 

Figure 2 shows two extreme conditions for cable on a roller fair- 
lead. For the optimistic extreme shown in part (a), the cable has a 
constant radius of curvature equal to the large "pitch" radius R of the 
fairlead.   For the pessimistic extreme in part (b), however, the cable 

(0) (b) 

Figure 2.  Extreme Pictures of Cable Action on Roller Fairlead. 

conforms to the iMl radius f of each roller. In (a) the cable curve is 
consistent with pu.c bending, the effect of tension being negligible. 
In (b) the effect of cable flexural stiffn.ss is negligible, and the cable 
behaves as a perfectly flexible rope. Where does the truth lie between 
these extremes? 

THEORY 

General 

To examine this question consider the equilibrium of a weightless, 
initially straight cable passing steadily around a single small, freely 
turning roller at P (Fig. 3(a)). "Initially straight" means that the 
cable is straight when free of any bending moment. (The effect of reel 
"set" will be considered later.) 'Freely turning' signifies that the bear- 
ings of the roller are frictionless. The force f\ acting along the left- 
hand asymptote is the unique force resultant of the tension, bending 
moment, and shear force acting on the left-hand end of cable at any 
cross section, if the cable curves sharply enough about the roller to 
acquire a set, the right-hand resultant f 2 acts along a line parallel to 
but offset from the asymptote. The total angle of bend ß is the sum of 
the angle 0; through which the cable bends during its approach (up to 
the single point of contact with the roller) and the angle 02 for the 
bend of the receding cable. 

Figure 3(b) shows the free-body diagram for a differential cable 
element of length ds. The x axis is positioned along the line of action 

• 
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FiRurc i.  (able Hcnt in Passage over a Single Small Roller. 

of the resultant h'.  From equilibrium of moments about the right-hand 
end of the element, 

M-Fy 

or, in differential form, 

dM-Fdy. 

From the geometry of the element. 

and 

dx-dscos0, 
dy-dsün9. 

ds-pdd 
d» 

(1) 

s 
(4) 

where p is the radius of curvature (and « is the curvature) of the cable 
center line. Combining (I), (3), and (4) gives 

KdM-FsmBde 
-di-Fcose) 
—dT (5) 

from  force equilibrium in the x direction.   In integrated form  (5) 
becomes 

AT—(tdM. (6) 

where ST (-/"j-TV is the change in tension from any point, I, to 
any other point, 2. 

These equations apply independently of the nature of the moment- 
curvature relation, in the case of linear thin-rod elaslostatics they 
describe the classical elastlca.'" Large-curvature bending of a real 
cable, however, is neither linear nor elastic. Figure 4 shows the 
moment-curvature characteristic for the bending of a cross-ply 
lightguide cable. The loading relation, with curvature increasing from 
the origin to point P, was experimentally determined,121 while the 
unloading and reverse-loading portions are inferred theoretically from 
the loading curve. 

The loading path is initially linear but then bends over and follows 
a curve of much lower slope to the end of loading at P In the unload- 
ing region beyond point P. the initial incremental loading and defor- 

mation are linearly related and reversible. Nonlinear, inelastic 
behavior resumes, however, before the bending moment is reduced to 
zero. At this point a large curvature remains. Straightening the cable 
requires application of a reverse (negative) bending moment, as shown 
at the lower axis crossing. 

Given the moment-curvature characteristic of the cable as shown in 
Fig. 4, the interpretation of Eq. (6) is particularly simple. The 
integrand »JW is the area of the horizontal strip shown between the 

CURVATURE K 

Figure 4.  Bending  Moment and  Curvature in  Passage over Small 
Roller. 

M-K curve and the moment axis, positive when (for example) the cur- 
vature is positive and the moment is increasing. Hence, according 
to (6), the tension increase between an undeformed cable element 
(zero curvature, zero moment) and an element loaded to the maximum 
curvature and moment at point P equals the negative of the horizon- 
tally shaded area in Fig. 4. (The area is positive, and so the tension 
change is a decrease.) This is a remarkable result: the tension change 
between two points of a cable is completely determined by the 
moment-curvature characteristic of the intervening cable. Knowledge 
of other quantities such as length or angle of bend U- not required. 

For a particular cable characteristic the areas of interest can be 
measured with a planimeter. Experimental data are available for load- 
ing and unloading but not reverse loading. Filling this gap reqi ires 
examination of the behavior of the cable itself, in the form of a simple 
model. 

Friction Model 

The model is based upon the slippage of helically disposed reinforc- 
ing wires (strength members) embedded in the plastic material of the 
cable sheath. (Each wire may be imagined to occupy its own channel 
or tunnel formed in the surrounding material.) When a long section of 
a cable so constructed is bent into a circular arc, the part of the cable 
toward the inside of the bend is shortened and that toward the outside 
is lengthened. If the wires are firmly attached to the surrounding 
material, they will share this deformation as the radius of the arc is 
gradually decreased. If, on the other hand, the wires are perfectly free 
to slip, they will remain free of strain and will slide along their chan- 

::• 
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nels toward the outside of the bend. By symmetry, no sliding motion 
will occur at those points, on the outside and inside of the bend, that 
aic farthest from the neutral surface. The maximum relative displace- 
ment toward the outside will occur at the neutral surface. Lutchan- 
sky'" illustrated this motion with photographs of a demonstration 
model. He analyzed the wire stresses in a cable having a compliant 
core, considering the extreme cases of no friction and of no relative 
motion at the core-wire interface. Levy141 extended the model by con- 
sidering slippage with friction. Both authors focused on stress; here 
the goal is to determine the bonding-moment contributions of the wires 
and the surrounding material. The nature of the unloading and 
reverse-loading process is of particular interest. 

Wire Stresses   Figure 5(a,b) shows one reinforcing wire spiraled 
about the core of a bent cable.   The phantom lines represent the out- 

Aw(<7w-t-d0-w) 

,<■,' 

*mox. 

"90° -W 

-•• 

Figure 5.  Geometry and Forces for a Single Reinforcing Wire. 

side of the cable jacket.   In the absence of slippage the wire stress at 
the cross section shown is 

"w — £» — — f,« a sin <t>, 
P 

(7) 

where E, is Young's modulus for the wire material, other symbols are 
defined by Fig. 5, and the effect of the small helix angle between the 
wire and the cable axis is neglected. From Fig. 5(c) the shear force r 
per unit length of the wire is 

(8) r»Ai 
dsw 

where Aw is the wire cross-sectional area and sw is arc length meas- 
ured along the wire: 

2T 
(9) 

where /  Is the pitch of the undeformed helix.   Hence, approximately. 

2'  A    e r~ —r-Aw twKOQOS<t> (10) 

when the wire has not slipped. 

The maximum shear stress occurs at i^-O, the neutral axis. Slip- 
page will begin there when r^.o-rm,,, the maximum shear force per 
unit length that the interface can support, and will then spread in both 
directions along the wire. Figure 6 shows r and aw plotted over a 
half-turn of the wire, from the inside of the bend at 0--ir/2 to the 
outside at <t>-*/2, when the region of slippage extends from 0--0r to 
0 — <t>r- At every point the slope of the tensile-stress curve is propor- 
tional to r, as required by (8) and (9). Within the region of slippage 
the slope is uniform. At 0-07- the tensile stress is continuous because 
a discontinuity would require the existence of a concentrated axial 
force, which the interface cannot support. Outside the slippage region 
IJW is given by (7).  At <t> — <t>T- ".■ has an abrupt change of slope, and r 

(b) 

Figure 6. Stresses for One Wire During Transition from Elastic to 
Inelastic Bending. 

is discontinuous.   Hence, during spread of the slippage region, aw is 
given by 

2»     ' !<*> 

£„leasing, QT^Q^-T 

Continuity at 0-0r gives « in terms of 4pr 

/      rm,,,       07- 
, ,O<07-<-^, 

2ir kwAwa sin0; 2 

(II) 

(12) 

as the transition from no slippage to "almost complete"' slippage 
proceeds during loading. Curvature increases by a factor of ir/2 during 
the transition. Once the transition is complete, the wires continue to 
slip almost everywhere with no increase in stress as * increases further. 

The process of unloading and reverse loading after initial loading 
into the inelastic range determines the size md shape of the lower 
curve in Fig. 4 and, hence, the tension increase in a cable as it recedes 
from a sheave. The process is most easily described graphically, by 
considering superimposed stresses. Figure 7(a) shows the stress in one 
wire at the start of unloading (solid curve with maximum of »„„.,). 
Figure 7(b) shows superimposed negative stresses for two levels of 
negative curvature change A«, and Fig. 7(c) shows the resultant 
stresses, which cannot go below the lower inclined line representing 
reversed sliding.   Reverse sliding begins when the curve of resultant 

i    Slippage "almosi everywhere'-everywhere except ai the points *-±r/2 farlhcst 
from Ihc neutral surface. 
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(0) (b) tc) 

K'igure 7.  Supcrposiiion   of Tensile  Stresses   During   Unloading  and 
Reverse Loading. 

stress becomes tangent to the limit line, and the superimposed-stress 
curve becomes tangent to the inclined line in part (b). At that stage 
|A(T. I is twice the stress that first caused sliding in the initial loading. 
The same conclusion applies to any later stage of reverse loading, such 
us that shown by the lower curves in parts (b) and Ic) of the figure. 

Thus, at any stage during the unloading and reverse loading, the 
magnitudes of the superimposed curvature and stresses are duuhle the 
curvature and stresses at the same stage of initial loading. This con- 
clusion is made plausible by the realization that initial loading starts at 
the midpoint of the full range of elastic—and subsequent inelastic- 
action, while unloading and load reversal traverse the full range from 
one extreme to the other. 

Bending Moments The bending-moment contribution Mw of 
n equally-spaced reinforcing wires is the sum of the moments of the 
wire tensions A,aw about the neutral axis of the cable cross section. 
In the elastic range the result is independent of the angular orientation 
of the collection of n areas (as long as n > 2). In the inelastic range 
there is a small cyclic variation, which will be neglected; in effect, the 
wire areas will be considered 'smeared out* into a thin ring for which 
dA* — n .4, d<p/2ir. For two layers of wires the diflerence in radii of 
the layers will also be neglected. 

The moment contribution from each of the four quadrants of the 
cable cross section during the transition from nonsliding to sliding is, 
then. 

4 

nAw 

17 asin0——■—a<t> 
. 2* A, 

fahin2* 
I    rm <PT 

2w Awa sin^r 

»hen » is expressed in terms of 0r-   Integration gives 

«.•• 
nali 

r).O<0,<-r. 

where 

<l>(c/>7)-sin</>r+ — 
07 IT       <t>T 

4       2 sin^r 

The maximum contribution of the wires is 

4ifeos<t>i 

nalTmix I 
M,     —    5 , K ? r— 

,2 2ir  Ew Aw a 

(13) 

(14) 

(15) 

From the limits of Mw and « as 0T —0 the elastic bending-stiffness 
contribution Kw of the wires is 

"•'4». a2 

Kw f—£,. (16) 

or /„ t:w as expected. If the cable sheath exclusive of the wires is 
assumed to behave elaslically with a flexural stilfness A>. then the 
complete theoretical M-K characteristic of the cable is obtained as 
shown in Fig. 8.   In Fig. 9 the model is fitted to experimental data2 for 

(a) (b) 

BOTH 

(c) 

Figure 8.  Theoretical Bending Moments During the Loading, Unload- 
ing, and Reverse-Loading Process. 

60r 

CURVATURE *,  IN. 

Figure 9.  Comparison of   Friction   Model   with   Loading-Unloading 
Data. 

a cross-ply lightguide cable sample. The fitted parameters are Kr + Kw 

(common slope of both steep line segments), Kw (shallow slope), and 
MWtfmi (intercept of shallow Incline at line «-«o; «o is the initial curva- 
ture, or reel set, of the cable sample). Maximum shear force Tm„ per 
unit length for each wire follows from A/»,,, through (15). and the 
shape of the transition portion of the characteristic is determined by 
(12) and (13) with <t>T varying from 0 to ir/2. Except for the sharper 
knees of the theoretical curve, the agreement is startlingly good In 
the m xlel. wire slippage at the neutral surface starts simultaneously at 
all points along the length of the uniformlv curved cable. In the 
experiment—and in practice—curvature varies along the length of the 
sample, and the onset of slippage at diflferent locations occurs at 
diRerent stages of the loading. 

The friction model of inelastic cable bending is the basis for the 
extension of the cable characteristic in Fig. 4 into the unloading and 

'.-.- 

(14) shows that Mw increases by the factor 4/»- during the transition. 2    Courlesy of P n Paid, AT*T Bell Laboratories. Norcross. Geomia 
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reverse-loading ranges. Since the changes, in both curvature and 
moment, necessary to reverse the sliding direction are double the 
values required for initial sliding, the lower curve in Fig. 4 is obtained 
from the loading curve by first doubling both dimensions and then 
turning the replica and joining it to the end of the loading curve. 

APPLICATIONS 

Single Roller 

Given the angle of bend fi in Fig. 3 and the minimum radius of 
curvature for the cable whose loading and reverse-loading curves are 
shown in Fig. 4.' what are the maximum permissible tensions 7"^ and 
I'i !  From (6). the tension change during cable approach is 

7>-r, —/i i (17) 

where A i is the magnitude of the hon/ontally-shadcd area.  Similarly, 

Tlm-TP-A2, (18) 

the area shaded vertically, overlapping area A\. The areas are meas- 
ured on a plot of the loading curve and its enlarged replica. Equili- 
brium of forces parallel to the tangent at P gives 

■rl_cosö| 
• fj   COSÖj. 

(19) 
(20) 

The fifth equation in the five unknowns T%^ f« . Tf. 0|, and 92 is 

«,+«2-/3 (21) 

Fliminating all unknowns but H| gives 

sec(/j-»|)-l _ /<; 

secS|-1 A\' 

which shows that tf-fl, (-92) >», (except when fJ-180-); (22) can 
be solved numerically for 8|. When 0—180', cos#2~-cos''i so •hat 
(19) and (20) give (r2_+/"ijcos»!-0; hence »,-#2-90•, Tf-Q. 

I \_ — A\. and Tim — A2 

Table I lists some results for bend angles 0 of 180' and 27'; the 
latter approximates conditions for cable passing the first and last roll- 
ers of the main sheave in Fig. I.  The 5-in. radius of curvature is the 

I ABIT I.  Angles and Tensions for  Bends Around a Single Small 
Roller 

0 ^mm «. »2 T^. Ti. 
degrees in. degrees degrees lb lb 

180 5 90 90 2.68 10.15 
180 3.6 90 90 4.00 16.12 
27 5 9.26 17.74 206 213 
n 3.6 9.07 17.93 320 332 

minimum permissible for the cable at tensions well below the rated 
load, and 3.6 in. was the minimum radius of curvature when the sam- 
ple buckled. For either radius the tension increase T^—T"^ is 
independent of 0 because the net area AJ-AI enclosed between the 
M-K characteristic and the moment axis depends on i>mm (or «„,„) 
only. For timl„ -5 in. the increase is about 7.5 lb; for pmi„ -3.6 in., it 
is about 12 lb. A change of this magnitude is unlikely to be important 
in itself except at low tensions (see next application). 

Criteria for permissible cable-handling conditions often include 
some combination of tension and radius of curvature. In that context 
the solution just outlined is convenient and practical: given pm,„ and 0, 
is Tf acceptably low? Is the value of T,m that produces these condi- 
tions higher than is to be expected in normal practice (e.g., from reel- 
support friction)? 

If some other variable is prescribed in place of pmin, however, 
another layer of iteration is added in the solution; in eflect, pmm must 
be repeatedly assumed and the replacement variable repeatedly deter- 
mined until the prescribed value is matched within an acceptable toler- 
ance. Plots of A\, 1;, and A^/A, as functions of pm|„ are useful. For 
rough calculations an algebraic approximation derived from the fric- 
t on model neglecting the rounding of the knees and the compliance of 
the wires is A2/At~l +4Mwm,Pm\B /Kr- This facilitates but does not 
eliminate the second layer of iteration. 

Running-Line Dynamometer 

The results for the single roller indicate that the act of measuring 
low tension with a running-line dynamometer will itself cause a tension 
change. Figure 10 shows a setup for measuring the tension in a light- 
guide cable while it is being lashed to an aerial strand. (Passing a 
lightguide cable over sheaves this small—the cable bending radius is 

Figure 10.  Use of Running-Line Dynamometer to Measure Low Cable 
Tension. 

slightly less than the 3.6 in. of the previous application—is not recom- 
mended. The cable in the picture is a dummy—a standard sheath con- 
taining no optical fibers.) Figure 11(a) represents the dynamometer 
schematically, on the presumption that the cable makes arc contact 
with the first sheave. Figure 11 (b) shows the cycle of moment vs. 
curvature for a cable element passing through the device. During the 
approach, bending moment follows the path from O to A in part (b) 
of the figure. The entire contact with the sheave in arc .4, at 
constant M and constant K, corresponds to a single point on the M- 
K path. From the first sheave the cable passes to the second through 
the inflection point /[, completing a half turn around the M-K loop. 
The tension increase is the same as for the same maximum curvature 
in passage over a single roller. Af in, arc B is represented by a single 
point in the M-K plane; the c« not flexing as it hugs the sheave. 
Between I, and /i the tension inert se is slightly greater than that for 
the approach to lt. The tension increase in the passage over the third 
sheave is the same as that for the second. (Additional sheaves alter- 
nated in the same regular pattern would all cause equal increases.) 
From the single-roller application we can infer a tension increase of 
slightly nv-e than 36 lb due to the dynamometer. 

The dynamometer load cell senses the vertical component of fore 
on the middle sheave—the sum of the vertical components of the ten- 
sions and shear forces at /| and 1} The load sensed is greater than 
would exist for the same approach tension To without internal friction 
in the cable, but is still related uniquely to Ta for a particular cable in 
notion. It is only necessary to calibrate the load-cell output, in terms 
of the teniion to be measured, with the cable in question passing 

i    s.inun.i and Yanuoki."1 crou-ply tamnle I of Fig. 14 
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(a) 

Figure II. Cable Passing Through Running-Line Dynamometer. 

steadily through the dynamometer.   A static calibration in a testing 
machine will not suffice. 

Effect of Initial Curvature 

Figure 12 shows the M-K cycle for the running-line dynamometer 
taking into account an initial curvaiure KQ of the cable stored on the 
supply reel. The distance and the cable tension between that reel and 
the dynamometer are assumed to be sufficient so that some cable 
between the two is essentially straight. The straightening, represented 
by the path leading to point O on the diagram, occurs before the cable 
reaches the dynamometer. Bending by the dynamometer thus begins 
at 0. The tension increase on the first sheave is the area enclosed by 
the loop from O \o A to f|.   This area is slightly smaller than the 

corresponding area in Fig. 11(b) the difference being three times the 
area enclosed there by the vertical axis and the paths OA and /3C. 
That area is only about 0.1 lb for a cable that is initially straight (as 
in Fig. II) but otherwise the same as the sample in Fig. 9. Thus the 
direct effect of initial curvature on cable tension is insignificant in this 
application. 

There is. however, one significant but unavoidable indirect effect, 
namely, a change in the shear forces at l\ and h. which depends on 
the cable orientation (concave up or concave down). To the extent 
that the cable consistently assumes the preferred orientation, the effect 
can be calibrated for. 

Roller Fairlead 

A return to the roller-fairlead question concludes the applications. 
Figure 13(a) shows the fairlead geometry, where the roller spacing is 
defined by the pitch radius R and the angular increment A0. If cable 
flexing between rollers is inelastic, the cable shape can be shown to 

'--a 

0^ 

(a) 

lb) 

Figure 12.  Effect of Initial Cable Curvature (Reel Set). 

(c) 

Figure 13. Cable Passing over Roller Fairlead; Elastic Action Between 
Rollers. 

change from interval to interval, becoming flatter as tension builds up. 
The result is a formidable problem involving numerous transcendental 
equations in as many unknowns—an unwelcome prospect. 

A relatively simple and limited but suggestive and useful solution is 
sought instead, based upon a retreat to elastic cable behavior between 
rollers, with inelastic action confined to the approach to the first roller 
and the departure from the last. What are the maximum tensions, at 
and between the rollers, that meet this restriction for various roller 
spacings? 

In Fig. 13(c) the path OC represents the inelastic loading stage as 
a cable element  approaches the first roller.   If the  unloading  and 

f."J 
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reloading action between rollers is elastic, a configuration that repeats 
itself from roller to roller is possible, with a linear decrease in moment 
and curvature from the point Q at each roller to the point />, halfway 
to the next, followed by linear reloading from there to the next point 
CM. 

The symmetry of this situation leads to the free-body diagram in 
Fig. 13(b). where the x axis now joins the points on the cable pitch 
line at successive rollers. The boundary conditions expressing the sym- 
metry are 

• •=£- at x-0 
2 

fl-0 at > -Äsin M 

(23a) 

(24a) 

Kach curve in Pig. 14 relates the minimum radius of curvature to 
the maximum tension for a particular roller spacing. (For A/J-6\ 
corresponding to 15 rollers uniformly spaced over a quadrant, the roller 
centers arc about 3.6 in. apart.) As To increases, p( decreases from 
36 in. for the pure-bending condition to p< =26.5 in. at the limit of 
clastic action, when wire slippage impends at point /' T'.ision at that 
limit depends strongly upon the roller spacing. For A/l' 30'. wire slip- 
page begins at an interroller tension of only about 26 lb; for A/j-6', 
cable flexing is still elastic at a tension of 650 lb. Thus, with a 
sufficient number of closely spaced, freely turning rollers—both condi- 
tions are essential — , operation up to the rated load of 600 lb for the 
cross-ply cable is possible. Wider rollet spacing would entail inelastic 
action and progressively increasing tension in passage over the fairlead. 
It is not clear that repeated inelastic flexing of cable passing over a 
fairlead is desirable, and the problem has not yet been attempted. 

•■ 

li 

Maximum  tension in  the '.pan is  Tp, upon which the curvature «, 
depends: 

«-«(■ M x—0. 

T — Tn ai x — R sin —— XI 
(23b) 

(24b) 

Bending  moment  at  a  general  point  between  C  and  /)  is  (from 
Fig. 13(c)) 

M-MC-KUC-K), (25) 

where K —Kp + K,: substituting  into the first  form of (5) —where 
F-Tn—and integrating from C to a general point using (23a) yield 

AT («r
;!-«2)-2 rD (cos»-cos^-) (26) 

relating « to fl.  Using this result to integrate dx (as given by (2) and 
(4)) from C to /) produces the transcendental equation 

MM 
±ß _   r cosDd» Afsin- s 21 

,    (cosO-cos—) 

(27) 

relating «r to T„ with K and 1(1 as parameters. 

The results of a solution by numerical quadrature and iteration are 
shown in Fig. 14. Because the cable behaves elastically between roll- 
ers, the curve there is in fact a form of the classical elastica for an 
initially-curved thin rod (the cable acquires a set as it approaches ( ,) 
The equation is expressible in terms of elliptic integrals but must still 
be solved by numerical approximation. 

JOO 300 400 500 

TENSION  AT 0. POUNDS 

Figure 14.   Minimum Radius of Curvature vs. Maximum Tension for 
Cross-Ply Cable on Roller Fairlead. 

COWLUSION 

Inelastic behavior of a cable in motion through bends around rollers 
and sheaves is described by a large-deflection theory that employs the 
experimentally determined nonlinear, inelastic moment-curvature 
characteristic of the cable. At present, data are readily available for 
loading and recovery only; extension into the reverse-loading range is 
needed. Meanwhile a friction model of inelastic bending based on slip- 
page of helically disposed reinforcing wires separately embedded in the 
surrounding sheath material provides the needed extrapolation into the 
load-reversal range. The theory provides guidance in such practical 
problems as the measurement of low cable tensions and the design or 
evaluation of roller fairlcads. 
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DEVELOPMENT OF RADIATION RESISTANT MULTI-FIBER OPTICAL 

CABLE  INCORPORATING GRADED INDEX TYPE FIBERS 
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SUMITOMO ELECTRIC INDUSTRIES. LTD.        1. TAYA, TOTSUKA-KU,   YOKOHAMA 244, JAPAN 

Abstract 

We have successfully developed a multi-fiber optical 
cable with a large transmission capacity, incorpo- 
rating graded index type fibers and featuring high 
resistance to radiation.    With fiber-optic communi- 
cation systems becoming more and more widely applied 
recently, nuclear power plants have begun to consid- 
er installing data- and video-transmission systems 
using optical  fibers.    The fibers in such systems 
are often required to be resistant to radiation 
while at the same time capable of carrying large 
amounts of information signals. 
This reports describes the first cabling of graded 
index fibers with fluorine-containing core and clad- 
ding which have both radiation resistance and large 
transmission capacity.    We evaluated the radiation 
resistant characteristics and mechanical properties 
of both the fibers and the developed cable, fire 
retardant characteristics of the cable, and other 
properties.    And we confirmed the reliability and 
applicability of the newly developed cable for ra- 
diation-filled environment. 

1.  Introduction 

With fiber-optic communication system becoming more 
and more widely applied recently, data- and video- 
transmission systems which use optical  fibers are 
being considered for installation in nuclear power 
stations.    The optical fibers in such systems, de- 
pending on where they are installed, are often re- 
qui 'ed to provide not only wide bandwidth but also 
radiation resistant characteristics.    The typical 
optical  fiber added with germanium  (Ge) in its core, 
on the other hand, has a   marked increase of trans- 
mission loss by radiation.    Hence it was difficult 
to use these fibers in radiation-fil ltd environment. 

Accordingly as the optical  fiber for such use, we 
developed a step index (SI) type optical fiber with 
pure silica core and fluorine added cladding which 
offers vastly improved radiation resistance(l)(2). 
In the case of SI type fiber, however, the demerit 
of small transmission capacity is ir/olved. 

In the optical cable developed this time, the graded 
index (GI) type fiber(3) added with fluorine in its 
core has made it possible to provide both radiation 
resistant and wide bandwidth characteristics.    Be- 
sides these fundamental  characteristics, as the 
principal features of this optical  cable, the fol- 
lowing features are available. 

(1) A very stable mechanical characteristics are pro- 
vided by the construction of spacer type(4). 

(2) By adopting the "fire retardant" material, the 
"fire retardant" characteristics is provided that 
passes the vertical tray flame test of IEEE Standard 
383. 

In this paper, as the result of evaluating the trans- 
mission, mechanical and fire retardant characteris- 
tics of GI  type fluorine added optical fiber cable, 
as well  as the radiation resistant characteristics, 
it was verified that there was no problem at all  for 
practical use.    The report therefore is given in 
this paper. 

2. Various characteristics of GI type optical  fiber 

added with fluorine 

2.1 Fiber construction 

The construction parameters of GI type fiber added 
with fluorine which was developed and produced as 
cable this time are shown in Table 1.    And the out- 
line of the refractive index profile is shown in 
Fig.  1.    NA is about 0.18 in average ii. icatiny the 
value somewhat smaller than that of the standard GI 
type fiber added with Ge (about 0.2).    The fiber is 
of double coating with silicon resin and nylon simi- 
lar to the standard case. 

Table 1    Parameters of GI type fiber 
added with fluorine 

Item Typical value 

Core diameter 

Outer diameter 

NA 

50 um 

125 um 

0.18 

Coating 
Material Silicone and nylon 

Outer 
diameter 0.9 mm 

2.2 Transmission characteristics of fiber 

As the result of measuring the transmission loss and 
transmission bandwidth of fluorine added GI type 
optirjl  fiber at the wavelength of 0.85 vm, the val- 
ues of average loss of less than 3 dB/km and the 
bandwidth of over 350 MHz-km were obtained.    Also, 
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the result of measurement for the length dependence 
of bandwidth is shown in Fig.  2.    The measurement 
was conducted at the wavelength 0.85 um while cut- 
ting off in order the fiber of continuous length 
1,400 m. 

F addition 
0?, 

Fig. 1 Outline of refractive index profile 
uf GI type optical fiber added with 
fluorine 

lOOOt 

I    100 

10 
m 

10 

7i=0.S5Mm 

.r=o.6 

■D. 

Fig, 

0.1 1        2 
Fiber length  (km) 

2   Length dependence of bandwidth of 
fluorine added GI type fiber 

As shown in Fig. 2, the length dependent coeffi- 
cient Y of the bandwidth becomes the value of about 
0.6.    This value is smaller than the value  (=1) at 
0.85 urn of the standard GI type fiber. 

2.3 Radiation resistant characteristics 

1) Radiation resistant characteristics of fiber 

The evaluation of radiation resistant characteris- 
tics of fiber was conducted at the condition of 
coiled sample of about 100 m length with respect to 
several kinds of fibers using y ray with 60Co set 
as the radiation source.    The gamma ray dose rate 
was 10',R/h.    In the one hour irradiation, the loss 
increase during and after irradiation (wavelength 
0.85 m) was continuously monitored.    Fig.  3 shows 
the outline of measuring system. 

The test result is shown in Fig. 4.    The test 

Radiation    '///////////(A 
eoCo  source 

^Test IflTv 

Light source(LED,0.85|jm) 

Detecotr X-T Recorder 
7?/////////mti'' 

Fig.  3   Measuring system of radiation 
resistant characteristics 

fibers are, as shown in Fig. 4, GI type fiber added 
with fluorine (shown in Fig. 1), SI type fiber add- 
ed with fluorine  (shown in Fig. 5(a)) and standard 
type GI fiber added with Ge (shown in Fig. 5(b)). 

While the loss increase due to irradiation is signi- 
ficant in fiber added with Ge, in the case of fiber 
added with fluorine, although the trend differs 
somewhat between GI type and SI type, the loss in- 
crease for both of these types after one hour irra- 
diation is less than 5 dB/km restoring to the In- 
crease of about 1 dB/km after stopping the irradia- 
tion. 

■/ 

/ 
(SiO.--f Co> J and Cladding) i •   61  Flb»r > 

►—-•   Slngl» GI Flb»r Cabl»; 
>—-«   SI Fiber (Pur» Silica Core and SlOi-F Cladding) 

>- -•  01 Fiber (SIC-GeOt Core) 
Gamma Ray Dose Rate : IQ4 R/h 
^•CBSpm 

eo 
TIME   (mln) 

Fig. 4   Radiation resistant charactrristies 
of various types of fibers 

F addition 

a) SI type added with 
fluorine 

(b) Standard GI type 
added with Ge 

Fig. 5   Refractive index profiles of fibers 

2) Radiation resistant characteristics of cable 

Fig. 4 shows together the result of evaluating the 
radiation resistant characteristics of the cable 
containing the fluorine added GI type fiber.    The 
single fiber cable shown in Fig. 6 was used and eva- 
luation was conducted at the same condition as that 
of the case of fiber itself. I 

r ;^ 
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As the result, the characteristics approximately the 
same as the result of fiber condition was obtained and 
the deterioration of characteristics by the irradi- 
ation of Y ray stemming from the cable material oth- 
er than optical fiber was not created at all. 

Optical  fiber 

Optical  fiber 

Strength member 
and cushion  (Kevlarr) 

Sheath  (PVC) 

Fig. 6   Structure of single fiber cable 

2.4 Mechanical characteristics of fiber 

As the mechanical characteristics of fluorine con- 
taining GI type optical  fiber, evaluation of loss 
change due to side compression and bending was con- 
ducted.    The measuring method and loss change are 
shown in Fig.  / and Fig. 8, respectively.     In both 
cases, GI fiber added with fluorine and GI   fiber 
added with Ge were compared. 
As regards the result of side compression test, the 
fluorine added GI  fiber presents a somewhat larger 
loss  increase than standard GI  fiber.    And as regards 
bending test, although a larger loss increase occures 
in fluorine containing fiber in the case of mandrel 
diameter D=10 mm*, in the cases of D=20 mm« and D=30 
mm« results for both fibers, fluorine containing 
fiber and Ge containing fiber, were almost the same. 
The difference between the results of fluorine added 
GI  fiber and Ge added standard GI  fiber is consider- 

Optical fiber 

100mm iWi 
**   Sand paper 

U 60) 

2.01- 

U 
(a) Measuring method 

—«Fluorine added GI type 

,   •—«Ge added GI type 

m 
"O 

i i.o 

50 0 
Compression load (kg/2L^.nm) 

(b)   Result 

Pcut 

Mandrel 
(Diameter:D) 

5 - 

(a)   Measuring method 

  Fluorine added GI type 

 Ge added GI type 

D=30mm 

D = 20mm-     \ 

2 3        4        5 
Winding times 

(b)    Result 

Fig. 8   Result of bending test of fluorine 
added GI type fibers 

ed to arise mainly from the difference of refractive 
index profile and NA value. 

2.5 Fiber splice characteristics 

In actual system, the possibility of splice between 
radiation resistant cable with fluorine added fiber 
and standard cable with Ge added fiber can be consid- 
ered.    Thereby with the standard GI fiber added with 
Ge (NA=0.2)and newly developed GI fiber added with 
fluorine (NA=0.18) offered as the sample, evaluation 
of splice loss and the strength and reliability of 
spliced part was conducted.    Core diameter of fiber 
used for the test was 50 ym for both types. 

Measuring method is shown in Fig. 9 and fiber com- 
bination and the result are shown in Table 2.    As 
shown in Fig.  9, the splice loss is defined as the 
ratio of output power of 1 km length fiber (Pin) and 
the output power after splicing 2 m fiber to the 
above fiber (Pout).    And after splicing, the strength 
of spliced part was evaluated by screening of 260 g 
weight before reinforcement. 

Power meter 

Splicing 
1km 

i Fiber A i 
LED 
(0.85um)   aS . .10 log 

p.   Fiber B   p 

Pout 

1 
but 

Pin 

Fig.  7    Result of side compression test of 
fluorine added GI  type fibers 

Fig. 9   Measuring method of fiber splicing loss 

246    International Wire & Cable Symposium Proceedings 1984 

H^^^^ 

-   v" 

•-i 
.-- • 
.*-, 

■ ■     •     H • •. - '.•-■- •. -■-■•"       •.     ■ ■■.-.•. . • . 

■ ..-■.-:.•   ..■.■.- ■ ..■•.•.■•. 



rr"" I ii , MX ■ .  . I   , i.n, . i   . l n , t , i   ,^1 , l , ,   , L , ^ ^^y^^y^^y^. 

i 

Table 2    Splice loss of fibers with 
fluorine and with Ge 

(a)  Fiber cimbination 

Fiber A Fiber B 

Measurement 

1 

GI type added with 

Ge {NA=0.2) 

GI type added with 

fluorine (NA=0.18) 

Measurement 

2 

GI type added with 

fluorine (NA=0.18) 

GI type added with 

Ge (NA=0.2) 

(b) Result of measurement 1  (N=101 

Splice loss (dB) Screening of 26Ü g 

Ave. 0.17 1/10 break 

(c) Result of measurement 2 (N=10) 

Splice loss (dB) Screening of 260 g 

Ave. 0.03 1/10 break 

Cable is of the construction containing 6-fiber op- 
tical unit in the plastic spacer offering the non- 
metallic type that does not use metal material at 
all.    Also taking the "fire retardant" character- 
istics into consideration, the jacket of cable ten- 
sion member  (FRP) and the material of interstitial 
string are in entirety set as  PVC (polyvinyl chlo- 
ride).    Furthermore the "fire retardant" PVC is used 
as the sheath material.    Outer diameter of cable is 
about 24 mm and the weight is  about 500 kg/km. 

Photo 1 

Appearance of radia- 
tion resistant 
optical cable 

-•" 

. 

From the result of Table 2, despite the appearance 
of rather large splice loss in the case of measure- 
ment 1(NA large -NAsmall), no problem is considered 
for practical use. Also the result obtained by con- 
ducting the heat cycle test (-20 C  +60 C, 30 cy- 
cles) for all the samples after splicing and rein- 
forcement indicated no occurrence of fiber break. 
It is concluded that the splice of both fibers „an 
be conducted without problem from the aspects of 
strength and reliability. 

3. Various characteristics of GI type radiation 

resistant mu11i-fiber cable 

3.1 Construction cf cab 1 e 

The construction cross section of GI  type radiation 
resistant 4?-fiber cable developed this time is 
shown in Fig.  10 and its appearance is shown in 
Photo  1. 

Optical  fiber 

Unit strength member  (FRP) 

Binding tape 

Tape spacer 
Filler  (PVC string) 
Central strength member 

PVC sheathed FRP) 
Wrapping 

Sheath  (Fire retardant 
PVC) 

10    Construction of 42-fiber radiation 
resistant optical cable 

Fig. 

3.2 Mechanica1 characteristics of cable 

To evaluate the basic mechanical characteristics re- 
quested in the cable, using the multi-fiber cable 
developed, tests as to respective items of tension, 
bending, compression and impact were conducted.    The 
outline of testing method and result is summarized 
in Table 3.    Also the relationship between tension 
and loss increase and between tension and cable e- 
longation are shown in Fig.  11 while the relation- 
ship between side compression load and loss increase 
and between side compression load and cable non- 
circularity are shown in Fig.   12. 

1.0 
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Fig. 11 Result of cable pulling test 
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Table 3 

50     ^ 100 150 B.0 
Compression load (kg/50mm) 

12    Result of cable compression test 

Mechanical characteristics of radiation- 
resistant optical cable 

Item Testing method Test result 

Tension •4-;) _      )-* • At tension 500 kg,  loss 
increase is 0.01 dB and 
cable elongation is 0.5 1. 

• Up to tension 1,000 kg, 
no break of fiber. 

t—1.5 m—i 

20 mm/min. 

Max.   1,000 kg 

Bending 
0 

( 
n— 

• Loss increase at bending 
max. +0.03 dB. 

Mandrel diameter: 
280 mmj 

10 times bendings 

• No loss change after test. 

• No break of fiber. 

Compres- 
5 mm/min. 

* • Loss increase during test 
max.  +0.01 dB. 

• No loss change after test. 

• No break of fiber 

Max. 

(at  100 

1 
t 

50 mm 

150 kg/50 mm 

kg, held for 
30 sec.) 

Impact 
1  kg 

Imt    Ml II f    vvv           vv 

il         ) 

Impact body: metal pil- 
lar of 25 mm« 

Drop at 10 different 
locations 

• No loss change. 

3_^3 "Fire retardant" characteristics of cable 

As  for the cable used in nuclear power stations, 
there are many cases of requirement to provide the 
"fire retardant" characteristics in addition.    As 
aforementioned,    in the development this time, the 
improvement of the characteristics was implemented 
by not only using "fire retardant"  PVC in the outer 
sheath but also using PVC material  for the inter- 
stitial material.    Also the characteristic was eval- 
uated by actually conducting the burning test on 
the cable manufactured. 

As for the testing method, vertical tray flame test 
of IEEE Standard 383 simulating the actual scale of 
fire was adopted. The outline of measuring system 
is shown in Fig. 13. In the test, xhen extinguish- 
ing the fire by letting the burner to bum for 20 
minutes, cable that extinguished for itself without 
prolonging the burning is qualified. 

More than 150 

The nno-,   |WO 

J.    Thermo-recorder 

Ribbon gas burner 

Fig.  13    Vertical tray flame test equipment 

Although the result of evaluation indicated that the 
cable was burnt and impaired to about 60 cm above 
the burner, the burning of the cable itself was 
stopped at 15 minutes after starting the burning. 
Therefore the prolonged burning after extinguishing 
the burner was utterly unable to be recognized con- 
firming that the "fire retardant" characteristics 
that fully satisfied this standard was provided. 
The situation of burning test is shown in Photo 2. 

4. Conclusion 

At the time of developing radiation resistant large 
capacity multi-fiber optical cable for the use in 
optical communication system for nuclear power sta- 
tions, various characteristics of GI type fiber ad- 
ded with fluorine and the cable newly developed 
this time were evaluated.    As the result the follow- 
ing items described were verified clarifying that 
there was utterly no problem for practical use. 

(1) In the evaluation of radiation resistant charac- 
teristics, evaluation was conducted not only on the 
fiber but also on the cable condition (1 fiber op- 
tical cable).    Also the comparison of fiber con- 
dition was conducted indicating no occurrence of 
deterioration. 

(2) As regards the splicing of GI type fiber added 
with fluorine and the standard GI type fiber added 
with Ge, there was no problem for practical use 
from the viewpoints of splice 1oss, strength and 
reliability. 

■ 

■ 

-. .•. 
■■.'-• 

248   International Wire & Cable Symposium Proceedings 1984 

-• .   •-." .NV. .-V-.••'..■ ' ■   ■- 
t^JV^l.-      >    .  1 ■ - .  ■ .  ^ ••-      -      . ■• - ■ -     ■      ■      ■      ■ , .■*■,'* ■..<:- .V- -T- . _■ .^.V- ^ 

M: - 
•-'. 



T-V»^«  "■»-   . -TTT- ■. • i * »■»" 

y. 

J 

-1 

-:•■:- 

- VJ 

? 

(a)    After lapse of about 
5 minutes 

(b)    After lapse of about 
17 minutes 

Photo 2      Scene of cable burning test 

(3) As regards the side compression and bending 
characteristics of fluorine added GI  fiber, compared 
with the standard GI fiber, the loss increase was 
somewhat larger  (this can be considered to stem 
chiefly from the speciality of refractive index pro- 
file and from NA being somewhat low).    However, in 
the evaluation of mechanical evaluation after com- 
pleting as cable product, there was no problem in 
particular. 

(4) As the cable characteristics the evaluation of 
"fire retardant"  characteristics besides mechanical 
characteristics was conducted and the study of ma- 
terial constituting the cable was conducted.    There- 
by it was confirmed that the superior characteris- 
tics was provided and it was found that there was 
no problem at all   for the practical use. 

(3) M.  Nakasuji et al.,  IEE Japan,  EIM-83-23, March 
1983. 

(4) S. Yonechi et al.,  IWCS Proceedings, 
PP101-110, 1980 
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ABSTRACT 
In order to use the optical fiber cable in 

nuclear power plants, the various environmental 
characteristics such as flame retardant, heat 
aging, radiation and mechanical characteristics 
were investigated. 

As the flame retardant test, oxygen index, 
vertical tray flame and HC1 gas trapping tests 
were made. From these results, it became clear 
that this optical fiber cable has sufficient flame 
retardant characteristics because of choosing 
optimum flame retardant materials. 

Heat aging test was made at UlrC .7or 7 days. 
The induced loss during the test was 0.idB/km or 
less. 

Radiation characteristics were investigated 
by irradiation of ^Co ^-ray under the condition 
of 100R(Roentgen)/hr. x IGOhr. after heat aging 
test. The radiation-induced loss at lO^R was only 
about 1 dB/km on account of using pure silica core 
fibers. Furthermore, from these data, the radi- 
ation-induced loss at lO^R was estimated less than 
2 dB/km. 

In order to investigate the mechanical chara- 
cteristics, tensile, bending, twisting, compres- 
sion, impact,  pulling on pulley and vibration 
tests were made. During these tests, loss increase 
of optical fibers were scarcely found. 

INTRODUCTION 
In the interest of safety and reliability, 

nuclear power and the related plants employ a high 
technical measuring control system which requires 
a number of control cables. At the same time, with 
the recent developement of optical fiber technolo- 
gy, there has been a trend to apply optical fibers 
to nuclear power related fields. Optical fibers 
have many advantages over the conventional copper 
cable: the low loss characteristics can increase 
the transmission distance, the broad bandwidth 
permits multiplex data transmission and reduction 
of cables in number, the cable is reduced in 
weight, and the electromagnetic immunity reduces 
signal errors. 

Few studies have been made on environmental 
characteristics of optical fibers except those 
concerning radiation characteristics. We have 
made flame retardant, environmental and mechanical 
tests on optical fiber cable to investigate their 
overall environmental characteristics. 

This paper is a report of our results. 

SAMPLES 
Figure 1 illustrates the crosssection of 

optical fiber cable used in the tests and Table 1 
shows the specification of the cable. 

This optical fiber cable is a non-metallic 
type cable which strands together 6 nylon coated 
fibers and spacers around a FRP tensionmember. 
The optical fibers are made of pure silica core 
having excellent radiation resistance. All cable 
materials are flame retardant. The tensionmember is 
constructed of 2.5mm diameter FRP on which flame 
retardant noncorrosive PVC is coated, and is 3.3nim 
in outside diameter. The outside diameter of the 
cable is about llmm. 

Fiber 

Spacer 

ensionmember 

Buffer layer 

Holding tape 

Sheath 

Fig.l Crosssection of the cable 
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Table   1       Specification of  the  cable J-l»!   c  u       - Gas mixer J     \ Exhaust ^ 

Core diameter;              SO^m 

Cladding diameter;           125f,m 

Refractive index profile;   SI type 
Optical fiber 

Relative index difference;    0,87, 

Core material;         Pure silica 

OH content of the core;About lOOppru 

Initial loss(0,85..m); 3,»dB/km(ave,) 

Secondary coating;          Nylon 

Tension- Flame retardant noncorroslve PVC 
member coated FRP 

Spacer Flame retardant noncorrosive PVC 

Buffer layer KynofB' yarn 

Holding tape Flame retardant rubbered tape 

Sheath Flame retardant noncorrosive PVC 

TEST  METHODS  AND  RESULTS 
We made  oxygen  index,  vertical  tray  flame, 

and HC1  gas   trapping  tests  as  flame  retardant 
tests,  heat  aging and  ^Co  |f-ray  irradiation  tests 
as  environmental   tests.  We  also made  tensile, 
bending,   twisting,   compression,   impact,   pulling on 
pulley jnd vibration  tests as mechanical   tests 
which simulate  external   forces  that may  be  applied 
to  the cable  during  installation. The  test methods 
and  results will  be  described below. 

FLAME RETARDANT TEST 1), 2) 

1, Oxygen Index test 
Oxygen index refers to the minimum oxygen 

concentration in an oxygen-nitrogen mixture gas, 
expressed in volume 7,, required to maintain com- 
bustion of a cable material under specific condi- 
tions. Therefore, the greater the index, the 
higher the flame resistance. 

Figure 2 shows the method for measuring an 
oxygen index. The oxygen index measurement was 
made in accordance with JIS-K-7201(1972). In this 
measurement, four kinds of materials were used: 
a sheath, tensionmember, buffer layer and holding 
tape. For each material, three samples were 
measured. 

1  
■s 

L 
 1 «*>ass 

i "> n ^h HÄÄ^ j 
- 

fSample- 
i 
i 
i 

1 1 :?: 

Flow 
meter 

DGas 
puri-' 

J 

o i ] 

i A M. O-^siO 
i 
i L  

V    y_. 
J   N2 .i j 

Ignition Combustion Measurinf   Gas supply 
device  device    device      device 

Fig.2  Oxygen Index measuring method 

Table 2 shows the test results. It is gene- 
rally considered that a sheath needs an oxygen 
index of 27 or more and the other materials 25 or 
more. However, the test revealed that all the 
materials have an oxygen index of 27 or more. 

2. Vertical tray flame test 
Figure 3 shows the outline of the vertical 

tray flame test equipment. The test method used is 
in accordance with IEEE 383-1974, The sample cables 
were set on the vertical ladder tray at intervals 
of the cable radius so that the cable array has a 
width of 150 mm, and the burner was placed at 600 
mm height above the floor. The flame temperature 
was adjusted to 840 C and the burning time was 20 
minutes. The burner flame energy was 70,000 BTU/hr, 
The cable temperature was continuously measured 
with thermocouples A, B, C and D. 

Table 3 shows the test results, and Photo, 1 
and Photo, 2 show the cable conditions during com- 
bustion and immediately after extinction. The above 
standard prescribes that the flame shall not spread 
to the upper end of the cable during combustion or 
after extinction. In any of three trials, the flame 
did not reach the upper end of the cable and 
extinguished itself as soon as the burner was 
turned off. 

LL 

Table   2       Results   of  Oxygen   Index  test 

Material Sheath Tensionmember Buffer layer Holding tape 

Oxygen index 
( n   ») 

i?," 27,b M.3 -.-.i. 48.3 48.7 29.2 30.1 29.6 41.8 42,2 42,1 

Average 

  
27,9 48,5 29.6 42.0 
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Scale 

Test  cable 

Gas  tni 

Manometer 

Fig.3  Vertical tray flame test equipment 

Photo. 1  Cable condition during 
combustion 

■ ■■' 

vV 

, 

Photo. 2  Cable condition Inriediately 
after extinction 

Table 3  Results of vertical tray flame test 

Test time 

Burning time 
after fire 
extinguishing 

(sec.) 

Burning out 
length of the 
cable 

(a) 

1 0 0.76 •* 0.91 

2 0 0.75 -^ 0.93 

3 0 0.73 -. 0.96 

3. HC1 gas trapping test 
The HC1 gas generated when a cable is burned 

out shall be not more than 100 mg for each gram of 
sheath, since this corrosive gas has a bad influ- 
ence upon the human body and surrounding equipment. 

Figure 4 shows the method for the HC1 gas 
measurement. The measurement conditions are as 

follows: 

Sample weight 
Preheat temperature 
Preheat time 
Burning temperature 
Burning time 
Air flow 

0.5 g 
300 to 400 C 
5 minutes 
SOOiSO'C 
30 minutes 

; 0.5±0.1 1/min. 

Table 4 shows the test results. The HC1 gas 
generation of the three samples were all less than 
100 mg. 

■ • 
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Figure 7 shows the radiation-induced loss 
characteristics during irradiation. As the pure 
silica core fiber has extremely radiation resis- 
tance, the radiation-induced loss was about 1 
dB/km at a total dose of Kr1 R, and it was esti- 
mated less than 2 dB/km at 10^ R on the basis of 
the steady state increase in the region between 
2 x 103 R and 10^ R. 

6 

1 Air pump 8 Quartz boat(Sample) 
2 Flow meter 9 Thermocouple 
3 Glass bottle for drying airlO Electrical furnace 

11 Gas washing bottle 
for trapping HCl 

13 gas 

LEDCO.SS^m) Po'-'ej; meter 

I contains cone H,SO. 
2  4 

6 5 contains silica gel 
7 Quartz tube 

Fig.4  HCl trapping test method 

Table 4  Results of HCl trapping test 

Sample 
(Sheath) 1 2 3 

Weight of HCl 
generation 

(mg/g') 

86.7 89.3 87,4 

Average 
(mg/g*) 

87.8 

Remark  mg/g(welght of HCl gas/lg of sheath) 

ENVIRONMENTAL TEST 

Heat aging and ^"Co JT-ray irradiation tests 
were successively made on the same samples. As 
indicated in Figure 5, the 6 fibers of each sample 
were grouped into two and 3 fibers in each group 
were spliced to form a loop, and the induced loss 
was continuously measured for each loop. 

1. Heat afiing test 
The sample was heated at 121 C for 7 days. 

These accelerated deterioration conditions corres- 
pond to the design life of a common nuclear power 
plant. 

Figure 6 shows the test results. The induced 
loss was extremely stable during heating. For both 
loops, the induced loss was within 0.1 dB/km. 
In addition, the cable after heating exhibited no 
apparent changes, 

2. ^Co f-ray irradiation test 
Subsequently to the heat aging test, the 

sample cable was placed in the irradiation room 
where the sample was exposed to ^Oco Jf-ray.  The 
desired value of radiation-induced loss was set at 
a total dose lO^ R in order to ensuring the system 
margin. However, because of the great dose rate 
dependency of optical fibers, 3) 
the iiradiation was made under the condition of 
100 R/hr. x 100 hr. and the value at 106 R was 
estimated by extrapolition. 

Dummy fiber 
Recorder 

x; Spliced point 

Fig.5  Measuring set-up of heat aging 
and 60co f   irradiation tests 

0.2- 
E 

IB 
T3 

|os- 
i 
9 

■o c 

l^'C 

0        1 2        3        4        5        6 
Test time (day) 

Fig.6  Heat aging characteristics 

E 
|3.0 
S2.0 

|1.0 

I I 
■ 
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Dose(R) 

10" lO1 

60. Fig. 7       Induced  loss by      Co   t irradiati 
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MECHANICAL TEST 
The mechanical tests simulate external forces 

that the cable is expected to encounter during 
installation. The mechanical tests were made with 
the following aimes, 

1. Tensile test 
The tensile force during installation is 

estimated, and the two times force of the allowable 
tension is applied to the sample cable. 

2. Bending test 
This test examines the cable state when the 

cable is sharply bent in pipe. 
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p216 - 227 (1977) 

2) M.Ike,   et al; Showa Electric Wire  and Cable 
Review,  Vol.28,  No.2 
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3) K.Shibuya, et al; Proceedings of the 31st IWCS 
p51 - 62 (1982) 

V 

3. Twisting test 
Cables are easily twisted when they are fre- 

tjuently bent during installation. This test exa- 
mines the cable state when the cable is twisted. 

(.omp ression test 
This test examines the cable state when the 

cable is trod by a person. 

i. Impact test 
This test examines the cable state when a tool 

or any other instrument is dropped on the cable, 

6. Pulling on pulley test 
This test examines the cable state, simulating 

a tension to which the cable may be subjected at a 
bend during installation. 

7. Vibration test 
This test examines the cable state when the 

cable installed is subjected to vibration caused 
by a motor, etc. 

All fibers of the cable were spliced to form 
loops and the loss increase during test was mea- 
sured. In all tests except the compression and 
impact tests, the sheath, fiber and tensionmember 
at the cable ends were combined in onr using epoxy 
resin so that the cable elongation in the longi- 
tudinal direction is equal to that in normal 
installation. 

Table 5 shows the test methods and results. 
Any of the tests showed that the optical fiber 
cable exhibits almost no loss increase and has 
mechanical characteristics equal to or more than 
those of conventional copper cables. 

. 

•-.■ 

1 

CONCLUSION 
We made  flame  retardant,  environmental and 

mechanical  tests  to  investigate  overall character- 
istics of optical  fiber cable  developed for use  in 
radiation environments,   such as   in nuclear power 
plants. 

The  tests  revealed  that  this cable  is  suffi- 
ciently flame  retardant  and  has  extremely stable 
characteristics. 

This  type  of cable  has   been already  installed 
in nuclear  power  plant,   contributing   to  the 
improvement of  data  transmission  reliability. 
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Test itctri 

Tensile 
test 

Bending 
test 

Twisting 
test 

Compress- 
ion test 

Table 5  Mechanical characteristics 

Test method 

Kpoxy resin FRP 
Tensile load; 100kg 

3   Tensile time; 5 min. 

Fiber 

F i be r fT 
Cable 

Ik a 

Mandrel radius(R) 
Bending angle; 
Bending time 

IOORHI 

*180 deg. 
30  times 

Epoxy resin 

Fiber 

-te=#^ 
Tens ion 71 

Tensile load  ; 25kg 
Twisting angle; ±1H0 deg. 
Twisting time ; 10 times 

Fixed 

Compression load 

Cable 

Test result 

No loss 
increase 

No loss 
increase 

Compression board 

Compression load     ; 100kg 
Compression time     ; 1 min. 
Compression board size; 50xl)()(mm 
Compression place 

; 5 continuous places and 
2 directions of 90*31  1 place 

Impact 
test 

Pulling on 
pulley 
test 

Vibration 
test 

i   l^-Impact   be 

—    1    r)0rraii 

rr—i—i—i 
I I    I    I     I 
II I   1   j 90 

Impact body size; 25min* 
Impact weighc  ; 1kg 
Impact height   ; 1m 
Impact point 

; 5 continuous points at 50mm 
pitch and 2 directions of 90* 
at 1 point 

Cable 

Pulley 

Pulling length 
Pulley diameter 
Tensile load 
Pulling angle 
Pulling times 

Im 
135mm* 
5ükg 
90 deg. 
10 times 

Fiber 
Fixed 

^ 

V ibration 
t 

Semi 
L 

Cable 

fixed 
Frequency 
Amplitude 
Vibration 

10Hz 
±5 mm 
I0b   times 

No loss 
increase 

O.OldB 
O.OdB after 

test 

No loss 
increase 

No loss 
Increase 

No loss 
incn :SP 

», 
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ABSTRACT 

A fiber optic cable has been devel- 
oped for use in thermal radiation envi- 
ronments.  This cable is a lightweight, 
ruggedized structure that uses a heat 
barrier for protection from thermal 
radiation and is fabricated from commer- 
cially available, easily obtainable 
materials. 

This paper presents fiber and cable 
performance data derived from several 
years of cable development and experi- 
mentation.  Optical performance at low, 
room, and high temperatures is given on 
the optical fiber and finished cable. 
Data on the mechanical performance 
(impact, twist bend, cyclic flex, and 
tensile load) of the cable at low, room, 
and high temperatures are provided for 
unirradiated and thermally irradiated 
cables.  Finally, thermally irradiated 
cables are compared with cables sub- 
jected to a flame test. 

INTRODUCTION 

The many uses of fiber optics m. ke 
it necessary for them to operato m 
various environments.  A iJber optic 
cable can have applications in thermal 
radiatioi; environments, as well as in 
climactic environments where temperature 
vanes from approximately -50oC to 70oC. 
This paper describes a rugged fiber 
optic cable structure used in thermal 
radiation environments.  Included are 
optical and mechanical charoctenstics 
of the fiber optic cable at low, high, 
and room temperatures, the mechanical 
integrity of the cable after thermal 
radiation, and the response of the cable 
to a flame test. 

DESIGN AND MANUFACTURE 

The cable design standards address 
optical performance, mechanical integ- 
rity, ruggedness, and thermal radiation 
integrity.  The cable is composed of a 
rugged cable core protected by an expen- 
dable thermal barrier and outer jacket. 
This two-part concept helps to ensure 
that thermal radiation will be absorbed 
or dissipated before reaching the cable 
core.  Therefore, the core will survive 
intact, and the surviving cable core 
Will retain its ruggedness.  The cable 
core is designed to withstand a rugged 
field environment. 

The core consists of two optical 
fibers, strength members and an inner 
jacket.  The fibers are bound tightly to 
tne buffer, secondary coating, and cable 
strength members.  The fibers are 
stranded together in one operation and 
the inner jacket is extruded in a second 
operation.  The fibers are thus embedded 
in a fibrous matrix allowing the fibers 
to reorient external forces to relieve 
stress. At the same time, the matrix 
and tightness of the inner jacket hold 
the fibers, thus preventing retraction. 
The total outside diameter (od) of the 
cable is 6 mm. 

The cable was fabricated with dual- 
window, graded-index fibers.  The compo- 
sition of these fibers specified the 
removal of and/or substitution of spe- 
cific cladding and core dopants.  Vari- 
ous aspects of the preform fabrication 
process needed to be adjusted.  Adjust- 
ment was required to efficiently deposit 
the dopants, control the refractive 
index profile and reduce migration of 
hydroxyl ion (0H-) in the preform. 
These process developments were opti- 
mized by using preform profiling tech- 
niques and process control of chemical 
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vapor deposition (CVD).  Process control 
of CVD helps to ensure a reproducible 
fiber.  The fibers, which have a 50-um 
core diameter and a 125-pm (od), were 
proof-tested at 100 kpsi. 

The fiber has a low-modulus primary 
coatvng and secondary coating of thermo- 
plas .ic material. The secondary 
coating, which puts additional stresses 
on the fiber, causes increased attenu- 
ation.  Additional attenuation occurs 
especially at lr>w temperature if the 
refractive-lndex profile and numerical 
aperture of the fiber are not optimized. 
The fiber, therefore, has been designed 
with a minimum numerical aperture of 
0.23 along with an alpha profile that 
exhibits good dual-window performance. 

The optical performance of the two- 
part cable with the fibers described 
above is given in Table 1.  Data are 
presented on 11 1-km lengths of cable 
(denoted A through K).  Table 1 shows 

Table 1.  Optical Performance. 

Attenuation, B^O nm tdB/km) 

Cable 

Secondary 
Coatert 
Fiber 

(25*0 
Cable 

(25-C) 
Cable 

<-57"C) 

Dandwldth 
850   nm 

(NHz-kml 

Fiber        a b a b a             b a b 

A J.)7 1.44 1.08 i.J5 

B 1.10 3.10 6.26 5.10 501 508 

C 4.l)ü 1.62 4.04 1.61 4.2«         1.74 
4. 14 

599 416 

U00 

1.41« l.SO' 

1J0Ü <iin 

HOO   nm 
-46*C 

1.B2        2.17 

1300 

24« 

nm 

1.10 2.1 1 534 

1.11 2. 10 1.56 1.91 1.60        2.17 385 540 

l.<1 2.4" 2.09 1.44 2.62        2,80 497 458 

l.^b 1.59 1.09 1. 15 2.14        2. 10 521 372 

1.10 O.HD 1.49 1.21 1.82        1.92 472 386 

l.tl 1. 14 1.11 1 . 19 -- 740 701 

1. it 1 .52 1.02 0.76 2.42        2.56 372 489 

0.44 U.79 0.43 0.69 1.99        2.11 IU 88b 

'without secondary coating. 

the attenuation of the secondary coatea 
fiber and of the cabled fiber at 850 nm 
and 1300 nm.  Data are given for the two 
optical fibers in each cable (labeled a 
and b in the table) at room temperature 
(250C) and low temperature.  The table 
shows a relatively small increase in 
cable loss (<1 dB/km in all the cables 
except one) from room temperature to low 
temperature.  The cable losses at 
1300 nm and -460C were less than 
3 dB/km.  Four cables (half the group) 
had losses less than 2.2 dB/km. Most of 
the fiber bandwidths were 400 MHz-km or 
greater. 

TEST RESULTS 

The fiber optic cable was subjected 
to several tests to evaluate mechanical 
integrity.  The tests conducted were 
cyclic flexing, twist bend, and impact. 
In the cyclic flexing test, one end of 
the cable was rotated through 90 degrees 
on each side of a 15-mm diameter mandrel 
(180° arc) while a 10-kg weight was hung 
from the other end.  Two thousana cycles 
were performed at room temperature and 
1000 cycles were performed at 710C and 
at -46<,C. 

The cable was suspended over a 3-cm 
diameter pulley for twist bend testing. 
One side of the cable was cycled up and 
down, while the other side of the cable 
was rotated 180 degrees clockwise.  It 
then was returned to the starting posi- 
tion and rotated 180 degrees counter- 
clockwise.  Throughout the test a 10-kg 
weight was hung from the end of the 
cable.  Two thousand cycles were per- 
formed at room temperature and 
100 cycles were performed at 710C and 
-460C. 

In the impact test, a 1.5-kg hammer 
with a 10-mm radius of curvature dropped 
150 mm onto the cable.  Two hundred 
impacts were performed at room tempera- 
ture and 100 were performed at 710C and 
at -460C. 

Table 2 lists these test results. 
All the tests were performed at low, 
room, and high temperatures.  The core 

Table 2.  Mechanical Integrity Tests 
and Results. 

Cyclic-flexing 

Twist-bend 

Temperature 

Room  Temperature 
-46'C,    71,C 

IKoom  Temperature 
-46^-,   T1»C 

Impact 

Test   Results 

No damage  to cable core 
Outer   jacket  splits at   71,C,   -46'c 
Ail   tibers  transmitted 

No damage   to  cable  core 
Outer   jacket split  at  71»c,  -460c 
Al1   fibers transmitted 

Koom  Temperature  No damage   to  cable  core 
-46,C,   7i"c        outer   jacket   splits at  71»c,   -46"c 

All   tibers  transmitted 

was not damaged by any of the tests for 
all temperatures.  However, the outer 
jacket did split at low and high tem- 
peratures.  All the fibers passed the 
tf.sts without breaking. 

The ;;! jyadness of the cable core 
was tested by laying the cable in soil 
and subjecting it to crossings, pivot 
turns, and high-speed turns by a 23-ton 
tracked vehicle.  First, the optical 
cable core with fibers was subjected to 
and survived 26 crossings without 
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failure.  Next the tracked vehicle was 
positioned on the cables for static 
pivot turns.  After 10 to 12 cycles, the 
cable was captured in the tracks of the 
vehicle and looped three turns around 
the axle.  The cable suffered severe 
shear which ripped the jacket and 
exposed the fibers.  The fibers remained 
conductive until the cable was badly 
strained in removing th  cable from the 
gearing.  Finally the tracked vehicle 
made high-speed right-angle turns on the 
cables.  The optical cable survived this 
test. 

THERMAL RADIATION TEST RESULTS 

The next test series measured the 
thermal radiation integrity of the cable 
in a thermal radiation environment.  The 
fiber optic cable was exposed to thermal 
radiation environments at the White 
Sands  Solar Facility (WSSF).  The WSSF 
uses a 12.2 by 11 m heliostat to reflect 
solar radiation onto a spherical concen- 
trator.  The spectral output of the 
facility, similar to the solar spectrum, 
peaks at about 500 nm, with an infrared 
component extending to about 2500 nm and 
an ultraviolet component extending down 
to 330 nm. 

Tested cabl 
ated at the foca 
concentrator, wh 
irradiance, Qp, 
3.8-cm diameter, 
at the cable pos 
is measured with 
calorimeter. Th 
Q, of the irradi 
Q=2.1trQu, where 
the irradiation 
Qp. 

e samples were vrradi- 
1 plane of the facility 
ere the peak thermal 
is 72 cal/cm2-s over a 
The thermal irradiance 

ition (the focal plane) 
a  Hycal asymptotic 

e total thermal fluence, 
ation is given by 
tr is the rise time of 

to the peak irradiance. 

The cables were irradiated to a 
total thermal fluence sufficient to com- 
pletely breach the outer cable jacket. 
At this fluence, the heat barrier was 
not breached, and the underlying jacket 
of the cable core was charred only 
lightly on the surface.  Cutting the 
cable in half showed that at least three 
quarters of the inner-jacket thickness 
was not affected by the thermal radia- 
tion.  The strength members and the sec- 
ondary coated fibers also were 
unaffected. 

The thermally irradiated samples 
were subjected to various mechanical 
tests — impact and tensile load — 
after thermal testing.  The impact tests 
(described in the previous section) were 
performed on the cable at the point of 
maximum thermal exposure, i.e., where 
the jacket was breached.  In the tensile 
load test, the thermally irr&diated sec- 
tion of cable was subjected to a 100-kg 

load for five minutes (strain rate was 
10 mm/min) . All fibers in the thermally 
irradiated cables survived the impact 
test and the tensile load test without 
breaking.  Moreover, the cable was 
stressed to the point of fiber failure 
after reaching the 100-kg stress (of 
5-minute duration) for the tensile load 
test.  Of the five cables tested, the 
minimum failure level was 284 kg; how- 
ever, several cables survived levels 
exceeding 400 kg without failure. 

FLAME TEST RESULTS AND COMPARISON 
WITH THERMAL RADIATION TEST RESULTS 

A final test series compared the 
thermal radiation integrity of the cable 
to that measured in the flame tests. 
Flame tests performed on irradiated 
cables were compared with the thermally 
irradiated cables.  Several unirradiated 
cables were exposed to a 30-second torch 
flame application.  The length of cable 
exposed to the flame was 20 mm.  The 
temperature of the torch flame was about 
950oC.  The cables were held at a 
50-degree angle.  (Note:  the cable was 
held at a 90-degree angle during the 
thermal radiation exposure.)  When 
exposed to the flame, the outer cable 
jacket completely burned off and the 
underlying heat barrier blackened.  No 
cable material dripped.  The cable core 
was intact.  Flaming lasted 50 to 
75 seconds after removal of the torch. 
The cable charred and the lengths of 
charred cable were 38 to 60 mm. 

These flame tests showed minimal 
flame propagation and minimal burning 
following removal of the flame.  The 
thermal radiation exposures exhibited 
qualitatively similar results.  Namely, 
the outer cable jacket was breached, but 
the inner jacket was not significantly 
affected.  The cable did ignite dunnc 
the WSSF exposure, but the flame did not 
persist more than 10 seconds after 
reaching the peak thermal irradiance. 
The length of charred cable was about 
100 mm. 

SUMMARY 

A fiber-optic cable designed for use in 
thermal radiation environments was 
described.  The cable was rugged, had 
high-bandwidth, and displayed good opti- 
cal loss characteristics over a wide 
range of temperatures.  The cable had 
good mechanical stability both before 
and after thermal exposure.  Finally, 
the cable showed very little burning and 
flame propagation after being subjected 
to both a flame test and thermal radia- 
tion tests. 
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ABSTRACT 

Measurements on installed single-mode lightguide cables confirm the 
validity of th straightforward relationships between system 
bandwidth. Ii u dispersion, and laser spectral width predicted by 
theory. Concatenation measurements of dispersion show that system 
bandwidth scales inversely with span length, thus eliminating the 
bandwidth length concatenation uncertainties associated with 
multimode bandwidth. Field bandwidth measurements using 
commercially available lasers (FWHM spectral width ■ 4 nm) 
showed average bandwidth on 30 km spans of 2.3 GHz at 1316 nm 
and 256 MHz at 1515 nm. When single longitudinal mode lasers 
(with spectral widths one to two orders of magnitude narrower than 
present lasers) become available it will be possible to upgrade system 
bandwidth by a corresponding one to two orders of magnitude by 
replacing only the electronics - new cables will not be required. This 
will make multigigabit upgrades possible on existing cables in either 
the 1300 or 1500 nm window. 

Modal noise measurements were made on systems with lasers 
transmitting well below the cut-off wavelength of a short fiber section 
at data rates up to 1.7 Gb/sec and splice losses as high as 3 dB. 
These measurements show that systems can operate tens of nm below 
the 5-meter cut-off wavelength of the fiber and still have negligible 
modal noise even with short lengths of fiber. 

dependence of the refractive index of the materials in the fiber - that 
is. the different wavelengths of light present in the source will 
propagate at different speeds. Single-mode lightguide inherently 
eliminates intermodal dispersion by eliminating all but a single mode 
of propagation, leaving material dispersion as the dominant 
contributor to system bandwidth. The effect of material dispersion 
can be minimized by selecting a fiber design such that material 
dispersion passes through zero at the nominal sys'.em operating 
wavelength. The dispersion characteristics of a fiber are typically 
expressed by specifying a maximum value (in psec/nm-km) for the 
dispersion over a specified wavelength range and by specifying the 
maximum, nominal, and minimum values for the zero dispersion 
wavelength. The total dispersion (in psec) for a given span length (in 
km) utilizing a source with a given spectral width (Full Width Half 
Maximum, in nm) is equal to fiber dispersion times source spectral 
width times span length. This total dispersion (in psec) can also be 
expressed as bandwidth (in GHz), by assuming a Gaussian response. 
Equation I summarizes. 

BW- 441 
dWL 

(I) 

Where:    BW - System Bandwidth in GHz 
d - Fiber Dispersion in psec/nm-km 
W - Source FWHM Spectral Width in nm 
L — Span Length in km. 

'.• 

1,  INTRODUCTION 

With the increasingly prevalent use of single-mode lightguide, 
transmission engineers are faced with new media parameters that 
define the transmission properties of the media. Each of these must 
be understood and specified correctly for the overall system 
transmission performance to be assured. This paper examines two 
single-mode lightguide media parameters, dispersion (bandwidth) and 
cut-off wavelength, and their respective impact on system 
performance. 

Observe that bandwidth scales inversely with length (unlike 
multimode lightguide bandwidth where the length scaling varies). 
Also note that system bandwidth is inversely proportional to the 
source spectral width. Thus, the bandwidth of an installed single- 
mode system could be upgraded in tl'e future simply by replacing the 
electronics as narrow-spectrum lasers become available - new cables 
would not be required. 

The following sections summarize the results of two studies that 
confirm these relationships. 

• 

2.  BANDWIDTH 

2.1  THEORY 

In lightguide media the system bandwidth is a function of the 
dispersion (pulse broadening) that occurs as light propagates along 
the fiber. In multimode lightguide there are two dominant types of 
dispersion - Intermodal dispersion and material dispersion. Intermodal 
dispersion is caused by the various modes having different propagation 
characteristics.    Material  dispersion  is caused   by  the  wavelength 

Formerly with AT&T Bell Laboratories. 

2.2  LENGTH CONCATENATION MEASUREMENTS 

The design of long repeater spans of single mode fiber requires that 
the dispersion and zero dispersion wavelength be well characterized. 
However, measuring these long lengths may be technically difficult. 
Usually, one has I ^formation on the dispersion for individual fibers 
that compose a repeater span. This study shows that the dispersion 
information from individual fibers can be used to predict the 
dispersion properties of longer concatenated lengths. 

The dispersion of the single mode fibers was measured using the pulse 
delay technique and a fiber-Raman laser. The laser provides narrow 
pulses that are tunable from 1180 to 1700 nm. The transit time, r, of 
a pulse through a fiber of length L is determined as a function of 
wavelength, and a delay curve calculated by fitting the data to: 

1 
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The dispersion is given by the first derivative of the delay curve as: 

d^BX^CX"'      (3) 

The dispersion of a concatenated fiber length should be given by a 
length weighted average of the individual fiber dispersions comprising 
the span. 

D- 
(Lid|4-L2d2+--i-Lndn) 

(Ll + L2+   •   +L,,) 
(4) 

This also holds for the zero dispersion wavelength if one is only 
interested in that parameter. 

Fibers used for this concatenation study consisted of two cables each 
1.16 km long and each containing 36 fibers. These two cables were 
spliced together and the zero dispersion wavelength of each 2.32 km 
fiber path measured. A total of 36 individual fiber paths were 
available for concatenating into longer lengths. The distribution of 
zero disr -rsion wavelengths of the 36 fibers was centered at 1312 ntn 
with no fibers lower than 1306 nm nor higher than 1318 nm. From 
this set, five concatenated lengths were assembled. These were 6.96 
km, 9.28 km, 13.92 km, 20.88 km, and 27.84 km. The zero dispersion 
wavelength was determined experimentally for each of these five 
spans. The results of these measurements are shown in Table 1. The 
estimated uncertainty in the measured zero dispersion wavelength is 2 
nm. Table 1 compares the measured and calculated zero dispersion 
wavelengths for the five spans, and the uncertainty listed for the 
calculation is the statistical uncertainty obtained by calculating the 
algebraic sum (one standard deviation). Also listed in Table 1 is the 
difference between the calculated value and the measured value. In 
every case, this diHercnce is smaller than the one sigma uncertainty in 
the calculated value. 

The results of this study show that the zero dispersion wavelength (or 
dispersion curve) of long fiber spans may be accurately predicted from 
dispersion data from the individual fibers comprising the span. 

TABLE 1 
Summary of Zero Dispersion Wavelengths for 

Concatenated Single-Mode Fibers 

Fiber 

Length 
(km) 

Zero Dispersion Wavelength (nm) 

Measured Calculated Difference 

6.96 
9.28 

13.92 
iO.88 
27.84 

1311.7 
1309 1 
1314.2 
1311.3 
1310.7 

1312.3 ± 1.6 
1309.6 ± 1.5 
1314.1 ± 2.6 
1311.4 ± 1.3 
1311.5 ± 2.6 

+0.6 
+0.5 
-0.1 
-0.1 
-0.8 

2.3 FIELD BANDWIDTH MEASUREMENTS 

Single-mode bandwidth measurements were performed in the field on 
a 12-fiber cable section 15 km long. The fibers were spliced together 
at one end to provide six 30 km lengths. 

The fibers were measured using the equipment shown in Figure I. 
Measurements were taken with two different laser sources. One laser 
had a nominal wavelength of 1316 nm and a Full Width Half 
Maximum (FWHM) spectral width of 3.8 nm. The second laser had 
a nominal wavelength of 1515 nm and a FWHM spectral width of 5.5 

X. WAN 

SPECTRUM 
ANALYZER 

DETECTOR 

AMPLIFIER 

FIGURE 1    BANDWIDTH MEASUREMENT SYSTEM 

nm. Measurements with a short strap indicated a measurement 
system response which was flat to within ± 3 dB out to 1500 MHz. 
All six 30 km paths were measured with each laser. The fiber loss 
was low enough at 1515 nm to permit measurements on 6C km 
lengths also. Thus, three 60 km spans were constructed using the six 
30 km sections and measured with the 1515 nm laser. 

The measurement procedure consisted of a calibration of the system 
and then a measurement of each fiber path. The calibration was 
performed with either a short strap or an optical attenuator inserted 
between the transmit jumper and the receive jumper. A sweep was 
then made by the tracking generator and the resulting response stored 
in the spectrum analyzer's memory. The fiber under test was then 
inserted between the jumpers and another sweep performed by the 
tracking generator. The results of this sweep were subtracted from 
the stored calibration response to produce the fiber response. A 
reference frequency of 10 MHz was used as baseband, from which the 
6 dB (electrical) down point was located. This point defines the 3 dB 
optical bandwidth. 

Table 2 shows the results obtained. At 1316 nm the bandwidth of the 
fibers exceeded the capabilities of the measurement system. 
Therefore, measurements were taken at 10 MHz and 1200 MHz and 
fitted to a Gaussian curve, with Table 2 showing these fitted values. 
The average bandwidth at 1316 nm was found to be 2340 MHz on 
the 30 km spans. The average bandwidth at ISIS nm was 256 MHz 
on '.he 30 km spans and 123 MHz on the 60 km spans. Dispersion 
data on each individual fiber was not available. Thus, average values, 
based on sample measurements, of LS psec/nm-km at 1316 nm and 
13 psec/nm-km at ISIS nm were used with Equation (I) to obtain 
calculated values for comparison. The calculated values are 2.6 GHz 
for the 30 km span at 1316 nm, 206 MHz for the 30 km span at 1515 
nm, and 103 MHz for the 60 km span at ISIS nm. Comparing these 
to the measured values shows good agreement at both wavelengths. 

TABLE 2                                    1 
Single-Mode Field Bandwidth Measurement Data 

Fiber 

 ' 
Length Bandwidth (MHz) 

(km) i.-l316nm X-ISISnm 
1 30 2250 254 
2 30 2360 263 
3 30 2320 262 
4 30 22S0 250 
5 30 2400 254 
6 30 2440 254 

1+4 60 - 125 
2+5 60 - 122 
3+6 60 - 123 
Bandw dth at 1316 n m extrapolated using Gaussian fit. 
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3. CUT-OFF WAVELENGTH 

3.1  THEORY 

In single-mode fibers a small portion of the higher-order mode, LPn, 
can propagate to the end of short lengths of fiber (tens of meters), 
where it can interfere with the fundamental mode and cause modal 
noise III. Short lengths of cable occur in many instances - riser 
cables, jumper cables, and repair sections. Cut-off wavelength is the 
media parameter which a transmission engineer must specify to insure 
that modal noise is reduced to acceptable levels. 

The amount of modal noise generated depends on the amplitude of the 
LPn mode at the end of the short length of fiber That quantity is 
proportional to exp(-ai|L/2) where an is the attenuation of the LPn 
mode and L is the fiber length. Therefore, to keep modal noise below 
a certain value requires that exp(-anL/2) be less than some constant 
(which can be determined from experiment). That in turn requires 

(»ill, >conslanI (5) 

From cut-off wavelength data and from several theoretical treatments 
[2-4], a relation between the LPn mode attenuation and the effective 
cut-off wavelength cat. be found. Therefore, fixing the minimum 
attenuation allowed alsa fixes the maximum cut-off wavelength 
allowed. Using the methods of References 3 and 4, a particularly 
useful relation between cut-off wavelength measured on 5-meter 
lengths of liber and LPn mode attenuation can be derived: 

au-Aiz)   l0    (dB/m) (6) 

In Equation (6). 6\ is the amount (in nm) by which the S-meter cut- 
off wavelength, \, exceeds the operating wavelength, X, that is, 
M-A, -\. The quantity z, which can be obtained from theory [2,3] or 
experiment [4], gives the rate at which «n changes with 6\. The 
value of r is different for different fiber designs. For the moderately- 
depressed cladding fibers used, r~l.43. In general, : will be larger 
fur matched-cladding designs; that is, for such designs the modal noise 
increases more rapidly as i\ (the value by which the cut-off 
wavelength exceeds the operating wavelength) is increased. Note that 
Equation (6) yields ai|-4 dB/m for 6X-0. 

Putting Equations (S) and (6) together yields a design equation 
relating the cut-off wavelength of the fiber to the minimum length of 
liber allowed in the system: 

65logio(y)-«A- C (7) 

Equation (7) is the same result obtained in Reference 4 for the 
relation between the cut-off wavelength measured and the length of 
liber used for the measurement. The constant C in Equation (7) can 
be obtained from measurements of modal noise in fiber-optic 
transmission systems. The next section presents results from such 
measurements. 

3,2  MODAL NOISE MEASUREMENTS 

A series of measurements were made using the setup shown in Figure 
2. The degradation of the system eye margin caused by modal noise 
was measured as splice loss and distance between splices were varied. 
Measurements were made with systems transmitting at 90 Mb/sec, 
432 Mb/sec, and 1.7 Gb/sec. In each case the cut-off wavelength of 
the liber path between the two splices was chosen to be approximately 
20 nm above the laser operating wavelength. 

As the loss of the two splices was increased, the system eye margin 
decreased in a fasler-than-linear manner. Therefore, if the worst 
splice-loss case was examined, a linear interpolation to an 
intermediate value of splice loss would provide a conservative estimate 
of the degradation expected for that splice loss. Hence, the detailed 
experiments on the length dependence of the eye margin degradation 
(modal noise) were done with 3-dB splice losses. 

Figure 3 presents the length dependence obtained using a 432 Mb/sec 
transmitter and 3 dB splices. To use those results to provide a design 
formula relating i\ and L, an eye margin degradation of 1% was 
allowed. The value of L where the line of Figure 3 crossed the \% 
level and the value of iX-2lnm were then substituted into Equation 
(7) yielding C - -15 for the 432 Mb/sec system. Other 
measurements yielded C - -23 for the 90 Mb/sec system and C - 
-6.7 for the 1.7 Gb/sec system [51. Therefore, from Equation (7) we 
calculate that a system transmitting on a fiber with an effective 5- 
meter cut-off wavelength 52 nm above the laser wavelength will 
degrade the eye margin by less than 1% for splice separations as short 
as 25 meters, data rates as high as 1.7 Gb/sec, and splice losses as 
large as 3 dB. From these results we conclude that systems can 
operate several tens of nm below the effective cut-off wavelength of 
the fiber and still have short lengths of fiber produce negligible modal 
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FIGURE 2.  MODAL NOISE MEASUREMENT SETUP 
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4. SUMMARY 

Measurements on installed single-mode lightguide cables confirm that 
the system bandwidth of single-mode systems can be accurately 
predicted when the über dispersion, laser spectral width, and span 
length are known. Concatenation measurements confirm that 
bandwidth scales Inversely with length. Field bandwidth 
measurements made with commercially available lasers (FWHM = 4 
nm) resulted in average bandwidth on a 30 km span of 2.3 GHz at 
1316 nm and 256 MHz at 1515 nm. 

The degradation of system eye margin due to modal noise was 
measured on systems operating below the 5-meter cut-off wavelength 
»f the fiber and at data rates as high as 1.7 Gb/sec. These 
measurements show that modal noise will degrade system eye margin 
by less than 1% in a 1.7 Gb/sec system transmitting on a fiber with 
an effective cut-off wavelength 52 nm above the laser wavelength for 
splice separations as short as 25 meters and splice losses as large as 3 
dB 
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DETERICRATION OF  THE SIGNAL QUALITY  IN REALISTIC  SINGLE-MODE FIBER  SYSTEMS 

S.   Heckmann 

Philips Kommunikations Industrie AG 

Cologne, West Germany 

üummary 

In the  lirst   part of  the  paper  is shown,  in which 
way the output  signal  ot  a generalized  system 
can be calculated  lor arbitrary analog  or digital 
input  signals  (multi-path model). 

based  on  these considerations,  the mechanisms, 
which cause decreasing  signal  quality in optical 
systems are discussed.   So,   for example,  linear 
distortions  in a practical  single-mode  fiber 
(Intra- and   intemoaal  dispersion)  will cause non- 
linear distortions in  the  photo current of the 
receiver. 

Then the  influence of different disturbance 
mechanisms  is  quantitatively analysed,   e.g.   with 
respects to  signal-to-noise ratio. 
The  theoretically obtained   findings have been 
verified  by  the results of corresponding 
experiinents. 

Introduction 

At  present,   optical  cummunication systems are 
primarily realized  using multimode  fibers.  The 
transmission  quality of  these  systems  is limited 
in the main  by  the spread of the group delay 
tijnes of the   fiber modes.   It  is  for this reason 
that  the  single-mode  fiber - or rather the 
fundamental  modes  fiber  -  has  been considered  up 
until  now as  the  ideal   transmission medium. 

however,  as  was demonstrated  in 1yöl,   signal 
distortions  caused   by  interference effects 
between the various  fiber modes must  also be 
expected  in  systems using  single-mode  fibers. 

If,  for instance, a sinusoidal  signal is 
transmitted  with an optical  system  using single- 
mode  fibers,   it  is  possible   for the  output  signal 
to  be distorted   in a way  shown  in  the  example 
presented   in  Fig.  1. 

Up  to  now  the  causes of disturbance responsible 
for this and  also many other sources of 
disturbance  present  in  systems of this nature 
have not,  or only partially,  been described in 
literature  so   that  the  system  engineer  in many 

cases is not able to identify the causes of 
disturbance in his particular system and  is thus 
also unable to avoid  them. 

>'ig.  1:  liistorted,  sinusoidal signal after having 
been trananitted via a single-mode  fiber 
transmission  system. 

These sources restrict  the measurement accuracy 
in  fiber measurement  technology  to  such a drastic 
extent  under certain circumstances  that  their 
identification in this area  too  is  of paramount 
importance. 

It  is therefore the aim of this paper to  first 
of all  locate by means of highly  simplified 
systems the  fundamental  causes of signal 
distortions in systems using  single-mode   fibers 
and  on this basis to  provide an overview of the 
influence various sources have as well as to 
indicate the significance of each in practice. 

In order to  ascertain  the  fundamental causes of 
signal distortions in trenanission systems using 
single-mode  fibers it is first of all necessary 
to determine the way in which the  system  reacts 
to an arbitrary input  signal. 
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•• 1.  'i'ransl'er Characteriatics of Systems Using 
Üingle-Moae Fibers 

It  is assumed  here that    the electrical parts of 
the transmitter ana  of the receiver are ideally 
suited. 

^ 
An optical  transmission  system  is presented 
schematically in Fig.  2.   It is provided  with a 
transmitter on  the  input   side,   the optical  output 
Pip(t)  of which  changes  linearly with the signal 
VIn(t)  to  be  trananitted. 

TRANSMITTER FIBER TRAN5M. LINE RECEIVER 

V»^ /      P / V ^w V                V 

Vln (t)   ftü 
1 

M          PR(t)-ER,t)    W« 
Fig. 2:   bchematic  representation of a  fiber 

transmission system. 

Thus it  can be  said  that: 

1.1  Transmitter Properties 

In order to  trace the  fundamental  causes of 
signal distortions,   the optical  source used  in 
the  trananitter should  be a laser  which generates 
a monochromatic,  i.e.  sinusoidal  carrier 
of frequency U)Q. 

This carrier  is linearly modulated   in relation 
to the  power by input  signal VIn(t)   (Eq.  1). 

If,  at  this stage,   the  transmission behaviour of 
an optical  communication system  is  to be defined 
more closely then the actual output  quantity of 
the  transmitter,   the  field  intensity impressed 
into  the trananission medium  (ET(t)) must  be 
known. 

It can be stated in the  fora of an  analytical 
signal: 

PT(tj  -   (A,* A2  •   Vln(t)) PTU 
P/Ct) rTU (1) 

Where P^'(t)   denotes  the  output  power Pq,(t) 
normalized   to  PIJ^ and  is henceforth denoted  by 
the  term PUWEK  SIGNAL whereai insignificant 
constants are  signified   by A.,  A2,  A,,... 

The  power-modulated  light  emitted  is coupled  into 
a  single-mode  fiber line  which attenuates the 
signal  by a certain factor C and delays it  by 
group delay  time  X . 

An optical   receiver is  situated  at  the  end  of the 
transmission line.  This receiver reconverts the 
incoming optical  power Pij(t)  linearly into  the 
electrical  output  signal  Vout(t). 

Therefore: 

^.(t)   -  rT(t)   ■   I TU exp (j W^t) (3) 

here,   the actual signal  information  is contained 
in the  so-called FIELD INTENSITY  SIUNAL rT(t). 
En,,) represents a complex vector. 

As the  power is by and  large equal   to  the  square 
of the electrical  field  intensity,   it is true that 

PT'(t)   -   lrT(t)   I' (4) 

so that the field  intensity signal   is produced by 
calculating  the square  root of the   power  signal. 

rT(t)  -  (PT'(t))1/2 (5) 

ww A3  + A4 
=  A,   +  A4 

P^t) 

PR'(t)   •   P KO (2) 

Whereby Pu'Ct)   denotes the power  signil  at  the 
receiver,   i.e.   the  receiver  input  power Pj^t) 
related   to  P^Q. 

If,  at this stage,  an explanation is to  be given 
for the non-linear distortions of the signal 
presented  in Fig.   1,   it must  be ascertained  that 
this is not  possible  with  the described  simple 
linear system. 

In order  to determine  the   fundamental  causes of 
signal distortions in systems using single-mode 
fibers,  it  is  therefore  necessary  to  start  with 
describing  the  behaviour  of the  three components 
comprising  trananitter,   transmission line and 
receiver in more detail. 

Consequently, even in the event of the power 
spectrum being band-limited, there exists an 
infinitely broad field intensity spectrum in 
general. 

If 

PT'(t) 1-a ■ cos( -Jt) (6) 

is selected,  then the  respective  spectrum  and 
thus also the power spectrum consists of three 
lines at -ü  ,  0,  +iJm. 

rT(t),   which equals the square root  of PT'(t) 
thus shows,  as is presented  in Fig.   6,  a 
non-sinusoidal variation. 

If the  frequency spectrum of rT(t)   is computed. 
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the respective Fourier series contains an 
infinite nunber ol terms. 

i'ig,  3: Magnitude of tne amplitude spectrum with 
sinusoidal  power modulation. 

Fig.  J shows   the  amplitude   frequency spectrum of 
t.q.3 relative   to  the amplitude of the spectral 
line at U)Q  which apart   from a shift  by 
LO U corresponds to the spectrum of r^(t).  In 
Kq.b,   the  value  selected   for a is 0.9. 

besides the  wanted  power output modulation, 
unwanted  frequency modulation must always also be 
taken into consideration  with a  real  laser which, 
amongst other  things,   is  to  be ascribed   to  a 
temperature modulation of the laser resonator. 

Fig.  4:  Magnitude of the  amplitude  spectrum with 
sinusoidal  power and unwanted  frequency 
modulation 

As a result of a signal-correlated  unwanted 
frequency modulation,  the spectrum shown in Fig.3 
is in general drastically widened. 

In yi«{.4,  the spectrun shown in Fig.3 is 
represented by dashed lines. The  frequency 
deviation is denoted by Ci . Apart  from the 
signal-correlated unwanted  frequency modulation, 
a frequency modulation dependent of ambient 
temperature must also be considered.  This reduces 
the signal-to-noise ratio of the  system. 

The next component to be analysed   is the 
transmission line with regard to  its properties. 

1 .2.  Trananission Line 

In an ideal  trananission line using  single-mode 
fibers only one mode and consequently only one 
transmission channel  should exist  which exhibits 
properties which are independent of frequency, 
time and  level. 

In practical  systems, however,  it must be noted 
that on the one hand the properties of a channel 
are of course not ideal  (e.g. dependency of  the 
group delay time on frequency)  and  that, on  the 
other hand, a number of modes propagates,  i.e. 
parallel  trananission channels are  present. 

basically the independency on time of the 
properties cannot be assumed  too.   The geometric 
length of the trananission line  for example, 
alters with changes in ambient temperature.   This 
dependency on time again also causes a reduction 
in the  signal-to-noise ratio. No  further 
attention, however,  is to be given  to this  in 
this section. 

In order to determine the transfer 
characteristic of a line using single-mode 
fibers,   the field  intensity (Eq.3)   impressed  by 
the trananitter is assumed as the  input signal. 
Calculation of the trananission properties can 
then be performed as follows: 

- The  first stage is to determine  the amplitudes 
of the  fiber modes by calculating  the overlap 
integrals 1   for the laser models)  and  fiber 
modes. 

- If the frequency spectrum belonging to each 
mode is multiplied by the relevant  propagation 
factor and  the output spectra addea,  the 
overall  frequency spectrjm at the end of the 
fiber  is produced. 

- If a second  fiber follows,  the coupling 
coefficients between the modes of the first 
fiber and  the modes of the second  fiber be 
ascertained  by  working  out  the  overlap 
integrals. With the aid of the  relevant 
propagation factors of the second   fiber,   it is 
possible to ascertain the spectrum at the  end 
of the second  fiber.  The same procedure applies 
to further trananission   media.  After the 
optical output spectrun has undergone inverse 
Fourier transformation,  the time-dependent 
field distribution is present at  the 
receiver which can be represented  in the  form 
of an analytic  signal. 
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Discussion of the  transmission  behaviour of the 
trananission line  is  to  be continued using two 
simple examples. 

1.2.1   Line  with One Transmission Channel.     If a 
transmission path  is assumed  which consists 
of single-wave single-mode  fibers,   then   the 
receiver  field  intensity Ejj(t)   can be described 
as   follows: 

fcK(t)  «  rh(t)   ■   I 'W exp(j w0t) (7) 

In  this equation,  TiAt)   describes the 
relevant  field  intensity signal   at  the   receiver. 
hh(.  is a complex vector. 

If a constant attenuation C and  group delay time Z 
i.e.   ideal  properties  of the transmission 
channel,   are presupposed,   then   the  field 
intensity signal   ru(t)   is  produced  from 
the   frequency spectrum  of the  transmitter  field 
intensity  signal  to  be 

A trananission  line  is assumed  which contains 
two  parallel  trananission channels. 

The line represented  in Fig.  5 consists of two 
series-connected  single-mode  fibers,  of which  the 
lirst  fiber conducts two modes,  e.g.  two 
orthogonally polarised LPQ^-modes or,   for 
operation above the cut-off  frequency of the 
LP. .-modes,   a LPQ.-mode and  a LP. .-mode and 
where,  in the  second  fiber,  which for example is 
coupled via a fiber connector,  only one LPQI

- 

mode  exists. 

In this case,   there are therefore two 
transmission channels which in Fig.  5  are 
represented  by a dashed and  a dash-and-dot line. 

The  receiver  field  intensity  is produced 
accordingly by superposition of the output  fields 
of the individual transmission channels in which 
the   field  intensity signals,  delayed  by different 
amounts,  are contained: 

tih(t) ^.(t)   •   E 'hi 
+ r H2 (t) 

hül 
I „ol  •  exp(j cJ0t) (9) 

  

■   '•" 

rh(t) rT(t- V) (8) 

by inverse Fourier transformation. 

The  receiver  field  intensity signal  therefore 
represents the  transmitter field   intensity signal 
delayed  by the group delay time. 

In reality,   the properties of the transmission 
channel  are,  of course,   amongst  other things, 
dependent  on  frequency. 

If,  for example,  the group delay  time is 
dependent on frequency  then the   individual 
spectral  components of  the  field   intensity signal 
will  be delayed  by different amounts. 

The  field  intensity signal  is  therefore  linearly 
distorted  as a result  of a dependency on 
frequency of the channel   properties. 

1.2.2 Line  with Parallel  Transmission Channels. 
The  behaviour of a  transmission  line with 
parallel  channels is  to  be discussed using the 
example of  the simplest   system   belonging  to  this 
category. 

Under the assumption that the properties of the 
transmission channels are ideal,  the receiver 
field   intensity signals r^-Ct)  and  Tcp^*)  are 

produced  from  Eq. 8 whereby V   must  be 
substituted  by the relevant group delay time of 
the channel,   i.e. by V4 or C|  . 

-he expression resulting from Eq.  9 tor Ej4(t) 
comprises two addends since two transmission 
channels have  been assumed. 

If the line is composed,  for example, of three 
trananission media,  whereby m-modes exist  in the 
first medium,  n-modes in the second median aid q- 
modes in the  third medium,  then the expression 
for the receiver field  intensity consists 
accordingly of m^n-q addends which in form 
correspond   to   those  in Eq.  9. 

The receiver field intensity is the input 
quantity for the third component, for the 
receiver. 

1 .3.  The heceiver 

! 

•V 
•■•• 

- 

■ • '■.' 

TRANSMITTER FIBER 1 FIBER 2 RECEIVER 

'Y< '{ -* > ^ 0-_--=>r_- 

pT(t),( M' PR«Ö 
*«" 

Fig. 5:Schematic  representation of a transmission 
line with two transmission channels. 

The  receiver should convert  the optical  power 
Pj,(t)   falling  onto  the  receiver's detector 
linearly into  the output sijnal VQu*(t) 
(Eq.2).  Here  the Poynting vector p^ft)  on the 
detector surface  is  proportional  to  the  square 
of the  field  intensity Ejj(t)  at the receiver 
input,   i.e. 

pR(t)   = A.   .   IEH(t)l2 (10) 

In Eq.  10,   it must be noted  that ER(t)  and 
consequently Pj{(t), are not only dependent on 
time  t but also on the location on the detector 
surface A. 
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For the sake of clarity,  this dependency has not 
been included  in the argument. 

The overall power Pp(t)  is produced by 
integration of the Poynting vectors on the 
detector surface: 

PK(t)  •    j pR(t)dA (11) 

As  the relationship between the  receiver power 
^(t)  and  the output signal VQUt(t) of the 
system is already known from Eq.  2,  the 
trananission behaviour of systems using single- 
mode  fibers can now be ascertained. 

2.   Fundamental Causes of Signal  Distortions in 
Trananission Systems Using aingle-Mode 

Fibers 

2.1 Single-Channel Transmission 

The purpose of this section is to discuss the 
fundamental causes of signal distortions in 
systems in which only one trananission channel 
exists. 

If tne integration is performed in accordance 
with Eq.11, the receiver power signal (Eq.2) to 

P'R(t) = lrR(t)l' (12) 

is produced.  As already shown,  the  field 
intensity signals of the  transmitter and receiver 
correspond apart  from a constant delay T 
provided ideal channel  properties prevail. 

Owing to the quadratic relationship between the 
relevant power- and  field   '.ntensity signals 
(Eq.4,  Eq.12),  the power signals of input and 
output only differ from  one another by the fixed 
delay time T . 

If the channel properties,  however, are 
dependent on frequency,  then the  field  intensity 
signal undergoes linear distortions upon 
transmission. 

What significance does this have  for the power 
signal? 

As  is seen from Fig. 6,   the field  intensity 
signal exhibits a non-sinusoidal 
variation in the case of a sinusoidal power 
signal and  the respective  frequency spectrum is 
infinitely broad  (Fig. 3 and Eq.  3). 

If the field intensity signal is now distorted, 
for example,  by a dependency on frequency of the 
group delay time as shown  in Fig.  6,  then shape- 
distortions must be expected of the power signal 
too. 

Shape-distortions of a sinusoidal  signal can, 
however, only be explained by non-linear 

distortions. 

Generally,  it can be stated  that: 

The signal  ia linearly and non-linearly 
distorted during  single-channel   trananission  if 
the channel properties are dependent on 
frequency. 

Fig.  6 Distortion of the power signal by a 
frequency-dependent group delay time  in 
the trananission line. 

As appropriate calculations show,  the signal-to- 
noise ratio ia not significantly reduced by non- 
signal-correlated changes in the laser frequency 
or the  trananission line properties occuring  in 
practice. 
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Generally,  it can be said  that: 

The  aignal-to-noise  ratio   is  in practice not 
reduced  during  single-channel   tranamisaion. 

2.2 Multi-Channel Tranamisaion 

In the case for two trananiasion channels,  P 
(Eq.  13)  then results in zero. 

Generally,  it can be said  that: 

R03 

Mon-linear distortions and  a reduction in  the 
aignal-to-noise  ratio must  expected   if the 
orthogonality of the output  field  distributions 
of the   trananiasion channels is disturbed. 

Apart  from signal diatortiona    cauaed  by the real 
properties of the individual   transmission 
channel,   further distortions    must  be  expected  if 
the signal  is transmitted via  parallel channels. 

As demonstrated in Section 1.2.2, the receiver 
field intensity is produced by superposing the 
fields of the   individual  channels. 

If,  once again,   the  simplest model  of a multi- 
channel   trananission line,  a  line consisting  of 2 
parallel  ideal channels is assumed  then the 
following expression  for Pult)   is produced   from 
Eq. 9  - Eq.   12: 

3.  Overview of the Signal Distortions in 
various bingle-Mode Fiber Transmission Systems 

In this section the influence of various 
disturbance mechanisma in  tranamisaion systems 
ueing  single-mode  fibers is analysed.  The aim 
here is not to describe the properties of the 
respective systems completely, but primarily to 
show the type and  extent of the distortions in 
an exemplary fashion. 

PRU) . PH1(t) . P^Ct) 

with 

Phi(t)  -i 

W4 
■hi (t) ■ PROI   

+ PWp'(t)    f 

(13) 

'RÜ1 h2 

(Ph1 '(*) PH2'(t))1/2 

rh02 
P K03 

After calculation of the absolute value and after 
integration,   three terms are produced which are 
allocated to the detector powers Pjji(t)  and 
f^i(t)i  The Vm(t)  element is formed  by 
adding  up two  differently attenuated  and delayed 
power signals corresponding  to  the two 
transmission channels. 

This element  consequently represents a  linearly 
distorted power signal. 

The power element PRni(t)  contains,   amongst 
other  things,   the  square-root  of the  product of 
two  power signala delayed  by differing  amounta 
and must  be aacribed   to  interference of the 
output  fielda of the two  tranamiaaion channels. 
It therefore represents an element which 
corresponds  to  a non-linearly distorted  power 
signal. 

Generally,   it  can be  aaid   that: 

The aignal  ia alwaya diatorted  linearly during 
multi-channel   trananission. 

The exiatence of non-linear diatortiona    and  the 
reduction of tne  aign?,;l-tj-noise ratio   where non- 
signal-correlated  ch^ngea of  ayatem  parametera 
take  place depends on  the  field diatributiona at 
the receiver input. 

If the  field diatributiona are orthogonally 
arranged       then  the  integrations (cf.   Eq.  11) 
over the  interference  terms  produce  the value 

(i) Thus,   the fundamental cause of the 
distortions is stated in each case. 

(ii) The  significance of the distortions is 
indicated.  Where necessary,  the results of 
experiments are given and  quotes mentioned 
in which the effects have already been 
described. 

(iii) The distortions are given quantitatively 
for typi ;al system parameters. 

In this connection,  the linear distortions (LD) 
and non-linear distoitions  (NLD) are 
characterized with the aid  of a sinusoidal  input 
signal VIn(t). 

If the  frequency of the input signal  is altered 
between 0 and the value CJ   , the change in the 
amplitude of the sinusoidal output  signal 
Vy t(t)  is regarded as a measure of the LD. 
This change ia amplitude  is denoted by B. 

The Uhi) are characterized  by the distortion 
factor K1,   i.e. by the relationship of the 
amplitudes of the  first harmonic  to  the 
fundamental oscillation. 

The aignal-to-noise ratio  (SNH)  is characterized 
with the aid of a DC signal Vj    ■ const. 

The relationship of the mean value of Pjj(t) to 
the root-mean-square value of the fluctuations 
superposed  on the mean value  is denoted aa HNK'. 

3.1   Influence of a Frequency-Dependent 
Attenuation or Group Delay Time 

A aingle-channel  tranamiaaion line ia assuned. 
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(i)  LI)    related   to   the   field   signal    are  the 
fundamental  cause  (Section i1.!.). 

(ii)  The LD and   the  reduction of the SNH can be 
disregarded.  The NLD are  only of significance 
on particular cases  where  line  lengths are  long 
and,   in  the  event  of  the  group delay  time 
being  frequency-dependent,   where modulation 
frequencies are high     . 

(iii)  Ki   =  -40 db { ^m =  2 •   'T ■   1   KHz, 
A    ■ 2 f 30 GHz,   length  of  the  line:   10 Km, 
operating  frequency near OH-peak,   hence 
considerable  frequency-dependent  attenuation 
change =.05 dB /   (Km  ■   nm)) 

K,   « -50 db ( u m =  2 • T       20üMHz, 
0.  =■ Zn ■ lüHz,  length of line:   10 Km, 
frequency dependence  of  the group delay time: 
100 ps/Um  ■   m)). 

j.2  Influence of  Reflections in 
Connectors or Fibers 

the non-linear  power elements (bq.13)   in  the 
frequency  are displaced  by the  amounts of the 
differential   frequencies of the optical   carrier 
frequencies. 
Therefore,  only Lb are of significance '. 

(iii)   b =  -2üdb ("m  = 2' rr    200MHz, 
A -  2   »■  10Hz,   length of the line:   10 Km, 
line  width of the optical  source  (FWHM):  5nm, 
frequency-dependency of group delay  time: 
lOOps/(Km-nil)). 

NL1) or a reduction in the SNH is noticeable when 
the generated mode spectrun of the  source changes 
in  a  way dependent on signal  or with  time. 

If,   for example,   with a  single-mode  laser,   an 
erratic  change  in  the carrier  frequency occurs 
when a certain  injection current  is exceeded 
(mode  hopping) ,   then  the line attenuation and/or 
the group delay time will  also change 
erratically. 

This  is  schematically represented   in Kig.  7: 

-: 

A trananission line  is assumed   which comprises 
two  series-connected  single-wave   fibers. 

(i)  A resonator realized   by a  fiber or a 
connector behaves as a  transmission line with an 
infinite number of parallel  channels with 
different attenuations and  group delay times. 

(ii;  As  the  field distributions of the channnels 
are identical,   the development of LD is in all 
cases also acc&uipamed  by I<Lb and  a reduction  in 
trie ÜwH.   In connectors only  the ULb are of 
significance -*. 
In addition,   reflections  in  fibers also  reduce 
the üNh 4. 

(iii) K,   = -46db (u   - 2 ■ rr •  iKHz, 
fl *2  n •   30GHz,  displacement  in  the 
connector:  0.1mm,  4%-reflect ions) 

K, -34db,   SNH 25dB ( Wm"=2-  tt -YKHz, 
ft"2-ir<  300Hz,   length of  the   fiber:   1m, 
4^ reflections) 

PR(t)   « 

Pig.   7 Schematic  representation of  a  sinusoidal 
signal  distorted  by "mode  hopping" 

-■ 

3.3  Influence of hultimode  Lasers or Lhli's 

A single-channel   transmission  line  is assumed. 

(i)  In the case of the multimode  laser,   the 
signal   is modulated  upon each of  the optical 
carrier  frequencies    A corresponding number of 
parallel   trananission channels  exists.   A system 
with a LhD as the  source  can be  regarded  as a 
system  with an  infinite number of parallel 
channels. 

(ii)  If the mode  spectrum  generated   is constant 
(no mode-partition noise),   neither NLD nor a 
reduction  in SNH is ascertainable.   Although  the 
field distributions of the channels  are identical 

In this  figure is assumed  that  the transmitter is 
coupling  a  sinusoidal  power signal   into  the 
line. 

The line attenuation for the frequency of   (J0. 
should   be  less  than for the  frequency of  l-,o2 • 
Once  a certain  injection cunent  has been 
reached  or,  more  precisely,  a certain 
temperature,   the  laser carrier  frequency hops 
from  6J 01 to   OQP  or vice versa. 

An  appropriate  experiment  was conducted  using  a 
single-mode  laser (HLP 1000 type). 

A single-mode  fiber of 1.5 m in length,  which was 
operated above  the cut-off frequency of the 
LP. . -modes and   which behaved  like  a Fabry- 
Perot   interferometer,  was  used  as the   frequency- 
dependent  attenuating  transmission medium. 
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I'ig. b:   tJtperiinental demonstration of  the 
inlluence oi "mode hopping"   on a 
sinusoidal  signal   to   be  transmitted. 

It  was possible  to observe  the  respective output 
signal  (V0U^(tJ)  represented   in Kig.  Ö when 
tne  transmission line  was coupled   to   the  laser 
with low-level   reflections. 
Where reflections back  to   the  laser  were high, 
several mode  hops occurred. 
In  the respective oscillograra  shown   in Kig.  1, 
the generated  carrier   frequency  therefore  hops 
back and   forth between   four different  values in a 
way dependent on the  injection current. 

3.4 Influence of the bifference in Delay Time 
of the Orthogonally Polarized LP (j1 -modes of 
the 3ingle-Mode  fiber. 

A trananission line ia assumed  which comprises 
two  series-connected  single-mode   fibers. 

(i)   In each  fiber,   two  orthogonally  polarized 
LP,.-modes are capable of propagation which 
differ  from  each other  in  their group delay 
times.   Depending on  the  azimuthal  orientation of 
the first  fiber to direction of polarization of 
the laser  light and  the  azimuthal  orientation of 
the  fibers towards each other at  the coupling 
point,   1   to 4   transmission channels  exist. 

(ii)  Depending on the  azimuthal  orientation of 
the  fibers,   LD and/or NLD occur  where modulation 
frequency  is high     . 

(iii) K,   - -17db.   b =  -2db { uJm = 2 IT- 200MHz, 
Ü« 2    r'  •    1GHz,   length of each  fiber:   10 Km, 
respective group delay  time  difference:  25Ü ps, 
angle betwet-n directions of  polarization of the 
laser light and  a LPj^-mode:  45°,   angle 
between  the directions of  polarization of a 
LPn.-mode  of  the  first   fiber  to  a LPA,-mode 

j.'j  Influence of Polarization-Selective 
Components 

A  trananission  line  is assumed  which contains a 
single-mode   fiber and a polarization-selective 
component  connected  downstream. 

(i)  As   two  LPQ1-modes are capable of 
propagation,   2  transmission channels exist.   If 
for example,   a  polarizer which  simulates an 
integrated  optical   circuit,   is connected 
downstream  of the  single-mode   fiber,   then  the 
orthogonality of  the  field distributions of  the 
two channels  is more or less disturbed depending 
on  the  azimuthal   orientation of  the  polarizer. 

(ii)   In general,   a high amount of LD and  NLD as 
well  as a drastic   reduction in  the bluh occur. 
In a  transmission  experiment,  a  single-mode 
lioer 2  km   in length  was coupled   to a  laser 
(hLP  1000)   in  such a way that  botn LPy,-modes 
were excited.   A digital  signal  was used  as the 
transmitter   input   signal.  No distortions  were 
vijiDle  when  tne   polarizer set  up at  the  end  of 
tne  fiber  was  suitably  positioned. 

Kig.  9:   Distortion of a digital  pulse by a 
polarizer  located  at  the end  of a  single- 
mode  fiber 2 Km  in length. 

In  Pig.  9,   a non-selected  polarizer position has 
been adjusted.   Heavy distortions of the digital 
pulse  are  recognisable which must  be ascribed   to 
the   fact  that  the carrier  frequency  within  the 
pulse changes due   to  heating. 
The ambiguity of  the output  signal must  be 
ascribed   to  "mode hopping". 

: 

, 

"01 
of the  second   fiber: 4^°), 

or 
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j.b  Influence of a ülngle-Mode  >'iber Operated 
Above  the "Cut-Uff" 

A  trananission  line  is assumed   which  comprises 
two aingle-mode  fibers connected   in  series. 

(,i.   In the  first   fiber,  2 orthogonaliy polarized 
LP«.-modes and 4  LP..-modes  are    capable of 
propagation.   In  this case,  der.ending  on  the 
azimuthal  orientation of the    "ibers and  the 
transversal  displacement  at   the  coupling  points, 
1 to  12 parallel  channels exist. 

(ii)   In general,   high LD and  NLl) as  well  as a 
drastic  reduction  in the üNh occur   ' .   In a 
transmission experiment,  a  fiber of 15 m  in 
length operated  above  the cut-off  frequencies of 
the LK.-modes  was coupled   to   a  transmitter 
with a  laser (HLP  1000)   in  such  a  way  that  the 
LPQ.-modes as well  as the LP..-modes  were 
excited.  A subsequent  single-mode   fiber 5 m in 
length transmitted   the signals  to  the  receiver. 
The  transmission line behaved  as a  system  with 
2 parallel  channels as only  the delay  times of 
the LP. .-modes differ considerably  from  those 
of the  LP,,.-modes  in  the   first   fiber. 
To  begin with,  a  sinusoidal   signal   was  fed  to 
the  transmitter.   Upon adjusting a  transversal 
displacement between the  fiber axes at  the 
common coupling  point,   the  output  signal  shown in 
fig.  1U was observed. 

Pig.   10:   Distortion of a  sinusoidal   signal  by 
the  LP. .-modes of a  single-mode  fiber 
15 m in length. 

If the  transfer characteristic  of  the  system  is 
calculated  theoretically  in accordance   with the 
way outlined   in Section  1 ,   then an output  signal 
is  produced  which corresponds  well   to  the one 
ascertained   in  the  experiment   (Pig.   11). 
The delay time difference  between  the  LP. , 
modes and   the LPQ.-modes  is denoted   by.5, . D, 0 

■ '     • 
0..5 1            V". •' 
••]  ■  MM 

wtMn 

%^. /-"' 

1 

(AAA) 
/ 

^  A / yv vv\ y 

Fig.   11:   Calculated   influence of  the  LP1 ,-modes 
on  signal  distortion  under  the 
conditions  belonging  to  Pig.   10. 

If a digital  signal   is  transmitted,   a pulse of 
the  output   signal   looks  like  that  shown  in 
Pig.   12. 

and  D^   represent  the  transversal  displacement 
at   the  Leginiiiiig  and  end  uf   the   first   liber  in 
relation to  the core  radius. 

Pig.   12:   Distortion of a digital   pulse by  the 
LP. ,-modes  of a single-mode  fiber 15 m 
in  length. 

3.7  Influence of Cladding Modes 

(i)  If in  a  trananission line cladding modes are 
excited   in  the  last   single-mode  fiber before  the 
receiver and   these   reach  the detector,   then a 
large number of parallel  transmission channels 
exists. 

(ii)   If  the detector  surface is of such a  size 
that  the entire cladding modes  field  is 
completely detected,   then only LL occur. 
If the detector surface  is too  small,   then the 
orthogonality  is disturbed  and  heavy NLD too and 
a reduction  in  the iJMlv become apparent.   In a 

■ 

■    , 

■■ 
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trananiasion experiment,   the  single-mode   laser 
v<(is  coupled via a longitudinal  displacement   to a 
single-mode  J'iber b m   in  length.   After  a 
misalignment ol' the detector  the  sinusoidal 
signal   transmitttd  looked distorted  as  shown  in 
fig.   1?: 

fig.   I3l   liistortion of a  sinusoidal   signal   by 
cladding modes. 

Conclusion 

The   fundamental  causes of signal  distortions  in 
transmission systems  using  single-mode   fibers 
were deduced. 

As   is  seen  from  the overview of  the various 
systems,  heavy distortions are  chiefly generated 
^ 

- heflections 
- Imperfect  properties of  the optical   sources 
- Polarizt-Lions-selective components 
- Single-mode  fibers operated  above  "cut-off" 
- and  by cladding modes. 

Careful   consideration must  be given  to   these 
points when designing  transmission  systems and 
measuring equifment. 
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DESCRIBING DISPERSION IN CONCATENATED SINGLE-MODE EIBER CABLES 

Tom C. Olson, Felix F. Kapron, and Tom W. Geyer 

ITT Electro-Optical Products Division, Roanoke, VA  24019-0065 
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SUMMARY 

empirical data fits are 
nbe the chromatic disper- 
lent of a single-mode iiiber 
two or three parameters: 
persion wavelength, the 
lope, and (for one fit) the 
urvature.  These fits are 
to fibers both before and 

g and to various cable con- 
Concatenation formulae are 

sted that will enable the 
ner to predict end-to-end 
ion from simple specifica- 
constituent cable sections. 

INTRODUCTION 

It is well known that the total 
attenuation of a concatenated fiber link 
can be predicted if the length and 
attenuation coefficient of each cable 
section has been measured beforehand. 
With respect to dispersion or bandwidth, 
the situation for multimode fiber is 
considerably less well defined.  How- 
ever, for single-mode fiber, we show 
that the total chromatic dispersion of a 
link is predictable from the length and 
dispersion coefficient of each constitu- 
ent section.  This will assist in system 
design, and it can reduce any need for 
link measurements m the field. 

tested by joining fibers within a cable 
together in several combinations. 

METHOD Of MEASUREMENT 

The experiment was designed to use 
single-mode fibers manufactured by both 
ITT EOPD and another supplier.  The 
fibers were of the dispersion-unshifted 
(EIA Class IVa) type:  optimized for the 
1.3 ym wavelength region, although they 
could be used at 1.55 pm.  Numerous 
group delay versus wavelength measure- 
ments were performed on fibers m 
various combinations described below. 
We used the common technique of a mode- 
locked Q-switched Nd: YAG laser pumping 
a Raman fiber [1J to generate pulses at 
the multiple wavelengths required.  The 
normalized spectral group delay T(X) was 
in each case fit to three empirical 
expressions [2j adapted from the litera- 
ture.  The chromatic dispersion coeffi- 
cient is D(X) = dr/d\, the wavelength 
derivative of these expressions. 

For dispersion-unshifted fibers, an 
often used fit to the spectral delay, 
using k« and X~2 terms, can be written 
in the form 

tjCM -- (\ 
A0 2 
—) 
X 

(la) 

First we review 
sion can be accuratel 
terms of two or three 
we look for changes i 
parameters as a resul 
process.  The cable s 
described.  Tentative 
dieting concatenated 
are developed.  This 
expressed in terms of 
persion parameters de 
persion parameters of 
cable lengths.  Final 

how fiber disper- 
y specified in 
parameters.  Then 

n these dispersion 
t of the cabling 
tructure is briefly 
rules for pre- 
fiber dispersion 
dispersion is 
concatenated dis- 
nved from the dis- 
the individual 

ly, these rules are 

where T0 IS the minimum delay (in ps/km) 
at zero-dispersion wavelength X0 (m 
nm).  The chromatic dispersion coeffi- 
cient (in ps/km-nm) is then 

Di{K)   =  —   (X 
4 

4 
^O 

(lb) 

■   ■ 
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where   S0   (m   ps/km-nm2)   is   the   value  of 
the  dispersion-slope   S(X)   =  dD/dX   at   A0. 
Another   expression   in  which   dispersion 
is   proportional   to   (\  -   \0)/X2   is 

T2(x)   =   To 

So   Ko2   ( 
K0   -    K 

+  In   ~   )   (2a) 

^o   2 

D2(X)    =   S0   ( —)      ( \   -   \0) 

Finally,   a  Taylor-expansion  may   be 
written 

{2b) 

Figure 1. 

t3(X) = T0 + — (X - X0)' 

D3(X) = S0 (X - A0) 

:- t» - ^o) 

(3a) 

(3b) 

where C0 (in ps/km-nm-*) is the 
dispersion-curvature C(X) = -dS/dX at 
X0.  The quantities X0, S0, and C0 are 
called the dispersion parameters for the 
dispersion coefficient.  Near the zero- 
dispersion wavelength, all forms are 
reduce to the linear approximation 
D(X) = SQ (A - x0). 

n example for one of the 
fibers, Figure 1 shows the 
group delay measured at eight 
wavelengths.  Fit 1 is shown 
best-fit TJJX) of equation 

rawn through the points; the 
value of the minimum delay T0 

taken to be zero.  Also given 
spersion coefficient curve 
(lb) resulting from the 
lation of the delay. 

EFFECTS OF CABLING ON DISPERSION 

As a 
uncabled 
spectral 
discrete 
where the 
(la) is d 
arbitrary 
at X0 is 
is the di 
Di(X) of 
d ifferent 

Moreover, in the case of multimode 
fibers, the associated mode raixlag can 
alter the dispersion or bandwidth from 
that measured before cabling.  Although 
no such effect is expected for single- 
mode fibers, an experiment was designed 
to test for it. 

Figure 2 shows a crossection of the 
cable structure [3j that was used.  In 
the open-channel design, a medium 
density polyethylene (MDPE) six-slotted 
core is extruded over a metallic or 
dielectric strength member.  Each slot 
or channel traces an oscillating helical 
path about the central member, and each 
spot can accommodate up to nine color- 
coded optical fibers.  A longitudinal 
polyester tape is applied over the core 
with an overlap to retain a water- 
blocking filling compound in each 

STRENGTH MEMBER 

MDPE CORE PROFILE 

CORE WRAP 

INNER JACKET 

CORRUGATED STEEL TAPE 

MOPE OUTER JACKET 

FILLING COMPOUND 

It   is   well   known   that   microbend   and 
other  effects   m  cabling   can  cause 
attenuation   increase   in   fibers. 

Figure   2. 
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channel.  If rodent protection is neces- 
sary, the cable core is covered by an 
inner polyethylene jacket, over which is 
applied a plastic-coated steel shield. 
A black MDPE jacket is extruded over the 
shield as the shield coating overlaps 
and fuses to form a watertight barrier. 

Nine fibers of 1.0J km length were 
used: fibers 4 to 9 manufactured by ITT 
EOPD  and fibers 1 to 3 from another 
manufacturer.  The dispersion parameters 
of Fit I obtained both before and after 
cabling are compared in Table 1: 

Table i, 

A0(nm) 

Before After 

(ps/km--im2) 

Before  After Fiber 

1 

2 

3 

4 

5 

6 

7 

8 

9 

An asterisk * denotes a particularly 
poor fit.  A poor fit reduces the relia- 
bility of the dispersion parameter 
values there.  Overall, the differences 
between values before and after cabling 
are within measurement repeatability for 
these rather short fiber sections.  No 
systematic change due to the cabling 
process can be inferred. 

DISPERSION FITS TO CABLED FIBERS 

1308 L305 90.0 86. 1 

1307 1306 85.8 84.6 

1306 1304 87.2 84.6 

1306 1316* 84.8 85.7* 

13L5* 1307 89.7* 84.0 

1309 1312 88.8 88.1 

1314 1 314 84.9 85.8 

1308 1315* 86.6 88.9* 

1310 L309 88.6 84.7 

To i 
ability, 
one cable 
fiber pai 
formed pa 
fibers 1, 
Spectral 
performed 
in tables 
Repeatabi 
1 percent 
for measu 

mpro 
f ibe 
end 

r A. 
ir B 
2, 

grou 
twi 
bei 

lity 
on 

reme 

ve measure 
rs 4 and 5 
to form a 
Similarl 

, wh 11 e 8 
3 were lef 
p delay me 
ce on each 
ow ace the 
was about 

S0, and 15 
nts on the 

ment repeat- 
were spliced at 
longer 2.07 km 

y, fibers 6 and 
and 9 formed C; 
t unchanged . 
asurements were 
sample; values 
average. 
1 nm on X0, 
percent on C0 
fiber pairs. 

Measurements on the shorter fibers were 
spread about twice as wide, due to the 
fact that measurement jitter per unit 
length increases.  Moreover, measure- 
ments on the longer pairs wore taken 
from each end.  No systematic bidirec- 
tional effects were noted, and the 
values are averaged below. 

For each of the cabled fibers, the 
two dispersion parameters for both Fits 
1 and 2 are given in Table 2: 

Fiber 

1 

2 

3 

A 

B 

C 

Fiber 

1 

2 

3 

A 

■ 
c 

Table 2. 

A0(nm) 

Fit 1  Fit 2 

SQ x 103 

(ps/km-nm2) 

Fit 1  Fit 2 

1309 

1303 

1305 

1312 

1310 

1313 

1306 

1300 

1302 

1309 

1307 

1310 

89.3 

89.3 

88.6 

91.2 

89.2 

89.9 

91. 3 

92.0 

90.9 

93.1 

91.2 

91.7 

a(ps/km) 

Fit 1  Fit 2 

19 

15 

15 

8 

I 

5 

27 

23 

22 

11 

13 

14 

The quantity o is the standard deviation 
of the measured points from the fit 
curve ii  or i2'     The dispersion para- 
meters for Fit 3 are given in Table 3: 

Co x   106 

Table   3. 

S0  x   103 

Fiber     ^(nm)      (ps/km-nm2) (ps/km-nm3) 

1 1314 88.2 84.6 

2 1309 87.4 82.8 

3 1310 87.3 93.2 

.--' 
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Table 3 (continued), 

S0 x 103    C0 x 106 

Falber  \n(nm)  (ps/km-nm
2)  (ps/km-nm3) 

A    1512      93.4 21.2 

U    1311      91.0 19.5 

C    1315      90.7 16.0 

additivity is assumed to hold for the 
individual fiber delays and for the 
wavelength derivative chromatic disper- 
sion [4J.  We shall test this below. 

For any particular fiber 'n', the 
total dispersion (ps/nm) is the product 
of the normalized chromatic dispersion 
Dn (ps/km-nm) and the fiber length l..n 
(km).  Hence the overall total disper- 
sion for a link of "N" fibers is 

Fiber  J(ps/km) 

1 12 

2 7 

3 7 

A 6 

B 3 

C 3 

Note that the dispersion parameter 
values depend upon the fit used.  Over 
the full range of data points, Fits 3, 
1, 2 are preferred in order of smaller 
deviation t2j. However, Fit 3 has the 
disadvantage of requiring 3, rather than 
2, dispersion parameters.  Note also 
that the fits improve for the longer 
length fiber pairs for the same reason 
that repeatability improves. 

Only the significant number of 
digits for each dispersion parameter are 
shown in Tables 1, 2, and 3.  For 
purposes of computation below, however, 
another less significant digit is 
retained to  avoid roundoff error. 

We now examine how the above fits 
can be applied when fiber lengths are 
spliced into a link. 

DISPERSION CONCATENATION THEORY 

When two or rore single-mode fibers 
are joined togethei-, the total group 
delay at any wavelength If assumed to be 
the sum of the indivdual fiber delays 
at that wavelength.  ^his is not the 
situation In multimode fibers, where 
mode coupling and equalization effects 
lead to pulse broadening that increases 
sublinearly with length, although in a 
somewhat unpredictable manner.  The same 
would hold in particular bimodal regimes 
of single-mode fiber, such as just below 
the cutoff wavelength or with polariza- 
tion dispersion.  Normally, however. 

D*L  =   I   Dn-Ln 
n 

(4a) 

where 

L   =   i   Lr (4b) 

is   the   total   link   length.     All   sums  are 
understood   to  go   from  n  =   1   to   n =  N. 
Whereas   D«L   (ps/nm)   is   the   total  disper- 
sion,   D   (ps/km-nm)   is   the  effective 
normalized  chromatic  dispersion  coeffi- 
cient   for  the   link.     The   total   disper- 
sion  and   the   source   spectrum  width   (in 
nm)   together  determine   the   link  pulse 
broadening   (in   ps)   or   link  bandwidth   (in 
GHz)    [5], 

Each   fiber   "n1   within   the   cable 
link  has   its   dispersion   coefficient   Dn 
fit   to equations   (1),   (2),   or   (3).     This 
gives   the   zero-dispersion  wavelength 
Aon,   dispersion-slope   Son,   and 
dispersion-curvature   Con   (i.e.,   the 
dispersion  parameters)   for  each   fiber. 
The  dispersion   parameters   for   the  over- 
all   link   can   then   be  obtained   as  we  now 
show. 

For   Fit   1,   equations   (1)   and   (4) 
give 

L   n 
L "on" 

Sah 
^on'Son-Ln   )L/4 

(5a) 

(5b) 
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For   Fit   2,   equations   (2)   and   (4)   give 

3 , 2 

*o  "   \   xon,son,Ln  /  I   Aon,son,Ijn     (6a) 
n n 

L 2 
5o  s: I   son'Aon'I-,n 

2        n 

X0L 

whereas   for   Fit    3,   (3)   and   (4)   give 

(6b) 

were compared.  The comparison using Fit 
1 is given in Table 4: 

Table 4. 

Sn X 103 

A0(nin)    (ps/km-nm2) 

Concatenation   Meas  Calc  Meas  Calc 

X 1307 1306 88.9 89.3 

Y 13Ü7 1306 91.1 89.1 

z 1310 1310 88.7 90.4 

i 
1 

L f 
^■o  -   ~   L   con' ['n 

A0 = A - (A'2 - i) 

S0 = C0(A - X0) 

1/2 

where 

A = i    [S 
LC0 " 

"^on'^n + X. 

I = — I    (2Son ♦ Xon.Con)\on.Ln 

(7a) 

(7b) 

(7c) 

(7d) 

(7e) 

For each fit, equations (5), (6), or (7) 
give the expected concatenated link 
dispersion parameters (and he;ice the 
link dispersion coeEEicient) in terms of 
the individual section dispersion 
parameters. 

DISPERSION CONCATENATION EXPERIMENT 

To test the rules derived above, 
several concatenations were tested 

Concatenation X - fibers 1+2, 
length 2.07 km 

Concatenation Y - fibers 1+2+3, 
length 3.1 km 

Concatenation Z - all fibers (1+2 
+3+A+B+C), 
length 9.3 km 

For these concatenations, the measured 
and calculated dispersion parameters 

Concatenation o(ps/km) 

X 11 

Y 8 

I 6 

As pointed out previously, an additional 
non-sigmf icant digit is used in the 
computations.  We find that agreement 
between measured and calculated values 
averages 0.6 nm in \Q,   and 1.5 percent 
in S0.  The comparison using Fit 2 is 
given in Table 5: 

Table 5. 

W nm) 
SQ x 
(ps/ki 

103 

n-nm2) 

catenation Meas Calc Meas Calc 

X 1305 1303 94.8 91.6 

Y 1304 1303 93.4 91.3 

1 1307 1307 90.5 92.3 

Concatenation o(ps/km) 

X 18 

Y 16 

Z 15 

Agreement  averages   1.0  nm   in   X0, 
2.5  percent   in S0.     The   comparison   using 
Fit   3   is   given in   Table   6: 

Concatenation 

Table   6. 

X0(nm) 

Meas     Calc 

1311     1320 

So  x   lo3
n ips/km-nm2 j 

Meas     Calc 

88.6     87.1 

- 
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Table   6   (continued) 

Sn  x   10< 
X0(nm) (ps/km-nm^) 

Concatenation       Meas     Calc       Meas     Calc 

Y 

Z 

1309      13x6        91.?     ^7.3 

1312      U03        88.7     94.9 

C0 x 10* 
(ps/km-nm3) 

Meas Calc o(ps/km) 

124   84 6 

143   87 5 

138   127 3 

Agreement   averages   8.5  nm   in   A0, 
4.4  percent   in  S0,   32  percent   in  C0. 

Given   the  dispersion  parameters  of 
the   individual   cabled   fibers,   the  con- 
catenated   parameters   are  best  predicted 
using   Fit   1   (equations   (1)   and   (5)), 
although   Fit   2   (equations   (2)   and   (6)) 
is   almost   as   good.     Although   Fit   3 
(equation   (3))   has   the   best   closeness- 
of-fit   to  experimental  data,   its  con- 
catenation   predictability   (equation   (7)) 
is   hampered   by   the   fact   that   the  con- 
catenated  dispersion  coefficient  C0   is 
the   sum  of   a   number  of   small   terms   ir 
(7a).     Then   C0  appears   m  the  denomi- 
nator   terms   of   (7d)   and   (7e)   that   are 
used   for  calculating   K0  in   (7b).     This 
means   that   an   accumulation  of   small 
errors   in  determining   C0 can  have   a 
large   effect   in   the   determination  of   the 
concatenated   dispersion  parameters. 

If   the   fiber  or  cable   manufacturer 
supplies   the   two  dispersion   parameters 
(within  some   tolerance)   for   individual 
sections,   the   single-mode   systems 
designer  can  use   these   to  confidently 
predict   link  dispersion.     The   result 
will   be  more  accurate   than   the   worst- 
case   value  obtained   by   simply  adding 
wavelength-wmdow  dispersion   specifica- 
tions   for  each   section.     Moreover,   this 
predictability  can   reduce   the   need   for 
end-to-end   field   dispersion  measurement 
verification. 
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CONCLUSIONS 

■ - - ■ 

The chromatic dispersion coeffi- 
cients of single-mode fibers have been 
fitted to three expressions that contain 
the parameters of zero-dispersion wave- 
length X0, the dispersion-slope S0, and 
(for one fit) the dispersion-curvature 
C0.  Within the repeatability of the 
measurements, no significant differences 
were found for fibers before or after 
cabling, or for signals injected from 
opposite ends.  Moreover, two of the fit 
expressions were successfully used to 
accurately predict concatenated disper- 
sion from dispersions of the constituent 
f ibers. 
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EFFECT OF SCREW DESIGNS ON QUALITY AND RATE OF FLEXIBLE PVC COMPOUNDS 

H. T, Kim 

BFGoodrich Company 

The selection of a proper screw is the key to 
getting high quality products at the highest output 
rate in all  extrusion application': including the 
wire and cable area. 

The study of the melting behavior of flexible PVC 
compounds shows that they follow the melting 
mechanism described by Tadmor. 

Among the various screw designs, barrier screw 
designs are the most suitable for the wire and 
cable application because the very principle of 
the design is to promote this particular melting 
behavior in an extruder.    Comparisons in the 
performance of different barrier screws and a 
conventional  screw are made using several 
flexible compounds with varying levels of heat 
history. 

Results show that the level of heat history in a 
compound has a significant effect on the quality 
of end product and that barrier screws provide 
better quality products regardless of the level 
of heat history in a compound.    Among the various 
barrier screws, the variable pitch barrier screw 
gives the host result. 

The unique positioning of the barrier screw flight 
to stabilize the solid bed c,nd to maximize the 
melting capability is  the main reason for the 
success of this screw design. 

INTRODUCTION 

One of the most important criteria for a good 
screw design is that it should deliver homogeneous 
melts at high output rates.     In rrder to achieve 
this rate goal, numerous exotic screw designs 
such as mixing screw, wave screw and Maddock 
screw came into use. 

Most of these screws are designed to achieve the 
high output rate goal  by insertion of mixing 
devices  in the flow channel  of the screw so as 
to enhance mixing and homogenizjtion.    No con- 
sideration was given to the irelting behavior of 
the plastic materials being processed. 

These mixing devices,   in some cases, create some 
undesirable effects.    High  local  shear regions 
around the mixing devices can generate too high 

a melt temperature and the stagnation areas around 
them also are detrimental  to heat sensitive materials 
such as PVC compounds. 

In this study, a new approach was  taken to design 
a high performance screw.    Rather than inserting 
more efficient mixing devices, the basic geometry 
of a screw was altered so as to maxinize the 
plasticating capacity. 

The design, a two-channel variable pitch screw, has 
proven to possess higher melting and pumping 
capacity and has demonstrated its superior per- 
formance over the conventional designs.    Furthermore, 
it has proven to be ideally suited to process heat 
sensitive materials such as PVC because the absence 
of stagnation areas in the flow channel eliminates 
degradation problems and because of a low residence 
time of materials in the system due to a high 
pumping capacity of this design. 

DISCUSSION 

There are two basic functions that a screw has to 
perform. First, it should have the capability to 
melt the materials. Secondly, it should have the 
capability to push those molten materials forward 
so as to overcome the resistance of the die and to 
P'imp the materials through the die. 

As shown in Figure 1, the pumping capacity or the 
output rate of most screws increases lineally with 
screw speed, whereas the melting capacity increases 
in a non-linear manner.    At a low RPM range, the 
melting capacity increases sharply and is generally 
greater than the pumping capacity but as the screw 
speed increases further it tends to increase at a 
much slower pace. 

At some point. A, the melting capacity becomes less 
than the pumping capacity, that is, the screw would 
pump out more than it could melt.     In this region, 
the screw would pump out non-homogeneous material. 

On the other hand, if the screw speed is lower than 
A, extrudates would be homogeneous since the screw 
would have more capability to melt than it could 
pump.    So, the upper limit on the output rate for 
this screw is QA. 

The name of the game in a screw design is to come 
up with a screw that extrudes homogeneous materials 
at the highest output rate, that is, a screw that 

. 11 
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has a point A at the highest output rate.     In other 
words, a better screw should have the highest 
melting capacity with   its pumping capacity slightly 
less so that  it would extrude homogeneous melts at 
very high rates. 

The pumping capacity of a screw is dependent on the 
screw geometry,  the flow property of the material 
and the head pressure, and could be controlled 
based on those variables, (H 

The most comion way of  improving the performance of 
a given screw  is to put mixing  devices such as 
mixing pins  in the metering sec'ion.    What the 
mixing device does is   to retard the pumping and at 
the same time,  to increase the melting as shown in 
Figure 1.    The result  is that the melting and the 
pumping capacities cross each other at a output 
rate, Qn which  is greater than  Q/^, as shown in 
Figure f, thus  improving the performance. 

These mixing devices,  although  improving the per- 
formance of the screw somewhat, also create 
problems.    They create  stagnation areas where 
Materials can degrade and cause color changes. 
So the real question then is  "how do you increase 
the melting capacity of a screw and still make it 
possible to process flexible PVC?" 

In order to answer this question, one has to go 
back and study the melting behavior of flexible 
PVC compounds  themselves. 

Figure 2  shows  the freeze experiment samples of 
Geon 8004, a cable jacket compound in a single 
screw extruder.     It shows that  this compound 
molts  in an extruder in  the manner described by 
Tadmore.(2)    It has also been  proven(3) that all 
flexible PVC and some rigid PVC compounds follow 
the Tadmore model. 

One of the problems inherent with flexible PVC 
compounds in this melting mode  is clearly shown 
in Figure 3.    As the melting process proceeds and 
the solid bed becomes  smaller,   the solid bed 
softens, loses   its integrity, breakl up and 
disperses into  the melt pool because flexible PVC 
compounds are softer. 

Thf freeze samples show the solid bed breaks up and 
disperses into  the melts already at the 18th  turn. 
Figure A shows  a model   of this  break up phenomenon. 

(4 5 6) As shown in Figure 3, barrier screws     '  '      are the 
designs  invented to promote the melting of materials 
that follow the Tadmor melting mechanism.    The 
function of the barrier flight  is to physically 
separate the solid bed from the molten materials 
and so to ensure that this melting mechanism 
proceeds without interruption.     This type of screw 
is the only design that has the capability to 
increase the melting capacity without any mixing 
device. 

The variable pitch barrier screw    '   ', or so called 
the Kim screw,  is the first screw designed 
specifically to increase the melting capacity while 

meeting the other requirements for procejSing 
flexible PVC  (Figure 5). 

Figure 6 shows the comparison in melting capacities 
(calculated) between several barrier screws.    It 
shows  the variable pitch barrier screw to possess 
high melting capacity compared to other designs. 
By controlling the pumping capacity by properly 
designing the melt channel, this screw design now 
satisfies both criteria for beira an outstanding 
screw for materials  that follow the Tadmor model. (^' 
The principles behind this design have been 
previously presented, so only the particular 
features of this design will be discussed. 

The main features of this screw are that 

(A) its main solid channel  width stays constant 
and only  its depth decreases  throughout the 
melting section in order to maximize the 
melting  rate. 

(B) its melt channel width and depth increase in 
order to accommodate increases  in the amount 
of melts  being generated from the solid channel 
and to control   the pumping capacity. 

Maintaining  the solid channel width the same as 
that of the feed section throughout the melting 
section does more than just increase the melting 
capacity. 

As shown in  Figure 7A, as  the solid bed moves 
forward it is forced to push against the barrel 
surface due to the decreases in the depth of the 
channel  thus making  it more efficient for the 
melting process to take place.    It is annalogous 
to a block of butter on a frying pan.    The harder 
the butter is pressed against, the more it melts. 

Let's  look at the plastiscrew as shown in  Figure 7B 
for contrast.    The solid channel  is not only 
getting shallower but also narrower as the solid 
bed moves forward.     The lateral  pressure exerted 
on the solid bed due to the narrowing of the solid 
channel hinders and slows down the forward movement 
of the solid bed, thus enducing a surging.     If the 
back pressure is too great, some of the solid migh; 
sgueeze out and go over irto the melt channel.    It 
would reduce tfie quality of the melt. 

The performance of this variable pitch barrier 
screw has been extensively evaluated and is shown 
in  Table 1.     It shows the much greater pumping 
capacity of the barrier screw compared to either 
a single stage or to a mixing type screw on Geon 
8804,  a cable jacketing compound.     The higher 
pumping capacity of this screw can be attributed 
directly to the unique design of the solid channel. 

Table 2 shows the comparison in extrusion rate 
performance between this screw versus other designs 
for various  flexible PVC compounds. 

In all  cases, our barrier screw provides homogeneous 
melts at substantially higher output rates. 
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* PAGE 3 

CONCLUSIONS 
■ 

The variable pitch, 2-channel  barrier screw is 
specifically designed to promote a particular 
melting mechanism characteristic of some plastics 
materials, including flexible PVC compounds.     It 
is designed to maximize melting and at the same 
time to have balanced pumping capacity.    This 
screw design substantially  improves  the quality 
and output rate of many materials compared with 
more conventional  screw designs. 
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ULTRA-HIGH Sl'HED HXTRUSION Ot-  HIGHLY  liXl'ANDlit) PÜI.YIiTHYLHNL   INSULATION  FOR CONWUNICATION 

CABLES 

Morita* T.     Takai* S.     Yamaguchi* K.    Nishida** 

* I'ainichi-Nippon Cable,  Ltd. 

8 Nishinocho lligashinmk.'i j ima 

/Vinagasaki   .Japan 

Summary 

Ultra-high speed extrusion of 
highly expanded polyethylene insulation 
was developed.  Major problem in the 
developnenl was tn avoid wire draw 
down,rough surface of insu 1 at ion,and 
extreme elevation of crosshead 
pressure,in addition to prevention of 
decrease of mechanical strength and 
tensile elongation of 
insulation,deterioration of foam 
structure and separation of insulation 
from the conductor, which were usually 
caused by extruding highly expanded 
polyethylene for insulation. 

As the result, it was found that 
those problems were closely related to 
the viscoelastic properties of high 
density  polyethylene and extruding 
conditions.  The optimum design of high 
density polyethylene was establishes. 

(i: Introduct ion 

Nippon Telegram and Telephone 
Public Corporation has brought foamed 
polyethylene Insulated local PEC cables 
into use to meet the growing demand for 
non-telecommunication services in place 
of the conventional paper insulated 
stalpeth cables since 1981.  With regards 
to local PEC cables, improvement in 
transmission characteristics such as 
cross talk characteristics and 
incorporation of cores arc demanded by 
application of foamed plastic insulation 
technique. 
And high density polyethylene .which is 
excellent in mechanical properties ,are 
used for an insulation material.  Cable 
manufacturers have been asked to achieve 
above-mentioned requirments. 

On the other hand. Western Electric 
Co . , Inc . ,U .S . A. has been rrmnufacturing 
foam-skin insulated telecommunication 
cables with double layer insulation 
instead of the conventional unexpanded 
plastic insulated cables since 197i.    The 
foam-skin insulated cables, which were 
developed to make most of excellent 

•* Mitsubishi Petrochemical Co., Ltd. 

1 Tohocho Yokkaichi Mle Japan 

electrical properties of foamed 
insulation and to improve mechanical 
strength and jelly resistance, comprise 
insulation of highly expanded high 
density polyethylene, and colored 
unexpanded skin layer of high density 
polyethylene there on. 
As this structure has COM ^n be adopted 
in other countries, higher expansion of 
the foamed polyethylene layer is demanded 
in accordance with the trend to Increase 
transmission capacity. 

The problems arised from high speed 
extrusion of highly expanded high density 
polyethylene insulation are raise in the 
crosshead pressure, deterioration of 
surface appearance, and decrease in 
tensile elongation of the insulation and 
wire draw down as reported by 
Rokunohe,Okada,et al. 
For the remedy, improvement in materials, 
and manufacturing facilities and 
conditions has been considered.  These 
problems affect safe and stabilized 
operation as well as cable quality. 

Higher expansion of insulation, in 
general, degrades foamed structure.  It 
is necessary to decrease open cells for 
not only prevention of cross talk or 
flaws but improvement in compression 
resistance?1 

Dainichi-Nippon Cables,Ltd. and 
Mitsubishi Petrochemical Co.,Ltd jointly 
researched into the dependency of 
required properties of the cables such as 
tensile elongation of the insulation, 
foamed structure, extruded appearance and 
crosshead pressure on extrusion process 
and materials. 
As the result of sequential experiments, 
it was found that these properties 
depends on melt viscosity and elasticity 
of high density polyethylene.  These two 
properties of polyethlene are greatly 
influenced by molecular structure, 
especially molecular weight 
distribution(MWD).  We succeeded in the 
development of the cables w;th balance 
structure which satisfy all required 
properties by controlling MWD. 
Further,application of this technique to 
the manufacture of foam-skin cable with 
more highly expanded insulation satisfied 

^ ■.■ ■ 
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a] l tvquired propert it-'.s. 
Thiri paper deals with the Btechanira 

by which raise in croashead pressure, 
decrease in elongation of insulation and 
wir«.- draw down, and deterioration of 
foamed structure and of extruded 
appearance are caused.  Described also is 
the relation of the isechaniso with melt 
rheology, above all molecular structure. 

( ' i Experiment 

1) Material 

The quality of high density 
polyethylene la Influenced by molecular 
structure, especially MWD.  In recent 
years higher speed extrusion of 
polyethylene for various products with 
less thickness has become a requirement 
along with the maintenance of mechanical 
strength and long-term reliability of the 
products.  Accordingly MWD ha.; been a 
point of concern in relation to product 
quality and a topic of intense research. 
Extrusion for insulation of communication 
rallies needs such a high shear rate and 
good foam structure that prepared were 
samples of insulation materials which 
were thought to have particular MWD and 
melt elasticity.  Table 1 shows the 
sample materials used in the various 
mode] experiments.  They all ethylene- 
butene-l copolymer produced with the 
/.iegl ar catalyst . 

KMD of sample A,B,C are shown in 
Fig. 1.  Sample A with a low MI value of 
0.3 dg/min. has extremely asymmetric MWD 
with a MI,,, /MI value of 3i,   showing a 
large non-Newtonian flow.  Its melt 
strength is 9 g, another remarkable 
characteristic. 

Compared with sample A,sample B has 
a higher Ml value and a nearly symmetric 
distribution (bl-modal) but has MWD in 
the lower- range, making extrusion 
possible at 2,000-2,500 m/min.  This 
grade has a melt strength of ') g, in the 
middle of the samples considered. 
Its density is low at ().()'H g/cnr1 and 

accordingly the residual stress of 
insulation layer is so low that it gives 
good tensile elongation. 

Sample C was produced, based on the 
results of samples I) - 1 and the MWD was 
changed quite drastically.  Therefore, it 
had much lower than A,and B, and also 
considerably high molecular' weight to 
cover' decreased mechanical strength. 

Accordingly, its MWD was very wide 
at Q=Mw/Mn 25.0 .     However, the 
distribution symmetry was improved so 
much that the MI,,, /Ml value lowered down 
to 17.5 •  The melt strength was the same 
as that of sample B at ') g but foam 
structure was much better, satisfying 
crosshead pressure and other 
requirements. 

Azodicarbon-amide was used as the 
blowing agent.  Blowing agent 
concentration was initially prepared. 

■ - 

. -. 

Table 1.  Characteristics of Materials 

SAMPLE Ml    MI10/M1 DHNSITY Mw Mi Q 
DIE SMELL 

r=240 
VISCOSITY 

r =8            r =2650 
Mlil.T 

STRliNGTH 

dy/raii] - i/em XIO4 XIO4 Mw/Mri - 
XIO4 

poise 
X10 

poise 1 

A 0.3 23.0 0.952 16.7 1.81 9.J 1.70 5.20 1.29 9.0 

i; 0.6 20.2 o.'.u:; 14.3 1.00 ii.: 1.53 4.18 1 . 18 4.0 

c I. ii 17.5 0.951 10.2 0.40 2S.6 1 .50 5.07 0.95 4.0 

I) 1. 1 11.2 0.9S1 10.6 0.47 22.7 1.93 2.45 0.95 5.2 

E 0. I I'.(. 0.951 IS. 3 0.59 22  7 1.95 4.05 1.25 10.5 

P !).(> Id.' 0.951 1 1. t 0.58 25.0 1.58 S.79 1.07 4.8 

G 1.8 18..) 0.951 10.8 0.45 24.0 1.57 2.08 0.85 2.6 

II 0.3 16.1 0.951 15.8 1.47 10.7 1.45 5.SI 1. 19 6.7 

1 t). 1 21.1 0.943 IS.3 1.06 1 1. 1 1.56 4.51 1.21 2.6 

.  ~1 

■■ • 
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■Ixed with polyethylene rosin and  Ltu-  led 
into  the   extruder.     The  expansion 
percentage of  the PEC cable was    25-30 % 
and   the   azodicarbon-amide   concentration 
was   1   wt.%   .     Tablc-^   shows   the   basic 
characteristics  and   test   conditions  of 
polyethylene  used. 

Suplc Ml M110/M1 Mnxio'1 MwxlO4 g=Mw/Mn 

A 0.3 23.0 1.8 16.7 ^.2 

B ().(> 20.2 1.0 14.,S 14.3 

r 1.0 17.5 0.', 10.2 2S.(> 

2)   Extrusion   test 

The   layout  of   the  extrusion   line 
shown   In   Fig.   2   consists   of   a  wire 
drawing   machine,preheater.   water   spray 
trough   and   lake-up.     This   line  was 
developed  by  Dainich-Nippon   cables   Ltd., 
and   is   capable   of  extruding   at   a   speed  of 
},000 m/min.     It monitors   and  controls 
them accordingly  by   adjusting  the 
distance   between  the  water   spray   trough 

and  die. 

Molecular Weight 
liji.l    Molecular Weight   Oistribut ion  of Samp le 

A.B,   and C. 

table  2    Test  Method  and Condition 

Item Inst rument Condition  of measurement 

Viscosity Instron  Capillary 
Rheoraeter 

Noz2le L/D=33 90oangle   inlet die 
Temp. = li)ü0C    shear rate   range 

Die Swell ditto 

Mcasurment  of diameter  of extrudate 
from capillary rheometer 
Die Swell = D(ext)/|i(die) 
Nozzle L/D=3.7    Temp^lQO'C 

Melt  Strength Melt Tension 
Tester 

Take-Up the strand extrudated from 
no-zlc through  strain  gauge. 
Nozzle L/D=3.7    Temp. = 190oC 

M.W.D 
(molecular 
weight 
distribution) 

C.P.C Solvent:0-DCB(o-dichloro  benzene) 
Column:T0Y0 SODA's 

Surface 
Roughness 

Needle Contact 
Roughness  meter 

tolerance   1 /' 
R max=  R heigh-   R deep 
R  z    = mean of 10 points 

lig.2    Ultra-High Speed Extrusion  Line  for  Foamed HOPE   Insulation. 

1. Pay-Off h. dSmm    lixt ruder 11. Spark Tester 
2. Wire  Drawing Machine 7. Quenching Trough 12. Dancer Roll 
3. 
1. 
5. 

Anneal er 
Preheater 
Tension Helper 

8. 
9. 

10. 

Water Spray Trough 
Capstan 
Water Electrode 

13. 
Assembly 
Take-up 
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Ultra-high  speed  cxtrution  was one 
of   the  goals  of  this  experiment,in  which 
PEC  cables with  0.4  mm  diameter 
conductors which  were  considered  most 
difficult   to  be  manufactured  are   used   . 
Extruder  speed,   extruder   temperature, 

and  preheat   temperature  were  controled   so 
that   the  extruding  speed,   the   insulation 
diameter,   and   the  expansion   percentage 
would  be   1.500  -   3,000 m/min.   o.58mm,and 
^5   %    respectively.     In   addition,   more 
highly   expanded  insulation  was  prepared 
and  tested  for  examination   of   foam 
structure. 

Crosshcad   pressure  was  measured with 
a  Bourdon's  tube   fixed  onto   the  extruder 
crosshcad.     Conductor  diameters,   tensile 
elongation,   surface  appearance and  foam 
structure were  also  checked. 

(Open  cell   ratio was  calculated  by   the 
ratio of   connected  bubbles   to  the   cross- 
secticn   of  foamed   insulation.) 

01 R 
a 
c/l 
in 
V u 

800 

600 " 

400 - 

200 " 

1000 2000 3000 

Line Speed   (m/min) 

Fig.3    Dependence of crosshcad 

pressure with   line speed. 

■■   .' 

, 

m 

i 

(3)  Results and Discussion, 

1) Crosshead Pressure 

Crosshead pressure heavily depends 
on extrusion speed.  For safe operation, 
it is important the crosshead pressure be 
held down.  Fig.3 shows the dependency of 
crosshead pressure on line speed.  By 
raising extrusion speed, the crosshead 
pressure rises as well.  Especially 
sample A, which easily goes over the 
safety range of 700 kg/cm2,is found 
unfavourable. 

Capillary viscosity and shear rate 
dependency of samples A and B are shown 
in Fig.4. A has the higher viscosity in 
the low shear rate rage but at a shear 
rate of lO'sec1 they were close in 
viscosity due to large non-Newtonian 
flow.  Usually, the shear rate value at 
the die surface is approximately 5-10xl05 

sec"1 at an extrusion speed of 2,000 - 
j,000 m/min.  It can be assumed that the 
viscosity of these two samples would 
cross over in this range. 

In addition to having a low MI, 
sample A has a large die swell 
characteristic.  These two facts were 
noted and their influence on crosshead 
pressure was checked.  According to Fig.5 
, the following two point are 
interesting: 

10 1 _ 

a 

in 

- \ 
s ^\ 

N         ^\ 

^        ^N. 
-v         ^\ 

•^        ^s. 
N.           \. 

v.     ^v 
1           * vXA 

\       >. 
^    \. 

N.    N. s ^s. 
S     >v 

•s\. 
■0\ 

•Ov 
v\ 

Vv 

Instron Capillary                            ^w 

Rheomcter Temp.   190oC 

1                       .1                      .1 

s _ 

io id* io- 

Shear Rate   (sec    ) 

Fig. 4    Dependence of viscosity with shear 

rate of sample A and  B. 

a) Crosshead  pressure   is   low when  MI 
is   high 

b) Even though the MI values arc the 
same, the samples with a larger 
die swell have higher crosshead 
pressure 

c) Sample C and D have similar MI and 
MIio /MI (therefore similar 
viscosity vs. shear rate),but it 
is clear that the die swell influ- 
ences the crosshead pressure. 

■■ .1 
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II has been pointed out that the 
difference in bubbling behavior is due to 
a difference in die swell.  As a control 
experiment unexpanded extrusion was 
conducter and the results were found 
similar. 

Next, only the extruder was run 
without operating the line (the Our-put 
waa the same ) and the crosshead pressure 
and viscosity at shear rate of 2,650 sec"1 

were plotted in Fig.6. 

The results show the following: 

d) Crosshead pressure is higher during 
line-stop extrusion than when the 
Line is in full operation. 

e) Influence of viscosity, not die 
swell, was a factor during line- 
stop operation. As the result, it 
can be said that the relationship 
between die swell and crosshead 
pressure was influenced by the 
drawing flow during operation. 

(see   Fig.7) 
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Fig.6    Relation of crosshead pressure  to 
viscosity without   running of condu- 
ctor. 
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Fig.7 Fxplanation of back flow proposed by 
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Therefore, for keeping the 
crosshead pressure down, it is effective 
to lower the viscosity and to keep the 
die swell small so as not to affect the 
requirements which will be considered 
below.  Sample C was made accordingly. 
Fig.i shows that it is of a satisfactory 
level. 

2)  Surface Appearance. 

Poor surface appearance not only 
damages cables at the time of twisting 
but also has a bad effect on capacitance 
stability.  Surface appearance is always 

•.V-l 
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ali'he  higher  the  MI   becomes,the   bstter 
the  appearance. 

b)The more   the molecular  weight, 
especially  Mw/Mn  lowers,the  better 
the   appearance. 

Results   (a)   and   (b)   coincide  with 
B.H.Berated41 ,   In   that   the   oscillating 
flow   ahear  rate  depends  on  Mw  and  MWD 
during   capillary  extrusion. 
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Fig.9     Influence of MI  and MWI) upon  surface 

roughness. 

2.0 

3)  Foam Structure 

Expansion characteristics are made 
complicated because of the many factors 
which are at work simultaneously, such as 
expansion method,extruder, screw, die, 
extrusion temperature, cooling 
conditions, cable dimensions, material 
rheology,type of blowing agent and it's 
concentration, coloring agent, etc. 
Material characteristics were considered 
under similar conditions and are reported 
below.  Reduction of the open cell ratio 
is required to prevent cross talk and to 
retain compression strength , and 
property.  M.Matsui and Y.Morita who 
developed chemical expansion1'' and 
C.D.Han who developed physical expansion5' 
both claim that it is necessary to 
balance the bubble pressure and melt 
elasticity of the material for the 
homogeneous and fine foam structure. 

Fig. 10 plots the relationship 
between open cells and melt strength in a 
50 %  expansion extrusion.  It is observed 
that higher melt strength usually results 
in good expansion.  However, High melt 
strength does not necessarily prevent 
poor foam structure.  Even though sample 
A had a high melt strength ,it did not 
expand well.  Neither did it have good 
foam structure.  This is because gases 
were escaped out from the surface or 
towards the conductor  probably by 
excessive expansion.  And the reason for 
the excessive expansion could be heat 
generation owing to the high viscosity of 
the material. 

Concluded then is that high speed 
extrusion  (where exothermic generation 
occurs) should be carried out with 
material with high melt strength and low 
viscosity in consideration of high melt 
strength. 
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I it;. Id    Relation of open-cell   ratio 

to me 11   strength. 

'4)     Tensile  elongation  of   insulation. 

As   is  well-kmwn,   tensile  elongation   of 
the   insulation   is  dependent   of   the 
exnansion   percentage   and  the   preheat 
temperature of  the conductor.     Considered 
was   the   relationship  between   tensile 
elongation  and   preheat   temperature   at   a 
particular  expansion   percentage   in  order 
to develop a potentially  better material. 
Fig.   11   shows  this  relationship. 

At,   low   temperatures  tensile  elongation 
was   low  but,   above  a  certain   temperature, 
the   tensile  elongation   Increased.     The 
tensile  elongation of   A  was  0   %    when  the 
preheater   temperature   was   l')0°C   ;   on   the 
other  hand,   that   of  H   was  200   %   ,   even 
though   it   had   similar  Ml   and   density  with 
A.     The  reason   for  the   difference   is   that 
II   has  a  much   lower molecular  weight   value 
than  A.     Also  B   had good   tensile 
elongation  at   low   temperatures,   and   it   is 
thought   that   this   is  related   to  the   fact 
that   it   has  a  higher Ml   and   lower  density 
compare J  to  A  and  11. 
At   preheat   temperatures   of   100  -   120"C   , 
the   tensile  elongation   is   low   but   this 
temperature  range  corresponds   to  the 
crystallization   temperature  of  high 
density   polyethylene.      During   the 
crystallization,   the  contact   surface   is 
thought   to  be  oriented   to  the   extruded 
direction   (i.e.    tensional   direction)   when 
polyethylene   is   brought   into   contact  with 
the  cores. 

A model   test   was  conducted  on  samples 
A  and  H  with   tensile  elongation  of  0   % 
and  200  %  respectively,   at  preheat 
temperatures  of   125  -   l't0°C   ,   to  analyze 
the   correspondence  between  orientation 
and molecular  structure.     Natural   pellets 
were   placed on   a  glass   plate,   melted  at 
20ü°C   ,and  another glass   plate  was   placed 
over  the material.     After heating  them up 
to   1'U)  -   190°C   ,   the plates were moved  to 
be  right   angle  with  their original 
position  and  then   cooled, 
the   birefringence   (An)   vi.is  plotted   in 
relation   to  the   hot  stagt   temperature 
(Fig.12)    . 
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Results   show   that   materials   with 
high   tensile   elongation   reduce 
orientation.     To   reduce   orientation, 
lowering  Of  density  and  shear viscosity 
L!   effective«     The   former was   verified  by 

on - - 

600 0 4nim PEC cable 

10(1 

Or 
c 

N5 
- 1 

^A 

'A 
300 s 

\ 

200 Dens i ty 
\ 
\ 

— 0.951 \II 

too ■ 
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0.943 
i) — 

1            1 i 
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lli>;h Shear   Hate  Viscosity   (xU)'poise) 

lij;.15     Relation  of tlongStion of   insulation 

to viscosity,   (line speed  J(1()0m/min 

preheat   temp.   130*0 

the  fact   that   samp)le  B  had good   tensile 
elongation  of  Ü.9T3  g/cm3 ,   but   low 
density   also  brings   low   compression 
strength  of   the   cable.      Then  reduction 
shear  viscosity  was  examined   .      Fig.lj 
shows  that   the   relationship between  shear 

. iscosity   and   tensile  elongation   conform 
well   to   this   fact. 

5)     Wire  Draw  Down 

Wire  draw  down   is  another  problem 
high-speed extrusion   .     Materials with 
low wire  draw  down  are   desiraolc  now   that 
the most   favorable  manufacturing 
conditions  have   been  established.     The 
raising  of  the   preheat   temperature   in 
order  to   improve   tensile   elongation  of 
the  insulation  causes greater wire  draw 
down  as  shown   in   Fig.   14.       Wire   draw 
down  is  caused   by   the  die   and  pressure 
flow;   in  other words   the   difference 
deriving  from the  shear  stress  at  the 
contact   surface  of  the  resin."    Fig. 15 
plots  the  relationship  between   shear 
stress  of  the  material   (MI   and  MWD)   and 
conductor  diameter.     Here   again   it   is 
proved   that   a material   with  high  MI   and 
much   lower molecular weight  prevents  wire 
draw down  to  a  high  degree. 
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The relationship between the mechanism 
and material characteristics in crosshead 
pressure, surface appearance , foam 
structure, tensile elongation and wire 
draw down during high-speed extrusion of 
communication cable production have been 
discussed above.  Table 3 summarizes the 
results. 

The relationship of viscosity and 
melt elasticity (die swell, melt strength 

1 to  molecular structure should be just 
touched upon.  Viscosity lowers as the 
range of MWD becomen wider.  It was found 
that increase in lower molecular weight 
iri especially effective in lowering 

viscosity. As for melt e 
M.^-Rogers"' reports that 
high molecular weight inc 
larger the die swell. Ou 
experimentation showed th 
existence of high molecul 
also asymmetric molecular 
itself is a great influen 
tionship between favorabl 
model, which was determin 
considering the whole bal 
required properties is sc 
illustrated in Fig.16. 

lasticity 
the  more   the 

reabe,   the 
r 
at   not   only   the 
ar weight   but 
distribution 

ce.     The   re la 
e  MWD  as   a 
ed  by 
ance,   and   the 
hematically 

1) Crosshead Pressure 

Z) Surface Roughness 

3) Cell Structure 

4) Elongation 

S]     Wire Draw Down 

dl     Durability 

Low Molecular Weight "igh 

Fig. 1()    The  schematic  relation of requirments  to MWD. 

The dotted line  shows original MWD model   like 

sample A.    Arrows   indicate  countermeasures  to 

satisfy each  requirments.     The  real   line  is MWD 

of sample C which   is  obtained with  good balance 

of each arrows. 

Table  3    Relation of Requirments  to Materi 1 Characteristics 
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(4)     Cable  Characteristics 

r 

6 

The above   results   point   to   the   fact 
that the resin  C   is  the most   appropriate 
as  high  (1 .-nsity   polyethylene   to  satisfy 
the required  properties  discussed  above. 
The application  of  this  resin   to  PEC  and 
Foam -skin cables  was   tried. 

The characteristics,   and  SEM   picture 
of  a cross-section  of   PFC   insulated  cable 
extruded at  a  high  speed  are   shown   in 
Tab] e   ^   and  Fig.17.       Good  tensile 
! r'up erty, surface  appearance   and   foam 
structure were   acquired   in  all   sizes  and 
colors. Furthermore   thermal   stress 
i   IMC king resistance was good and no heat 
shrl nkage was  observed.     The   same 
qualities were   verified   in   the   foam-skin 
insu lat ed cable  as well   and  are  shown   in 
Tabl e.5  and Fig.18. 

The characteristics  of  the  finished 
PEC cable are   shown   in  Table  6. 
They have satisfactorily   passed  the 
requ irements  of  Nippon  Telegram and 
Tele phone Public   Corporation. 

Fig.17    SUM microKraph  of cross  section 

of PfiC   insulat ion. 

I ig. 18    SliM micrograph  of cross  section 

of Foam-skin   insulation. 

Table.4    I'operties  of PFC  insulation 

Conductor Dia.   (mm) 
Properties Unit wh i tc 

0.4 
black b rown 

0.5 
white 

0.65 
white 

0.9 
white 

Remarks 

Line Speed (m/ 
min) 

5000 3000 3000 3000 iyoo 1900 

Insulation Diameter (mm) 0.58 0.58 0.58 0.71 0.9 1.25 

Expansion  Percentage (V) 25 23 24 23 25 27 
Specific 
Gravity 

Tensile Elongation (%) «so 430 420 450 480 530 
Method 

Tcnsile Strength (1) 320 360 350 510 660 1000 

Thermal Stress Cracking 
Resistance 

(hrs) 100(1 > 1000 > 1000 /1000 / 1000 > looo (1) 

Surface Roughness ( /' m) 10 9 10 8 7 (. 

Heat Shrinkage Co) 0 0 o 0 0 0 (2) 

(1) 100'G   ,  wrapped around  their own diameter. 

(2) 100oC   ,  24  hrs   in  a  talc hath. 
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'able  5.     I'opertics  of l-o:im-Skiii   insulntion 

Conductor Dia. (mm) 
Properties Unit 

0.4 
white 

0.65 
wh 111 

Remarks 

Line Speed (in/ 
min I 

3000 2300 

Insulat ion Diameter (mm) 0.69 0.84 

Skin Thikness (mm; 0.03 0.03 
Speci fic 

l-.xpans ion Percentage m 51 r,.: Speci fi c 
Method 

Tensile IHongation r») 450 500 

lens lie St rangth IK) 350 390 

Thermal Stress Cracking Ihrs) 1000 ■ 1000 (1) 
Resistance 

Surface Roughness ( ßW) 10 7 

Heat Shrinkage (".1 0 0 (2) 

(II     100 C   ,   wrapped around  their own diameter. 

(2)     1()0°C   ,   24 hrs   in  a  talc hath. 

Tahle 6.     Electrical   characteristic of PEC Cahle 

Items Unit 
Speci fication 
for Pi;C Cahles 

0.3-3000prs. 

PEC Cahles 

Insulation Resistance 

Mutual Capacitance 

Capac i t ance Unhalance 
of pai r to pair in 
the Quad 

(Mü-kml 

(nl'/Km) 

(pF/500ml 

>2000 

50 kS 

(ISO 

518,000 

50.2 

30 

■ 

(5)  Conclusion 

A PEC cable using 25 - 30 %  expanded 
insulation extruded at a high speed was 
manufactured to be replaced with paper 
insulated cables.  The mechanisms v...'re 
considered to satisfy many required 
properties.  By making most of the 
results in material design, the most 
appropriate material was developed. 
Summary of the results of our experiments 
are as follows. 

a) Keeping crosshead 
requires not only 
but also low die s 

b) Die swell influen 
pressure only when 
full operation. 

c) Foam structure is 
melt strength is h 
speed extrusion, a 
low viscosity and 
strength is most s 

d) Good tensile elong 
insulation is esta 
orientation which 
contact surface of 
and resin. 

pressure low 
low viscosity 
we 11 . 
cos crosshead 
the line is in 

better when 
igh.   For high 
material with 
high melt 
uitable. 
ation of tin; 
blished by the 
occurs at the 
the conductor 

-•• 
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UGH SPFKD MINIATtlRF  COAXIAL CABLF  IMSIII.ATEn WITH  HIOHLY FXPANDKD  IRRADIATFD  POLYOLFFIN 

F.    Suzuki,      T,    Komura      and      A.    Mori 

Sumitomo   Kleotric   Industries,    Ltd, 
Tochifri ,      Japan 

Summary 

This paper describes the properties and pro- 
duction method of hifrh speed miniature coaxial 
cables insulated with hifhly expanded irradiated 
polyolefin. 
Advances in computer technology require coaxial 
cables with a velocity of propagation more than 86 
of air and insulation diameters of 1.0mm or less. 
Until now, the only insulation that could provide 
these properties was expanded PTFF, hut this ma- 
terial is relatively expensive. 
To address these needs, we have developed an insu- 
lation consisting of a .-.mall-cell highly foamed 
polyolefin with a tough polyolefin skin. 
The cable has a velocity of propagation of QOt of 
air(3.7nsec./meter) with a diameter of 0.75mm and 
1.1mm for the insulation and jacket, respectively. 
The Insulation is irradiated which gives it good 
thermal stability, mechanical toughness, and re- 
sistance to cold flow and solvents. 

1. Introduction 

Modern computers require coaxial cables with 
a velocity of propagation equal to 881 of air, 
insulation diameter of 1.0mm or less and a dielect- 
ric constant of 1.3   or less. To meet these pro- 
pert-ies, the Insulation has tc have an expansion 
ratio more than 75* even if fluorocarbons or poly- 
ethylenf, which have low dielectric constants, are 
used. According to the ordinary chemical blowing 
technology for polyethylene, the maximum expansion 
ratio attainable is about 60%  with an insulation 
diameter less than 3.0mm. Fven if the double insu- 
lation construction which we have been making from 
1978, is used, the maximum expansion ratio is 70%. 

'Intil now, the only insulation that could 
provide these properties was expanded PTFF. The 
material is produced as a tape and spirally wrapp- 
ed around the conductor. However, this material is 
relatively expensive, the manufacturing process is 
ontly and it provides relatively short cable 
lengths. To address these needs, we have developed 
an insulation consisting of a small-cell highly 
foamed polyolefin with a tough polyolefin skin. 
The insulation has an expansion ratio of &2%  and 
uses a chemical blowing agent. The insulation is 
irradiated which gives it good thermal stability, 
mechanical toughness and resistance to cold flow 
and solvents. Based on an heat aging tests, we 
believe the insulation would receive a temperature 
rating of 105oC in UL specifications. 

The insulation has a dielectric constant of 
1.20-1.25 and the velocity of propagation is 90%  of 
air( 3.7nsec/meter). Cables have been produced with 
a diameter of 0.75mm and 1.1mm for the insulation 
and jacket, respectively. This new coaxial cable 
will be useful for high-speed transmission lines in 
high density wiring of computers, telecommuni- 
cations, medical electronics and instrumentation. 

2. Fxtrusion of highly expanded polyolefin 

This highly expanded polyolefin can be extrud- 
ed with an ordinary extruder for expanded polyethy- 
lene by modification of several items, as follows; 
(1) Design of the screw  to improve homogenization 

and back pressure 
(2) Die and nipple      for double insulation 

2-1. Selection of material 

Selecting a suitable chemical blowing agent 
and resin for expansion was an important consid- 
eration in obtaining highly expanded insulation. 
It is well known that azodicarbonamide and benzene 
sulfonyl hydrazide are the prefered chemical blow- 
'.ng agents. In preliminary extrusion tests for the 
core of a miniature coaxial cable, the comparision 
of both chemical blowing agents described above 
was carried out. As a result of this test, it was 
shown that azodicarbonamide has a fine cell struct- 
ure, higher expansion, and a smoother insulation 
surface. The result of this test suggested that 
azodicarbonamide should be selected for this pur- 
pose. 

The insulation compound is a specially formul- 
ated polyolefin blend, including antioxidents, 
lubricants,etc. Several different polyolefins, in- 
cluding high density materials, were blended to 
obtain a fine cell structure. 

2-2. Double layer insulation 

An ordinary one layer insulatior; can achiev« 
a 65t expansion ratio at most. The gas generated 
by the blowing agent goes off out of tie insula- 
tion. A double layer insulation was UBMl to obtain 
higher expansion ratio, and to increase the mecha- 
nical strength. Fie1. 1 shows the construction of 
the double layer insulation.The inner layer is ex- 
panded layer with an expansion ratio of more than 
801, and the outer layer is the solid skin layer. 

1 
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A I Solid skin 
B I Foamed polyolefin 

Fig.l. Construction of double layer 
insulation 

2  3. Extruding tools  for double  layer  insulation 

Fip;-? shows  the tools and  the  expansion meth- 
od of doublf   insulation. 

Sub Extruder 

i 

Mdin Extruder 

V  ;   expansion  ratio 
(?) 

(1) 

Di'-d^d.-Pty-l^1  ,,--v 

n;-D, =   d-(d.--?t) 

2-5. Blowinn; agent concentration 

Fig.3 shows the relationship between the ex- 
pansion ratio and blowing agent concentration. This 
was tested by extruding with a diameter of ü.254mm 
and 1.0mm for the insulation and jacket, respecti- 
vely. As a result of test, it was decided that the 
beot concentration of azodicarbonamide is H%  for 
expansion of more than 80J. 

■■ 

60 

| 50 

10 2 0 3,0 

Blowing agent concentration. 

4,0 5.0 

Fig.2. Tools for double insulation and 

Expansion method 

Fig.3. Effect of blowing egent 

concentration on expansion ratio 

As shown in Fip.2 the resin for the expanded layer 
from the main extruder and the resin for the skin 
layer from the sub extruder are extruded as two 
layers inside of the die. The resin for expansion 
is expanded after extrusion out of the die, and 
the resin for the skin layer is spread out by the 
expanded layer. The gas from the blowing agent is 
sealed up by the skin layer so as to obtain high 
expansion. 

2-6. Temperature profile 

The melt viscosity of the molten polyolefin 
affects the expansion ratio and the cell structure. 
Therefore, the temperature at the front end of the 
extruder was set lower so as to increase the melt 
viscosity. Table 1 shows the most preferable tempe- 
rature profile for producing the maximum expansion 
ratio. 

.1 

■ 

2-M. Calculation of the inside diameter of the die 

Selecting a suitable inside diameter for the 
die is very important in making a double layer 
insulation. Because expansion of the expanded lay- 
er is started when the resin is extruded ut of 
the die, the inside diameter of die is calculated 
for when the resins are not expanded. D1 (diameter 
of unexpanded resin for expansion) is calculated 
by the formula (1). As the cross sectional area of 
the resin for the skin layer is equal between in 
the die and out of the die, D2 (inside diameter of 
die) is calculated ty formula (2). 

Table 1. Temperature profile 

Feed 
zone 

Compression 
zone 

Metering 

zone Cross 
head 

1 

Die 

1 2 

150-C 188-C 195-C 186-C 165-C 165-C 
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3.   Physical  properties   for the 
insulation 

The highly expanded  polyolefir   is very weak, 
even though it has the solid skin layer on the out 
side.   For example,   it would  bo melted  immediately 
if  it were touched  by a soldering  iron.   To solve 
these problems and  to improve  its reliability as 
an  insulation we  irradiated  the  insulation.   Physi- 
cal  properties,   described  below,   are  the properti- 
es of the new highly expanded   irradiated  polyole- 
fin. 

3-1.   Reference  rated  temperature 

Table 4. Results of dqing test 

Hating 
in UL 

80*0 

90-C 

105*C 

Aging 
condition 

113'Cx 
7 days 

^ 

7 days 

136"Cx 
7 days 

Sample 

B 

(111) 
(106] 

(77) 
(94) 

(75) 
(92) 

(101) 
(102) 

(9S) 
(91) 

(96) 
(94) 

(100) 
(99) 

(101) 
(99) 

(100) 
(100) 

Most cables used  in computers and  other elect- 
ronic equipment are  rated  at  80°C  by  "L.   To deter- 
mine  the expected  rating temperature  for our new 
cable,  we conducted heat aging tests per UL speci- 
fications.  Aging conditions specified by UL are 
shown  in Table  2. 

)  : Elongation  ("») 
) ; Tensile strength ("'■) 

„ , Value of the aged sample     ,.__ 
Value K        ■ 100 

Value ot the unaged sample 

3-2.   Soldering 

Table 2. Aging conditions in UL specification 
(Subiect 758) 

Rated Aging condition 

temperature CO Temperature CO Time (days) 

80 113 7 

90 121 7 

105 136 7 

The values for tensile strength and elonga- 
tion of the aged samples shall be at least 70 per- 
cent and 65 percent, respectively, of the values 
for the unaged samples. Three kinds of samples 
shown in Table 3, were tested. Test results are 
shown in Table U.   In the diameter range from 0.65mm 
to 1.5mm, the insulation met the requirements for 
a rated tempreature of 105oC. 

Table 3. Cable samples for aging 

Sample No A                 B c 

Conductor 
AWG3O(0.254mm) 

Silver coated copper 

Thickness ol 

expanded layer 

(mm) 

0.14 0.30 0.49 

Expansion rati.. 

C) 
82 82 82 

Thickness ot 

solid layer (mm) 
0.06 0.10 0.13 

Diameter ol 

insulation 
0.65 1.05 1.50 

Resistance to damage by solder is very impor- 
tant, for example, when cables are connected to a 
connector. Samples in Table 3 were tested by the 
methods of MIL-W-16878, as follows; Specimens of 
wire, each about 152mm in length, shall be prepared 
for testing by removing 12.7mm of the insulation at 
one end. At a point 12.7mm from these em's of the 
insulation, the specimens shall be given a 90- 
degree bend over mandrels of their own diameters. 
These ends shall then be immerseo for 5 seconds, to 
within 3.2mm of the insulation in a pot of molten 
60-ilU (tin-lead) solder maintained at a temperature 
of approximately 320oC. 

The method and results are shown in Fig.U and 
Table 5, respectiverly. 

± 
I^v 

-V/AVAV/; ? •*"*rv»,77r, ttE 

Solder 

320-C 

Fig.4. Soldering test 

Table 5. Results of soldering test 

Item 

The insulation shall not 
flare away 

The insulation shall not 
open up over the bend 
portion 

Insulation shrink 
back  (mm) 

result 

Good 

Good 

0.5-1.0 
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3-3. Deformation 

It. is important to consider deformation of the 
insulation during the subsequent manufacturing 
operations of shielding and jacketing. This is also 
significant when the cables are placed in com- 
pression during termination, clamping, etc. We 
tested the cables in Table 3 and compared them with 
expanded PTFK cables having conductor diameters of 
0.?5'4mm, and insulation diameters of 1.0mm. Samples 
were pre-heated for one hour and loaded with ?50g 
weight. Test method and results are shown in Fig.5 
and Fig.6. 

250g 

I 

Deformation ("-.) = (1- {') x 100 

Fig.5. Deformation test method 

100 

60 80 100 

Temperature CO 

120 

Fig.6. Results of deformation test 

Sample A 
Sample B 
Sample C 
Sample D 

AWG30X0.65 I 
AWG30  x 1.05   : ref. Table 3. 
AWG30X1.50 I 

AWG30  x 1.00 

(Expanded PTFE) 

As shown in Fig.6, highly expanded irradiated 
polyolefin Insulations are superior to expanded 
PTFF at room temperature. This means that change in 
the properties of the cable during the production 
process for shielding, will be small. At tempera- 
ture up to 80oC (at which cables are used in 
equipment), highly expanded irradiated polyolefin 
is generally equivalent to e.'.panc ed PTFE. 

3-1. Cut-through 

Cut-through resistance is another important 
property. To measure this, we used the method shown 
in Fig.7. A 0.1mm radius is placed against the in- 
sulation, and we measured the weight required to 
obtain a short between the cutting edge and the 
conductor. Test samples and results are shown in 
Table 6. Highly expanded irradiated polyolefin is 
equivalent to expanded PTFE. 

Weight 

0.4mmR 

Fig.7.  Test method for cut-through 

Table 6. Result of cut-through test 

Item Sample 1 ! T>pl»2 

Conductor 

Material Tinned copper alloy 

AWG «i 

Coiutrudion 7 0.1 

Iiuulabon 
Material 

Expanded 

PTFE 

Highly expanded 

irradiated 

polyolelin 

Diameter 0 6Hmm 0.68mm 

Cap<mtance(PF ml 

1kHz 
75 75 

Wwahl ul 

cut-throuqh(itg) 
0 3    15 0,5   20 

1).   Properties of miniature 
coaxial   cables 

14-1.   Construction 

Table 7 and  Fig.8 shows the construction and 
cross section of a  high  speed miniature coaxial 
cable with highly expanded   irradiated  polyolefin. 

■'■■•,' 
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Table 7. Construction of high speed 

miniature coaxial cable 

Items Unit Contents 

(1) 

1 Conductor 

M,'. •:,! ' Silver-coated 

copper alloy 

AW: , 32 

Diamelei mm 0,203 

1 C2) 
Expanded 

layer 

Material Highly expanded 

irradiated polyoleiin 

Expansion 

ratio 
« 82 

Diameter mm Ü.61 

(3) 

Solid 

' layer 

Material Irradiated polyoleiin 

fhickness mm 0.07 

Diameter mm 0.75 

(4) 

First 

shield 

Material Tinned copper 

Construction 40 0.05mm 

(Spiral wrapped) 

Diameter mm OH'; 

(5) 

Second 

shield 

Material Copper coated 

alummized polyester 

Construction 0 015mm thick 

tape wrapping 

Diameter mm 

(6) 

Jacket 

Material 

Thickness 

Diameter 

mm 

mm 

PV1 ■ 

0.120 

: 14 

ll-?.   Change of capacitance 

Fip.9 shows  the change of capacitance durjng 
the cable making process.   As mentioned above,   the 
insulation has good  mechanical  strength and  heat 
resistance due to the  solid  layer and  irradiation. 
As shown  in Fig.9,   the  change of capacitance  is 
small,   and process control  can be done easily. 

E+2 
hi 

0- 

O1 

U-- 

A B C 
Cabb makming process 

A : Extrusion ol insulation 

B '. Irradiation 

C '. First shielding 

D '. Second shielding 
E I Jacketing 

Fig.9. Change of capacitance 

daring cable manufacture 

H-3.   Electrical   properties 

Table  8 shows electrical   properties of the 
high speed miniature coaxial  cable.   Propagation 
delay time of 3.7nsec/m means the velocity of prop- 
agation  is 90?  of air.   Fig.10 shows the test method 
for characteristic  impedance   (Zc)  and propagation 
delay  time   (Td)  with a TDR. 

■• 

(1) Conductor 

(2) Expanded 

; iyr 

(3) Solid 

, iy--l 

(4) First shield 

(5) Second shield 

< Jacket 

Ü.203mm silver coated copper 

alloy 

Highly expanded irradiated 

polyoleiin 

Irradiated polyoleiin 

0.05mm tinned   copper 

(Spiral wrapped^ 

0.015mm copper coated 

alummized polyester tape 

PVC (1.14mm«) 

Fig.8. Cross section of high speed 

miniature coaxial cable 
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Table 8. Electrical properties of high 

speed miniature coaxial cable 

■,™s Result 

Characteristic 
Impedance (Q) 

74.3 

Propagation 
delay time(nsec m) 

3.70 

Attenuation (dB km) 
«    5MHZ 
■'   10MHZ 
"   20MHZ 
t   40MHZ 
•   80MHZ 
i lOOMHZ 

98.8 
137.3 
190.4 
266.7 
372.5 
417.7 

Capacitance (PF m) 
i" 1KHZ 

55.9 

Conductor resistance 
■■'20"C       (Q km) 

639.2 

Injulation resistance 
(M5 km) 

> 1,000 

1500 

V2 

h VI 1 

(b) Cold bending test 
Cables and a mandrel having a diameter of 11mm 
were conditioned at -Ü0t2oC  for one hour. 
Cables were then removed from the cold chamber 
and immediatery bent 3 turns around the mandrel 
within a period of 1? seconds. Dielectric 
strength and cracking of the insulation and 
jacket were checked. 

(c) Flammability 
Completed cables were tested according to VW-1 
in UL specification. 

(d) Shrinkage after heat cycle test 
Cables were subjected to a heat test. The 
temperature was programmed from 600C to -20oC 
over a 6 hour/cycle. After the exposure for 10 
cycles, shrinkage of the insulation from the 
end of the outer conductor was measured. Sample 
length was 50cm. 

(e) Pull-out strength 
Pull-out strength between the inner conductor 
and the insulation were measured. We also 
measured the pull-out strength between the 
first shield and the second shield and jacket 
(which are bonded together during extrusion). 
Strength was tested using a tension tester and 
the maximum strength was recorded. Fig.11 shows 
the test method for pull-out strength. Test 
results are listed in Table 9. 

—30mm 

Fig. 11 Test method for pull out 
strength 

Sample length (O  ; 2 m 

V1 + V2     „, 
Z0=V1-V2X50 

Td = 
(h)x(nsec/div.) 

I x2 

Fig. 10 Test method of Zo and Td 

with TDR 

14-1. Physical properties 

Several physical properties were tested, 
(a) Heat aging 

Completed cables were placed for 7 days in an 
air oven maintained continuously at 9812°C. 
After cooling for about one hour at room 
temperature, the cables were wound and unwound 
ten concecutive times, within a period of 5 
minutes, on a mandrel whose diameter is about 
11mm. Dielectric strength and cracking of the 
insulation or jacket were checked. 

Table 9. Physical properties of high speed 

miniature coaxial cable 

Items Result 

Heat aging 
(98-Cxl68HrS) 

Cracking Good 

Dielectric 
strength 

Passed 
(lOOOVrmsxlmin) 

Cold bending 
(-40-Cxl68Hrs) 

Cracking Good 

Dielectric 
strength 

Passed 
(lOOOVrmsxlmm) 

Flammabihty 
(VW-1) Passed 

Shnnkage ol insulation 
(WC   -20-Cx lOcydes) 0.35 -0.45mm 

Pull out 
Strength 

Inner 
conductor 0.2 -0.5kg 30mm 

lacket 0.5--0.8kg 30mn. 

■ " 
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5. Apllcatlon of the new materinl 

to other cables 

The new highly expanded irradiated polyolefin 
insulation is applicable to various types of cables 
because of its features of high transmission speed, 
low capacitance and small diameter, etc. Table 10 
shows examples of other highly expanded irradiated 
polyolefin insulated cables. Though these three 
cables are used mainly for internal wiring of 
computers and measuring equipment, this new materi- 
al can be used for multi-conductor cables for ex- 
ternal wiring between equipment. For example, small 
diameter multi-conductor cables with 20-80 shielded 
insulated conducters can be used for external 
interconnection between a main system console and a 
hand held probe for ultrasonic diagnostic system. 

6. Conclusion 

The new highly expanded irradiated polyolefin 
and its extrusion technique were developed for 
suppling miniature coaxial cables with stable 
quality and lower price to a market that requires 
even faster transmission speed and smaller cables 
in the future. The new cable insulated with a 
highly expanded irradiated polyolefin with about 
62%  expansion has excellent properties when 
compared to conventional cables. The new material 
makes it possible to produce various types of mini- 
ature coaxial cables and multi conductor cables. 
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Table 10. Constructions and properties of highly expanded irradiated 
polyolefin insulated cables 

Items           "       
AWr;30-SX3LAV (50) AW130-SXBV (100) AWG32x2SXUV 

Conductor 

Material 
Tinned copper alloy Silver-coated copper Silver-coated copper 

alloy 

Strand 7/0.1 1 1 

Diarm cer (mm) 0.3 

Highly Expanded 
Polyolefin 
(Fxpantion Patio R?%) 

0.251 0.203 

Inner 

Insulation 

Material Highly Expanded 
Polyolefin 
("xpantion Fatio 82Jt) 

Highly Expanded 
Polyolefin 
(Fxpantion Ratio 82!C) 

Diameter  (mm) 0.56 

Polyolefin 

1.35 0.80 

Material Polyolefin Polyolefin 
Outer 

Thickness (mm) 0.07 0.10 0. 10 

Diameter (mm) 0.70 1.55 

Irradiate 

1.0 

I  Irradiation of Insulition Irradiate Irradiate 

Twist - - 2 Conductors 

First 
Material 

Tinned copper 
(Spiral wrapped) 

Tinned copper 
(F-.raided) 

Aluminized 
Polyester Tape 
(Spiral wrapped) 

Shield 
Diameter (mm) 0.80 2.05 1.10 

Second 
Shield 

1 

Material 
Copper coated 
Aluminized polyester 
Tape (Spiral wrapped) 

— - 

Material PVC PVC PVC 

Jacket Thickness (mm) 0.18 0.2 0.38 

Diameter (mm) 1.20 2.145 3.06x2.86 

Conductor resistance  (O./Km) 3^0 337 670 

Dielectric strength 1 .OKVrmsxImin. Pass Pass Pass 

Insulation resistance (Mu-Km) 
i 

1000 1000 1000 

Capacitance 
IKHz (PF/ra) 

Jon luctor-Conduotnr - - 18 

Jonductor-Shield 80 37.3 36 

Characteristic- Conductor-Conductor - - 160 
Impedanco 
TDR (7o ) 

Conductor-Shield 51 102 102 

Propagation 
delay time 

(nsec/m) 3.70 3.73 3.75 
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COMPUTER PREDICTION OF COAXIAL CABLE 
STRUCTURAL RETURN LOSS DURING CORE EXTRUSION 

Leonard Visser 

Beiden 
Geneva, Illinois 

SUMMARY 

Most periodic defects in coax are introduced during 
the core extrusion process.  These defects can 
ultimately lead to structural return loss (SRL) 
spikes of sufficient amplitude to make the finished 
cable worthless.  A method has been evaluated which 
predicts the SRL performance of coax based on real 
time measurements of the core during extrusion. 
Thus defects can be detected early in the 
manufacturing process before most of ihe cost is 
added.  The accuracy of this method has been tested 
with encouraging results despite the many 
assumptions and simplifications which were made. 
The computer program developed to make these 
predictions can be supplied with artificial data. 
You can then study the effect of periodic defect 
waveshape on the structural return loss.  This has 
been done for several interesting cases.  The good 
correlation between predictions and test results of 
finished cable advocate implementing this method as 
a production control tool. 

INTRODUCTION 

Structural return loss is important when even 
relatively small reflections of transmitted RF 
energy cannot be tolerated.  CATV installations are 
a common application of coaxial cable where small 
reflections affect performance.  Video signals 
which undergo reflections in the transmission line 
result in ghosting or noise when viewed on the TV. 
Every non-ideal transmission line will reflect some 
of the incident wave of a transmitted signal. 
Structural return loss is the signal strength 
relationship of the reflected wave to the incident 
wave. 

Part of the incident wave is reflected each time 
the cable impedance changes in value.  Each of 
these reflections contribute to the SRL of the 
entire cable.  The impedance a signal sees as it 
travels down the cable can vary in the following 
ways: 

1) Abrupt and localized changes which may cause 
large reflections affecting many frequencies. 

2) Randomly distributed changes of small and 
random amplitude.  The resulting reflections 
do not add in phase. 

3) Periodic changes which continue throughout the 
cable length. The reflections add in phase at 
certain frequencies causing SRL spikes. 

We will be considering the third type of variation 
in the following discussion.  Our experience has 
been that most SRL testing failures have been 
caused by these periodic impedance fluctuations. 
Further, most of these fluctuations are created 
during extrusion of the dielectric material to form 
the coax core.  Our objective has been to determine 
if SRL can be predicted based on measurements of 
core diameter and dielectric constant.  Also, the 
predictions should be made relatively quickly while 
the core is being extruded.  This will result in 
two benefits.  Detection of flawed product will 
occur as soon as possible.  Second, feedback to the 
extruder operator will be almost instantaneous as 
attempts are made to correct a detected problem. 

The approach we have taken to make these predicted 
SRL measurements is similar to that presented by R. 

Mathiew, Y. Peltier and A.J. Ghazi.   The main 
differences are the result of increasing the data 
sampling frequency by at least an order of 
magnitude. This is necessary to monitor core 
extrusions running at 1000 ft/min and for 
predictions extending to 1 GHz in frequency. 
Linear capacitance could not be measured at these 
speeds over a short section of cable, so core 
diameter is the only measured parameter.  Use of 
the discreet fourier transform of sampled data to 
detect periodicities is the key to this method. 

FUNDAMENTAL CONSIDERATIONS 

The cable impedance is a function of three basic 
cable parameters.  They are the inner conductor 
diameter, d, the outer conductor's inner diameter, 
D, and the dielectric constant, E.  The relation is: 

Z = _60 In lü 
VE~    U 

1 

Assuming a tight fit between the shield and the 
coax core, D is equal to the core O.D.  The 
dielectric constant can be easily calculated from 
the linear capacitance.  Thus, if you measure d, D, 
and capacitance at every point along a coax core, 
the impedance will be known as a function of cable 
length.  From this impedance function, the 
reflection coefficient, p, could be determined 

V 
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nxactly for the cable or any section thereof.  The 

return loss would then be known by the relation: 

SKI. = 20 log [rh] 
Unfortunately, complete, knowledge of these 

parameters could not be obtained in real time 

during extrusion, nor could the numbers bo analyzed 

by a digital computer with sufficient speed.  To 

speed things up the following assumptions are made. 

1) Only the core diameter needs to be measured to 

determine impedance fluctuations in the 

finished cable. 

2) Random diameter fluctuations will be 

sufficiently small that they can be treated as 

periodic. 

3) Periodic fluctuations continue throughout the 

cable length. 

4) A few hundred measurements of core diameter 
will be sufficient to characterize the section 
of core examined. 

The first assumption seeras to be the most 
dangerous.  It implies that the other two 
parameters, d and e, need not be measured.  Also 
that no periodic defects are introduced during the 
application of the shield and jacket.  Yet it is 
usually a valid assumption as will be seen. 

A/l) Conversion 
The filtered analog data is converted to digital 
values at a predetermined sampling rate.  The 
converter has 12 bit resolution.  This digital data 
is fed into a computer. 

FKT, SRI. Calculation 
A computer is used to process the diameter data. 
To detect periodic fluctuations, a fast fourier 
transform is used to transform the data from the 
time to the frequency domain.  The FKT is best done, 
on a number of samples which is a power of 2.  A 
choice of 256 or 512 samples results in sufficient 
frequency resolution in the SRL prediction.  The 
upper frequency limit is often determined by the 
application for which the coax is intended. 
Typical values are 500 and 1000 MHz. 

The first step is to calculate the sampling 
interval required and to capture the raw data.  The 
interval is calculated from: 

Sampling Interval Jto 1 
4 Fmax   Line speed 

Where Vp = velocity of propagation and Fmax is 

upper frequency limit of the prediction.  The 

samples are then taken at this interval and stored 

in an array F(AD). 

The actual diameter as a function of F(4D) is then 

calculated based on a scaling factor and the 

nominal core size.  This is called F(D). 

PKEUICTION METHOD 

The method for predicting SRL consists of t'.ree 

major steps.  First, the core diameter is monitored 

to obtain a block of data.  Second, the data is 

processed in a computer to calculate the SRL. 

Third, the results are displayed on a graph similar 

to the charts obtained in sweep testing of finished 

cable.  The process can be shown in block diagram 

form. 

FimBllr,      L» 
FFT. sm.    I rrnr 

CALCUUTH1M     1*1 SKI.   VS.   FKItj. 

Analog Measurement 

The core diameter is measured with a laser 

micrometer.  The output is an analog signal which 

is updated every 20 milliseconds.  The range of the 

signal was typically set at ±5 mils deviation full 

scale. 

Fi Itering 

Since the data is sampled at discrete time 

intervals, a filter is required to eliminate all 

frequencies above two times the sampling frequency. 

This prevents aliasing of these higher frequencies 

which could cause low frequency spikes in the SRL 

prediction.  The filter cutoff frequency is a 

function of sampling frequency which varies with 

linespeed.  We used a switched capacitor, low pass 

filter whose cutoff frequency is programmable via a 

clock frequency. 

Next the impedance is calculated from the stored 

diameter values using 

.63 Vp Ln 

\d 

Then  the  array containing the   impedance  is  passed 
to an  FFT routine which  returns  the magnitude of 
the  impedance  fluctuations  as  a  function of 
frequency,  F(AZ). 

The  attenuation,  a,  of the  cable  is  calculated 
using: 

= vr £ (i , i) 
Z \D    d/ 

Where K is a constant that depends on the units 

used. This is done at each frequency, f, which 

corresponds to the elements in the array F(AZ). 

Z  is the cable characteristic impedance, D and d 

are the nominal core O.D. and the wire O.D. 
respectively. 

Finally, the SRL is calculated from the AZ values 
us ing: 

SRI. ■20 log / Zoo   N S      1    \ 

1.91 AZ   I   1 - e(-2aL)/ 

Where S = Vp/4 Fmax, N is the number of samples 

taken, I is the array subscript which ranges from 1 

■ 
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to N/2, and L is the length of cable for which the 
prfdiction is being made.  The SRL values are 
negative which aids in plotting the results. 

Plot Results 
Once the diameter measurements are processed, the 
SRL prediction can be plotted.  The convention is 
to plot SRL with values increasing in the negative 
X direction.  An X, Y plot is made of the SRL vs. 
fn-quency.  We were able to direct the plot to 
either a graphics CRT or a pen plotter. 

CORRKLATION:  PKKD1CTED VS. MEASURED 

Many samples of coax core were monitored to predict 
the SRL.  The cable types included RG-59/U, 6/U and 
11/U.  The dielectric materials included both solid 
and foam polyethylene and solid polypropylene.  The 
predicted curves look similar to the charts made 
(luring the sweep test of finished cable.  To 
determine if the predicted spikes match those 
measured in finished cable, great care had to be 
taken to match the monitored length of core to the 
finished piece of cable used for testing. 

An example of the results obtained appear in 
Figures 1 and 2.  Here Figure 1 is the computer 
prediction and Figure 2 is the finished cable test 
results.  One prominent spike is seen at 260 MHz. 
The predicted amplitude and the measured amplitude 
match almost exactly at 25 dB.  The grass levels do 
not form such a good match.  This was expected 
since the grass level or noise level is a function 
of random impedance fluctuations which cause 
reflections whose phases do not match.  The program 
treats random fluctuations as periodic.  We have 
observed cases where the core had large random 
diameter fluctuations.  The computer prediction 
then shows the grass ton high (small SRL values) 
and true periodic induced spikes wore masked 
(hidden in the grass). 

Inducing Controlled Spikes 
Often there would be no outstanding features to 
base a comparison on.  To obtain data from a known 
and controllable source, a device was added to the 
extrusion line to generate SRL spikes.  This is the 
same type device used by W.L. Roberts and F.N. 

2 
Wilkonloh  in their studies.  It is simply a sheave 
that has been fitted with adjustable unbalancing 
weights.  The conductor is wrapped once around this 
before entering the extruder crosshead.  As the 
wire moves, the weights produce a sinusoidal 
tension variation.  This results in core diameter 
fluctuations whose period is related to sheave 
diameter. 

We used 8 inch and 16 inch diameter sheaves which 
were unbalanced with 1 or 2 pound weights.  The 
sheaves produced spikes at the frequencies given 
by: 

K  v  ^ Vp sp:ke    _£_ 7 
2C 

Where C is the circumference of the sheave or 
defect period.  For our sheaves, spikes were 
produced at 78 and 155 MHz for solid dielectrics 
and 92 and 183 MHz for foam dielectrics. 

Spikes were induced in both foam and solid cores. 
The core was monitored to give 15 predictions. 
This core was then braided and jacketed prior to 
SRI. sweep testing.  Onct testing was completed, the 
predicted spike amplitudes were compared to the 
measure values.  The amplitudes ranged from 22 to 
37 dB.  The mean deviation of the predictions from 
the measured values was -0.1 dB.  The standard 
deviation of the differences was 2.9 dB.  The 
maximum difference was a 33 dB prediction for a 27 
dB spike.  This correlation and that obtained from 
additional trials has proved to be acceptable. 

PREDICT10SS USING ARTIFICIAL DATA 

Various diameter or impedance waveshapes can be fed 
into the analysis portion of the program to see the 
effect on SRL.  Figure 3 shows the envelope of 
peaks resulting from sinusoidal core diameter 
fluctuations of 0.1, 0.2, and 0.5 mil amplitude. 
The dimensions used are for an RG-59/U coax, 1000 
ft. long  As you can see, the fluctuations produce 
smaller reflections (larger SRL values) at low 
frequencies.  This is because the cable attenuation 
and length allow fewer cycles of the defect to be 
'seen' by the RF signal.  At high frequencies, many 
cycles are seen and each reflection adds in phase 
to produce a large SRL spike. 

The effect of cable length on SRL is shown in 
Figure 4.  In general, a shorter length of cable 
will result in smaller SRL.  This is because fewer 
cycles of the defect are present.  At high 
frequencies the length has less effect because 
attenuation has eliminated most of the reflected 
signal originating at the far end of the cable. 

If the defect or impedance periodicity is 
sinusoidal, then only one frequency will be 
affected.  This is shown in Figure 5.  When the 
waveform of the impedance fluctuation is not 
perfectly sinusoidal, harmonics will be seen along 
with the fundamental frequency.  Figure 6 shows the 
SlUi curve resulting from a nearly perfect square 
wave fluctuation.  The fundamental frequency is the 
same as the sine wave of figure 5.  In some cases, 
the harmonics can have larger amplitudes than the 
fundamental spikes.  Confusion can result vhen 

attempting to identify the cau'-e of such spikes in 
a cable sample. 

Discreet or isolated impedance changes do sometimes 
occur.  An improperly terminated or pigtailed cable 
is a possible source of such a change.  An 
exaggeration of this type defect consists of a 
length of 50 ohm cable connected to a 75 ohm line. 
The computer analysis of this situation is shown in 
Figure 7. A 46 inch piece of 50 ohm coax attached 
to a 1000 foot length of 75 ohm coax was modeled. 
You can see that almost all frequencies are 
affected.  The spacing of the humps in the curve 
is indicative of the defect size. 

Cable with SRL sweeps that look similar to Figure 7 
have been seen during quality control testing.  The 
cause can usually be identified and cut out of the 
cable, sometimes leaving a salvageable length. 
Figure 8 is the result of testing the cable modeled 
for Figure 7.  The resemblance is obvious.  The 
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prtHiiction curve is about 5 dB off at the low 
frequency end.  This is because the program treats 
all cable defects as periodic.  The 200 feet of 
cable 'examined,' when 512 samples are used with a 
Fmax of 500 MHz, are essentially repeated enough 
limes to make up the cable length, L.  Given the 
attenuation for our RG-59/U coax model, at low 
frrquencies the false repeating impedance step can 
be seen for several cycles. 

- • -1 

CONCLUSIONS 

This method for predicting SRL during core 
extrusion has proven successful.  Attempts to 
correlate the predicted spike amplitude to the 
measured amplitude for finished cable have shown 
pood agreement.  The grass levels or noise levels 
In the SRL curve are not always accurate'y 
predicted, however.  The method is designed to 
correctly handle periodic cable defects onlv.  To 
reduce the levels predicted resulting from random 
core diameter fluctuations, averaging irav be used. 
This was tried with good results.  The predictions 
can be made at 1 minute intervals using an HP-9816 
desk top computer, programmed In BASIC.  Most of 
this time Is consumed In sampling the data and 
performing the FFT calculations.  The program can 
be used to analvze various types of cable defects 
to see the effect on SRL.  Use of the method allows 
real time detection of periodic defects at the core 
extrusion stage of cable manufacture.  Thus an 
excellent quality control and diagnostic tool Is 
available. 

3 m 
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Figure  7.     I'rfidicted SRL  for 46  inch piece of  50 ohm coax 
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Figure 8.  Measured SRL for 46 inch piece of 50 ohm coax 

followed by 1000 feet of 75 ohm coax. 
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ItLTVULLINC ANO CABLING  IN LINE   :   A NfW WOCISS 

CaiRONNIC Al,iin,ll   NOANI   Ccorqes, GROSSO ttUli!   .;, VALl ril   Pliilippc,  GUIGAN Yvon, ttNOIST Andre 

CNI I/IANNION I - IAH/R()C/IC() - Route rfe Ir«k)dslel  -  ?2i01 LANN10N 

AHSIHACI 

Ilic   Ic.if. it)i I i I \   of   the  Mul t i pul I ing   .ind 
Cabling in line (MC'L) tins been  Investigated Tor 
the deveiopmeM of tt>c ootleal  Fiber m,iss pro- 
duction needed for ttic cablinq of broadband 
networks.   Ihis  nt »v method  e,in  \)f   (-om, Utercd ds 
the   first   evper imeiil    in   tlie  world.   So  t lie  mul- 
tipuiling cirut the cabling  In line process »ill 
be .1 future ''able teebnolog) permit t inq the 
mdss productinn of opticaJ cables Tor local 
broadband n   twork;,.   Itie   intecir.it ion of these two 
teehnoloqu a  tiow i)(;mitr.  .1  red I   decrease   in  ttie 
costs  dnd dn   incredse   in   the  re 1 i .ihil i t \   of the 
t r.insmi ssion  systems. 

I i guic 1 

Ilic Ml I  process' 

(Mul I i |)u I I i IIC| 

nppnr iilus ) 

INIRÜOIJCII0N 

Ihe use of onticdl fibers for broddband 
multiservice network is now planned on ,i large 
scdle. Thns the economicdl aspect of low cost 
optical cables production is the most importdnt 
nrohlcms to be solved. Recants cables costs eva- 
luations show thdt it Is ntcessdry to stud) Sfld to 
develop a fully mdss production of optical cables« 
Some studies tend to improve the preform MIHifaC- 
luring process by Increasing the preform sl/e, 
others dim to decredsing the cost of the pulling 
bv Increasing the pulling speed. How dnd other 
procedure is possible to cone with the necessary 
mdss nroduction of optical fibers : 

"Ihe Mul t i'Uil 1 Ing dnd Cabling in Line" ('ig, 1) 
Based on the \-groove or the U-groove 

cdhle, that Integration of two independant tech- 
nologies endbles to obtain .i low cost Manufac- 
turing optical cables for the local multiservice 
network. 

TICIINICAL PtSCWIPTlON Of THE MCL PROCtSS [ 1, 3 | 

The nultipiiiulling apparatus 

ÜK J9i \\U2'2 LI L'iu.CuCQ'icc Ami -t.hc .(;(MLLag .LtcimLtiuc i 

The multipul 1 irn) ar)pdrdtus permit the simul- 
tdneous drdwinq of several preforms (1 to 10). The 
furnace consists in a cylindrical graphite suscep- 
tor having 160 mm in diameter. 70 mm In high with 
as many laboratories as preforms to be pulled 
(fig. i).   These laboratories are drilled where the 
mdvimum efficiency of the induction field is obtai- 
ned (fig. k). 

Thus a very good thermal distribution ( 3'J mm 
of hot /otic si/e and ?{) mm  of inside diameter) 
associated with a good temperature stability (♦ 20C 
to 19C){)"C) is obtained. Several mul ticav 11 les fur- 
naces were drvelopped corresponding to the diffe- 
rent unit cables. The results presented in this 
paper have been obtained in a four cavities fur- 
nace. 

Ihe MCL process (fig. /") consists In 

- a mul t i|)ul 1 ing apparatus 
- ,i cabl Ing equl pment 

316   International Wire & Cable Symposium Proceedings 1984 

- .. ■. • ^ •. ■ -...-._ •_, 
■-.i .• •■ ' ."•■.■ V-.- 

-■-■•'- 



TT"*       *  '   ^W -TT- *>     *> '^     *-     ■■ ' T      ■       '       ■■     ^     ^      '        ■■ .IITIIT« 

•6.1 : THE     M.C.L    PROCESS 

PREFORMS   HOLDER 

i    r i 

pun   .■•■■ 

0. 

MULTIPULLING 

FURNACE 

FiRfHS 

COATING   AND 

U.V   INSULATOR 

 \ P 

MULTI.CAPSTAN 

V g-^**^ 
91 ip. 

MULTIPULLING    PART 

CABLING 

PART 

V  GROOVED  ROD 

PAY.OFF   STAND 

GENERAL   CONTROL 

DESK 

»     ' 

CABLE TAKE 
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- I i()iire  i - 
iiic imii t ipul I Ing rumace 

i« -  I iqure  ")  - 
A so If  prossurod douhlc qldss die 

- I i()urc b 
IiK-rnMl   (lislribuliod of   Ihr  funi.icc 

The coating systpm ronsist^   In as m<iri\ 
•.ell   prci'.urcii iil.is-, dii". if\q.b)  ,v. pulled fibers« 
im- diameter oi   the dies is PW (im giving jn overall 
lihcr  (li.imeter of  ??0 (im   •   2 (im.   An U.V.   cured 
expoxy  acryiate resin is used as eoaled materiai. 

•\ new U.V. insulator |lrfs been developped 
lOr- the ■, imul I .ineous mrinii of the tillers coatings 
(fig.6). 

-  I iqurc 6  - 
Iwo fibers U.V.   insulator 
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^n 
The ■ultlpuHlng system : 

On the pullinq mdcliine trie capstan speed is 
kept constdnt to dvoid dny intermidldle equipment 
between the capstan dnd tue cabling macliine (fiq.7). 

- Figure 7 - 
The nultipulling capstan 

The fibers diameters are kept constant with 
an especially desiqned preform holder which 
permits the introducing of the preforms in trie 
furnace at differents speeds. This preform holder 
is made of two systems; (fig.8). 

- A main plate driven by a closed loop 
control direct current servo-motor monitored by the 
in line dldmcter measurement of one of trie fiber. 

- As many secondary preforms holders as 
preforms to be pulled, each of them driven by an 
auxiliary direct current servo motor monitored by 
d recorded slqnal dependinq of each preform. So trie 
■quations of trie pulling conditions, (jiving the 
relationships between preforms and fibers volumes 
are the followings : 

Trie speed of trie main pldte gives for all 
trie preforms trie equation (1). 

Up (DM)' = C te VI, (1) 

GENERAL   (ONIRtX 
MCL MS« 

- Flq.8 - 

The HCL Servo-system 

where 

Vp ■ main plate preform holder speed. 

Dj, ■ diameter mean value of trie preforms 
multipulled (or nominal diameter 
of one of the preforms) 

VfK 

Df., 

MCL speed 

}?b  (im in the experiment 

The secondary preform holder gives for each 
particular preform the equation (2) 

Dpi = DN ^  pi    (?) 

where : 

l   Dpi ■ Recorded diameter profile for 
) preform i 

f»»pi • Differential diameter profile 
recorded signal 

Trie general equation for trie MCL servo 
system is qiven by trie equations (3) and (**) 
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III! CAIII INC MACH1NI 

In I ranee eind more .md more in otliers eountries 
liiere i;. .) part icular interest for loose edhle 
struetures »here the fibers arc  simultaneously laved 
free of tension In tneir protexlons supports [2\ 
(fii|.9). V-(|rooved cables tias been designed for 
tills purpose and are ver\ vvel adapted to be manufac- 
tured in line vvitli the mul t ipul 1 int'. These V-i|rooved 
cables are based on reinforced plastic tensile 
Strength With peripheral nelicoldal grooves »here 
the fibers are laid. To permit the in line inleiira- 
tion of the multipulled and the cabinq techniques 
the follovunq procedure has been developped : 

- The plastic unit, with it V-qrooves must be 
manufactured previouslv to the nebllng with an 
adapted entrutfer« 

- The reel of the plastic V-qrooved rod is 
placed on the p.n off stand of the cabling machine. 
The central rod is pulled with a constant tension 
(tvplcallv i to bO  daM) during the M.C.I . procedure. 

- The V-qrooves pitch are control l<'d bv a 
rotating cursor »hlcn monitored the rotation 
speeds of the pay off stand and the take up stand 
of tue machine. Then the fibers directly during 
the pulllnq process, are placed In the qrooves 
by an automatic fiber injector (fiq.lü). A servo 
system permits the control of the difference of 
linear spieds between the V-qrooved central rod 
and the multipulled fibers. The fibers over lenqth 
needed in this cable desiqn to insure a qood cable 
construction, free of microbendinqs, is fixed by 
a siqnal order defined as a sliding coefficient k. 
(fiq.ll). After layinq the fibers in the qrooves, 
.1 plastic tape is applied to maintain the fibers 
in their grooves« 

- Fig.10 - 
Aulomdtic fibers injector 

g 

■•■ N 

■ 

■i 

The MCL   process   is performed by   a proqrammed 
automaton o,dered  from the qeneral   control   desk 
(fig.12). 

Tape       // '.Bt   // 

/^~~7—'- 

;^BE05       ^  f^   Y AUL m§^X™. 
Untrjl                 r.       "-          ' 

CyUnlnul     \ 
U grooved   rod   ^ 

a)  U grooved rod 61 V grooved  rod 

- i lq.9 - 

(able-, broadband network 

1 
•    ■ 

- \ lq.11   - 

I ilui   over  length as a function of the sliding 
coefficient - • ■ 
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- Flg.12 - 

The general control desk 

RFSULTS 

Severdl cables have been manufactured 
using tiiis M.C.L. process. 

The multlpulled fibers nave an outer 
diameter of ^?b  (im ^ |tS |im, Tlie tensile strength 
evaluation of the coated fibers is similar to 
that of trie usual pulling ( ^ 2  daN for 1 m long 
samples). The total losses of the fibers are at 
a mean value of 3,1 dB/km at 0,83 (im (fig. 13). 
The coupling of the multipul1ing and the cabling 
is realized at an Initial speed of 10 meters per 
minute. The MCL speed reached 30 meters per minute 
during the experiment. Trie technical realisation 
permits a maximum speed of 30 m/mn for trie MCL 
process while the multipul1ing itself can pull 
the fibers at lOUri/mn.Uslng optical coders makes it 
possible to obtain trie needed precision of linears 
speeds approching 10"^. So we realise some optical- 
cables units with dlfferents over-lengths. These 
'■ables elements are sumitted to thermal tests in 
order to optimi/c the thermal qualities of trie 
unit cable manufactured (fig. 14). 

TYPICAL MEAN VALUE 

 P-    MONOPULLING 

 •   MULTIPULLING 

nr  libers 

♦ 

J] 
2 2.5 3 

Ü Total loss» 

3.5        4 
1 • 

dB/km 

- Flg.13 - 
Total losses evaluation of the multipulIinq process 

: 

■ 
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CONCIUSION 

Ac iiave demonstrated  that   the mul tipull ing 
and cabling   in  line process could be one of  the 
future cable manufacturinq  technique permlttinq 
the   needed   optical   cables mass production   for 
subscriber  broadband networks. 

Moreover  this  technique  Is able  to  reduce 
the  optical   cable  cost  because many   intermediates 
productions   steps  such as measurements,   rewind.'nq 
and  shipping of fibers are avoided  (fiq.lb). 
Thus   the   Industrial   development   of   the M.C.L. 
technique   is now on  the way   in Lrance. 
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DEVELOPMENTS OF UNDERCARPET DATA TRANSMISSION CABIES 

T. Yatnamoto, N. Hirasaka, H. Yokosuka, K, Seto 

Fujikura Ltd. 
1-5-1 Kiba, Koto-ku, Tokyo 135, Japan 

ABSTRACT 3. CONSTRUCTION OF UCDC 

i 
Wiring system of an office buildings has 

become much complex and use of cables in a room 
for electricity, telephone and especially data 
transmission has been increasing rapidly, because 
that computors and other business machines are 
used very much in the office for rationalization 
of the office work. The problem is how to installe 
the cables in the office. The undercarpet wiring 
system (UCWS) has solved the above mentioned 
problem. We have developed various undercarpet 
cables especially for the data transmission system 
such as multi-conductor type cable, coaxial type 
cable and optical fiber type cable. We have 
evaluated them and have obtained good results of 
tests. These cables have been applied for 
practical use of various data transmission system 
solving the problem of cable installation. 

1. INTRODUCTION 

The undercarpet data transmission cables 
(UCDC) are very thin flat cables and are installed 
under carpet squres. Therefore, they should 
satisfy various requirements in addition to 
characteristics of the convertional round cables. 
We have manufactured three types of UCDC, 
multi-conductor type, coaxial type and optical 
fiber type cable and have evaluated them about 
following chracteristics. 

(1) Electrical chracteristics 
(2) Mechanical chracteristics 
(3) Environmental chracteristics 

They have shown good test results and have proved 
actually their excellent characteristics by 
installation to the practical use. The evaluation 
and the practical use of them are presented. 

2. REQUIREMENTS OF UCDC 

The UCDC has to me^t following requirements 
in addition to electrical characteristics based on 
use of conventional round type cable in order to 
be installed between carpet squre and floor. 

(1) Thinner 
(2) Easy  to be  bent 
(3) Withstand  for mechanical  damag • 
(4) Flammability 
(5) Proof against environmental condition 
(6) Easy to connect or link 

Considerable points and the cruntermeasures 
to decide the cons ruction of the cables are shown 
in Table 1. In Figure 1, 2, 3, the constructions 
of each cable are shown after consideration. 

Conductor 

Insulation^ 

Inner sheath 

SJlieliL 

Figure 1 Multi-conductor type cable 

Inner conductor 

Insulation 

Outer conductor 

8. Omm 

/.SSiSftL conduc 

/       gSteatb 
7 

2.3min 

V shaped pleat 

Figure 2 Coaxial type cable 

Tens ion_member 

.Optical fiber 

/  /   Sheath 

Figure 3 Optical fiber type 
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Table 1 Consideration of cable construction 

Coslderable point Countermeasures 

Mulil-conductor type Coaxial type Optical fiber type 

To reduce 
cross-talk 

To select type of shield 
construction. 
(To irike pair shield.) 

To reduce 
attenuation 

To adopt polyethylene 
insulation. 

To adopt foamed 
polyethylene Insulation 

To adopt low loss fiber. 

Variation for 
system 

Easy selection of number 
of conductors and their 
sizes. 

Easy selection of 
Characteristic Impedance. 
(50, 75, 93 ohms) 

Easy selection of fiber 
types. 

Strength against 
compression 

To select insulation 
material and to adopt 
inner sheath. 

To select shape of 
sheath with pleats. 

Tension member setting In 
cable core. 

Easy connecttlng 
to equipment 

Easy strlppable sheath. Easy strlppable sheath. 
To applv V shaped pleat 
to sheath. 

Easy strlppable sheath. 

To make cable 
thin 

To design shape of sheath. To design rhape of aheath. To design shape of aheath. 

Water proof and 
flammablllty 

To select materials. To select materials. To select materials. 

Ease of bending 
for a flat way 

Flexible construction. Flexible construction. Flexible construction. 
Tension member setting in 
cable cor«. 
It brakes the over abundant. 

To reduce 
bending strain 

Optical fiber setting near the 
tension member in cable core. 

4. TEST ITEMS AND METHODS 

(1) Electrical test 

Table 2 Electrical test methods 

(2) MECHANICAL TEST 

Table 3 Mechanical test methods 

ITEM METHOD SPECIMEN 

Conductor 
resistance 

*JIS C 3005 Multi-conductor 
and coaxial type 

Insulation 
resistance 

JIS C 3005 Multi-conductor 
and coaxial type 

Dielectric Strength JIS C 3005 Multi-conductor 
and coaxial type 

Capacitance JIS C 3005 Multi-conductor 
and coaxial type 

Characteritic 
impedance 

JIS C 3501 Multi-conductor 
and coaxial type 

Attenuation JIS C 3501 Multi-conductor 
and coaxial type 

Cross-talk (NXT.FXT)   Multi-conductor 
type 

ITEM METHOD SPECIMEN 

Compression test 2-1 «11 types 

Impact test 2-2 all types 

Bending test 2-3 optical fiber 
type 

Repeated 
compression test 

i 

2-4 optical fiber 
type 

2-1 Compression test 

This test was proved with compression weight 
on both flat and bended parts of cable as shown in 
Fig. 4, 5, using a plane of the fixed 
outerdiameters of bar. Then numerical value of 
weight, which cause a short, were measured. For 
optical fiber type, the relativity of attenuation 
and compression weight was figured out. 

*JIS: Japanese Industrial Standard 

•- 

-• ■ 
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W(Weight) 

I/ 
Snecimen 

Figure   4  Compression  '■■»st 

i 

Figure 5 Compression test for optical fiber type 

2-2 Impact test 

To investigate whether there is ^ wire snap's 
or withstand the dielectric strength test in water 
and external appearance, a metallic weight was 
dump. Each test condition is shown in Fig. 6, 7. 
For optical fiber type the relativity of 
attenuai-ion and bombarid altitude. 

^C^ 

/ 
Carpet 

*vmy=imMm 
1 Specimen 

Figure  6   Impact  test 

L'arntit 

Specimea 

2-3  Bending  test 

It   is  the test  that  the relativity of 
attenuation and bend  radius using a measuring  line 
in  Fig.   8. 

LED ^1 

I "{pPM ) 

Figure 8 Bending test  for optical   fiber  type 

2-4  Repeated compression  test 

It   is  the test  that  the relativity of 
attenuation and repeated compression,   using  a 
measuring  line  in Fig.   9. 

I 
Xpprimen 

f OFM   j 

Figure  9 Repeated compression  test  for optical 
fiber type 

(3)   Environmental  test 

Table 4 Environmental  test methods 

ITEM 

Heat cycle test 

METHOD OR 
CONDITION 

MIL STD 202D 

r            -j 
SPECIMEN 

All types 

Water proof test 100oC x 5 Min. 
In methanol for 1 
hour 

All types i 

Aging test lll'C  x 168 hours All types 

Humidity test MIL STD 202D All types 

Flammability UL Subject 758 All types 

5.   TEST  RESULTS 

The  follows are examples of  the cable 
characteritics observed.   For  them there must  be no 
perceptible problem for practical  use. 

Figure 7 Impact  test    oi   ■'pti'Ml  fiber  type 
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(1)   Electrical  test 

Table  5 Results of electrical  test 

ITEM UNIT RESULT 

Mu 1H-conductor  type Cnantal   type 

CoMurtor   MflMMHM I)/Km  JO'C I.-TJ   than   147, S — 

iMalatlOn   rcsistanr» Md-Kn   JO'C Hor»   than  SO00 More   than   1(100 

nirlcrfrlr  fltrpnqth V/lmln. AC   I^O ot   I>C  SOI) AC   1000 

rap.irUanc*» nF,'|fm LPB«   thsn   inn 69  t   4 

Churjictpr liHc   Imppdanrf (1 Soe   Flq.   10 Set-   111     II 

^t^plm.^H'"l rln/Km See   Fig.   10 Si-p   Flq.   13 

ITlllM   111!    (N«T,    FXTI •IB/lOOn S>>"   FIT.    11 -- 

1000 r   100 
700 -70 

bo 
m 

JOG 

~ 300 

0 a 
100 -      10 
70 7 

50 'j 

Tüflü 
Frequency     (KHz) 

Figure  10  Characteristic  impedance   (Zo)   and 
attenuation   (o.)  of multi-conductor 
type 

100 

1000 10000 

Frequency   (KHz) 

Figure  11 Cross-talk of  multi-conductor  type 

(2)   Mechanical   test 

1000 
700 

SCO 

3100 

70 
M 

30 ■ 

- 70 

1 50 

!» 

■ 
*-^ 

y* 

Ö 
>-^——' 

10 'f s' Zo 
7 
5 y 

3 - 

1 100 100Ü 1C0 

Frequency   (KHz) 

Figure 12 Characteristic impedance (Zo) and 
attenuation (OO of coaxial type 

T.iblo fi Result?; of mpchanical t*>t 

ITEM TMT   CONDITION 
&   UNIT 

RESUT.T 

Multi-conductor   type Coaxial   typo Optical   Fiber   type 

Compression  test Flat  way 
(kg/cm2) 

More   thnn   17fi0 
(Breaks) 

More   than   710 
(Breaks) 

See Fig.   13 

gO'C  Bending 
(Kg/cm2) 

MOT«   thnn   1170 
(Breaks) 

More   than  700 
(Breaks) 

See   Fig.   13 

Impact  test ri  pound   x   Ift Good Good Good  and   See 
Fig.   14 

Rending   test   See  Fig.   IS 

PopeatPd 
Cmnprnssion     test Na   50Kq 

4onon 40000 40000 

* The number of times was taken in the 
occasion the carpet squre was torn. 

| 

■■•.•. 
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100  200  300 400  500  600 700  800 
Weight (Kq/cm2) 

rigure 13 Compression test of optical fiber type 

0.1 • 

£ o 

10  20   30  40  50  60  70  80  90 
Bombard altitude (an) 

Figure  14  Impact   test of optical  fiber  type 

m o Bending for flat way 
30.5 • A Bending for thick.way 
c 
0 m 

3 
C 
1 o 
n < 

' 

l/oo 1/200 1/100 1/50  1/30 

l/IURimn) 

Figure 15 Bending test of optical fiber type 

(3) Environmental test 

Table 7 Results of environmental test 

ITEM RESULT 

Heat cycle test Good 

Water proof test Good 

Aging test Good 

Humidity test Good 

Flammability test 1      Good 
! 

6. EXAMPLES OF PRACTICAL USE 

The Undercarpet data transmission system 
(UCDS) we newly developed has been applied to 
offices in various systems such as Computer data 
transmission system, Banking system, Local Area 
Network and so on. Following figures show two 
cases of practical use for computer system of our 
company and for the Automatic Tellers Machine 
(ATM) system in the bank, one of our customer. 

(1) Systematic use of coaxial and fiber optic type 
UCDC in computer system 

r Host Work 
Station Computor 

Modem Modem 
Work 
Station 

  Coaxial type 
  Optical fiber type 

Figure 16 Blockdiagram of computor system 

/ 
Ph 

(I \v:. 
Photo  1  Under   installation of computor  system 

—Mr 

Photo 2 Computor room after installation 

•-. 

■■: 
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(2)   Systematic  use of multi-conductor   type UCDC  in 
banking  system 

i 
Terminal 
Control 
Unit 

ATM 

Monitor 

— Multi-conductor type 

Figure 19 Blockdiagram of banking system 

Photo 3 Under installation of banking system 

7. CONCLUSION 

We were able to obtain satisfactory results 
of electrical, mechanical and environmental 
characteritics test after hard experiments, 
besides to introduce examples of practical use to 
the public. It is the urgent tasks for us to 
expand and standarize the practical use of UCDS. 
Moreover, we strongly believe that this system 
must be established its status as a revolutionary 
one being appreciated to be a capable system as 
well as the already developed under carpet power 
and telephone systems. 
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Photo 4 Bank after installation 

Tomohiro Yamamoto 

FUJIKURA Ltd. 
1440 Mutsuzaki, 
Sakura-shi 
Chiba-ken 285, Japan 

Mr. Yamamoto, a member of the Institute of 
Elecrical Engineers of Japan, recieved B.E. degree 
in electrical engineering from Kyushu University 
in 1967. He joined Fujikura Ltd. has been engaged 
in engineering and manufacturing of electronic 
wires and cables. He is now a Manager of 
Electronic wire manufacturing section. 

International Wire & Cable Symposium Proceedings 1984   329 

•'--""■■ - - ■  .'- .%   ."■■ ."   -^ .      ."« ,"•• ."• 

•     • V .-     ■ 

- ■ - ■ - ■ 



T».■»^.- »j   ^■ » im^i * j ' jm .1. j ■ . i _ t    r.'y ■ ■■ ■ f   .■ ' ■     • < •    •   ■ " i -^w^^^^p« •^^^T^^^^^^^ 

r 
Noriyasu  Hirasaka 

FUJIKURA   Ltd. 
1-5-1  Kiba,   Koto-ku, 
Tokyo  135,   Japan 

Mr.   Hirasak.i,   l member  of  the  Institute of 
Electronics and communication  Engineers of Japan, 
recieved  B.E.   degree  in  electronic engineering 
from Saitama  University   in   1976.   He   joined 
Fujikura  Ltd.   has been engaged   in enginnering of 
electronic wires  and cables.   He   is  now  an  Engineer 
of   Electronic Components  Division. 

Hiroshi  Yokosuka 

FUJIKURA  Ltd. 
1440 Mutsuzaki, 
Sakura-shi 
Chiba-ken,   Japan 

Mr.   Yokosuka graduated   in mechanical  engineering 
course  from Tokyo metropolitan Technical   junior 
College   in   1967.   He   joined  Fujikura  Ltd.   has been 
engaged  in engineering of  telecommunication cable 
Research & Development.   He   is  now a  assistant 
chief of Telecommunication  cable  Section. 

Katsuyuki  Seto 

FUJIKURA  Ltd. 
1440 Mutsuzaki, 
Sakura-shi 
Chiba-ken,   Japan 

Mr.   Seto,  a member of  the  Institute of   Electronics 
and communication  Engineers of  Japan,   recieved 
B.E.  degree  in electronic engineering   from 
Yokohama National  University  in  1980.   He  joined 
Fujikura  Ltd.   has been engaged   in  enginnering of 
telecommunication  cable  Research  & development. 
He   is now an Engineer of  Telecommunication cable 
Section. 

A 

330   International Wire & Cable Symposium Proceedings 1984 

:- 
--■'---■■ 



■.   ^.   ^.' ^.   -.   ■■ ■ ^ ■ ■■' ■    ■■"^ ' ^        i ■■   •: <     ' •■      . i, 11   . i  i»^*«^'^^» ■ i« ■ ."'.*i*' « ■■ »i ii n »"^^T^^rT^ 
-'."1 

■ :■- 

» 
A HYBRID LOCAL AREA NETWORK CSMA/CD METHOD 

BY USING OPTICAL FIBER AND COAXIAL CABLES 

Y. ENOMOTO   J. KIKUCHI    T. TAKAHASHI    K. NEGISHI   T. KATO    S. ISHIKAWA 

The Furukawa Electric Co. Ltd., Tokyo, Japan 

2. Configuration of hybrid system 

.' 

ABSTRACT 

This paper describes hybrid local area network that 
uses both coaxial cable and optical fiber cable. 

Ethernet, which uses coaxial cable, is one of the 
best local area networks in operation, providing flexibility 
and extendibility. However, coaxial cable is not suitable 
for high-noise-level environments and long-range 
transmission. This paper describes the most suitable 
system for such conditions. Our system combines optical 
fiber transmission with coaxial transmission. 

The paper explains the method and structure of the 
whole system, and the components (optical fiber, optical 
transceiver, optical star coupler, optical repeater, coaxial 
cable, coaxial transceiver, tap for coaxial cable) used. 
Lastly, we discuss data obtained from tests of a 
development system. 

1.  Introduction 

The expansion of distributed processing brought 
about by sophisticated computer utilization and 
microprocessor advances has created a demand for sharing 
of system resources, including hardware, software, and 
data bases, and for intersystem communication. Local 
area networks organically couple resources and enable 
communication. 

Local area networks can be divided into a variety 
of types, depending on the operating mode and control 
method. Roughly speaking, they include star, ring, and bus 
types. The CSMA/CD (Carrier Sense Multiple Access with 
Collision Detect) method with a bus mode as represented 
by the Ethernet proposed by Xerox and other companies, is 
the most advanced office automation network system in 
commercial use. 

International standards based on Ethernet are being 
established for the CSMA/CD method. Ethernet is 
expected to become an IS (International Standard) of the 
ISO    (International    Organization     for    Standardization) 
sometime in 1984. 

We have developed a local area network system 
called INFONET, which is a hybrid system incorporating 
the superior characteristics of optical fiber cable in 
high-noise environments while retaining the flexibility and 
expandibility of the coaxial cable Ethernet. 

Figure 1 shows the configuration of our hybrid 
system for the CSMA/CD method, using optical fiber and 
coaxial cables. As shown in the diagram, the system 
consists of a coaxial cable (up to 500 m/segment), coaxial 
transceiver, transceiver cable (up to 50 m), repeater, 
optical transceiver, optical star coupler, optical fiber 
cable, and other components. 
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Figure 1   Hybrid system configuration 
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Figure ? shows the configuration of the Ethernet 
system, which is well known as a CSMA/CD system. As 
the diagram shows, the system consists of a coaxial cable, 
coaxial transceiver, transceiver cable, repeater, remote 
repeater, and other components. The difference between 
these systems is that the Ethernet repeater and remote 
repeater section (figure 2) are replaced with an optical 
transmission system in the hybrid system (figure 1). 

Co«i(il cdCif sfSnwnt 
 (SOCMIMX)  

Transceiver Caöe   Codniai Caoie 
— 50 M max 

■Q 
1    - 

Stell 10(1- 

T 
TrdnsceiverS Connection 

to Coaxial Cafcie 
C100 max per seSmenO 

Minimal ConliSuration 

{] 

Segment 1 [ ]- 

Station 

i 

Repealer 

Segment 3 

■C] 
Segment 2 

I4[l 

{] 

Pende repealer- 
Coaxial Caple 

Point-to-peint link 

(IDOMmtiK) 
^D 
c: 

SeSmenl 5 

A Typical Large-icaie Ccnliguralicn 

Figure 2  Ethernet system configuration 

3. System components 

3.1  Coaxial cable and transceiver cable 

Specifications for the coaxial cable used in this 
hybrid system are slightly different from those for the 
Ethernet system. The difference is that the center 
conductor of the coaxial cable is stranded wire for more 
secure connection at taps (couplers to connect coaxial 
transceivers and coaxial cable). Table 1 shows the 
specifications of the coaxial cable. 

Item Specification 

Center conductor Tin coated stranded copper wire 
Insulation Formed polyethylene 
Insulation diameter 6.2 mm 
Shield Foil laminated tapes and 

tin coated copper braids 
Sheath Vinyl (orange color) 
Cable diameter 10.3±0.25mm 

Table 1  Specification of coaxial cable 

3.2 Tap 

We chose stranded wire as the center conductor of 
the coaxial cable, inserting the gap center conductor in 
the stranded wire to ensure complete contact of the tap 
center conductor. Figure 3 shows the construction of the 
tap. 

cable 
holder 

Ma 
contact 

B 

r •- 
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3.3   Coaxial transceiver 

Figure 4 is a block diagram of the coaxial 
transceiver. Photc 1 shows the coaxial transceiver, 
including the tap. Specifications for this coaxial 
transceiver conform to the Ethernet specifications. 

iiPinituRim 

. cpiler conoductor, 

 / 
4P4 •^-center pin 

line driver      line receiver 

=1—i- 

puofr 

collision 
(Meet 

transwi^«- CdWP  urtPlfafp 

s T 
to Uanscfivfr caD» 

Figure 4  Coaxial transceiver block diagram 

n   ^ 

Photo 1   Coaxial transceiver, repeater, 
optical transceiver 

3.4  Optical transceiver, optical star coupler, and repeater 

The hybrid system uses an optical repeater system 
comprising an optical transceiver, optical star coupler, 
repeater, and two cores optical fiber cable, as shown in 
figure 5. 

The repeaters in the hybrid system are exactly the 
same as those for coaxial systems. The electrical 
interface of the optical transceiver is the same as that of 
a coaxial transceiver. The optical transceiver mounts in 
the repeater housing. If no optical repeater system is 
connected, the coaxial transceiver for another coaxial 
cable segment is connected by transceiver cable instead of 
mounting an optical transceiver to function as a coaxial 
repeater. 

The repeater controls the data flow from both 
segments (Rxl - Tx2, Rx2 -* Txl), as well as collision 
signal flow when a collision takes place; removes data 
distortion in the regenerating circuit; and regenerates 
timing signals. Figure 6 shows the repeater block 
configuration. 

The optical star coupler we developed is a 
seven-branch type. This is an active coupler connecting 
inputs and outputs of seven systems to O/E and E/O 
converters through seven bundled optical fibers. The 
coupler has an expansion terminal on an electrical signal 
level, permitting installation of additional optical star 
couplers. 

The optical star coupler detects a collision on the 
optical transmission line by monitoring the mean level of 
the electrical signal in the initial stage of the O/E 
converter. This level doubles (compared with normal 
state) when a collision takes place. The detected collision 
signal is transmitted to the optical transceiver as an 
8-MHz signal (normal data signals contain 5- and 10-MHz 
components only) and is redetected in the optical 
transceiver. It is output through a collision detection wire 
as a 10-MHz collision signal in accordance with the 
coaxial transceiver specification. 

Some data fragments may be produced in return to 
the own receiving side of signal sent to the optical 
transceiver, due to the optical star coupler construction, 
and the propagation delay time of the optical fiber. We 
use the fact that the Ethernet system has frame intervals 
of 9.6 (JS to mask return signals received inside the 
repeater during this short time, preventing output to other 
segment. 

This hybrid system can function as a remote 
repeater under Ethernet specifications by directly 
coupling two optical transceivers, with no optical star 
coupler. 
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Figure 5  Optical repeater system configuration 
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Tables 2 and 3 show the main optical repeater 
system specifications and optical fiber cable 
specifications.  Photo 2 shows the optical star coupler. 

Item Specification 

Optical transmission 

optical output level -17~-25dBm(Adjustable) 

optical input level -21X-27dBm 

optical fiber 80/125 um step index fiber 

optical connector FC type 

tramsmission signal 10\lbps(manchester coding) 

Optical star coupler 

input/output number 7/7 

optical output level -17'v-20dBm( Adjustable) 

optical inpout level -25t0.5dBm 

optical fiber 80/125 urn step index fiber 

optical connector FC type 

transmission signal 10Mbps(manchestei coding) 

electric interface 
(for extension) 

F.CL 

electric interface connector BNC type 

optical collision sijna' 8MHz 

Repeater 

interface transceiver cable interface 

tolerance of regenerating 
pulse width distortion 20ns 

Item Specification 

Optical fiber Step   index silica glass fiber 

Core diameter 80±4 urn 

Fiber diameter 125t3 um 

N.A. 0.24 

Fiber cord jacket PVC (orange color) 

Fiber cord diameter 2.810.3 mm 

Fiber cable 2 cores 

Filier cable sheath PVC (orange color) 

Fiber cable outer diameter aprroximate 11 mm 

Table 3 Optical fiber cable specifications 

H 
Photo 2 Optical star coupler 

Photo 3 shows the polished edges of the bundle of 
seven optical fibers used in the optical star coupler. The 
bundled fiber diameter is 400 vn\ and a core size is 
82.5/125 f/m. 

' 

•   " 

Table 2   Optical star repeater system 
main specification 

Photo 3   Edges of seven-core optical 
fiber bundle 
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4. Test results 

4.1    Temperature   characteristics of  optical  transceiver 
optical 

Figure 7 shows the temperature characteristics of 
the optical output level of the optical transceiver, an 
important factor in the collision detection function of the 
optical star coupler. The diagram shows the temperature 
characteristics for ambient temperatures between -10 and 
+D0OC.  The variation width is 0.5 dB or less. 

t s 

■■ 

10 "c 

■IT.(MBa 

-IG sau« 

V^     V 

2ricurs per cycle 

Figure 7    Temperature characteristics of optical 
transceiver optical output level 

4.2   Repeater data reproduction ability 

The repeater is required to output data after 
reshaping, regenerating, and retiming serial data that has 
been distorted in the coaxial cable and relay transmission 
lines. Photo 4 shows the regeneration capacity. This 
satisfies Specification tolerance of regenerating pulse 
width distortion, +20 ns. 

input 

output 

input 

output 

4.3  Tap reliability test 

To demonstrate the reliability of the tap 
connection, contact resistance was measured before and 
after test under the following test conditions; 

a. Vibration test 

Amplitude 
Vibration frequency 
Vibration cycles 

b. Heat cycle test 

Temperature range 
Number of cycles 

+ 1 mm (total amplitude 2 mm) 
20 Hz 
One million cycles 

-20 to +60oC 
100 cycles (two cycles/day) 

Figure 8 and table 4 shows the contact resistance 
measurement method and the test results. The contact 
resistance value includes the resistance of the center pin, 
approximately 2 milliohms. 

center pin 

center conductor 
coaxial cable 

Figure 8 Contact resistance measuring system 

(milliohm) 

Sample Vibration test Heat cyole test 

No. hefore after fluctuation before after fluctuaion 

I 2.14 2.32 0.18 2.08 2.58 0.50 

2 2.G6 2.10 0.04 2.07 2.61 0.54 

3 2.03 2.03 0.00 2.07 2.69 0.62 

4 2.06 2.13 0.07 2.15 2.80 0.65 

5 2.14 2.08 -0.06 2.03 2.88 0.85 

* 2.086 2.132 0.046 2.08 2.712 0.63'/ 

Table 4   Tap reliability test data 

M. 

■ . 

Photo 4   Repeater data regenerative capacity 
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5.  Example of test operation 

The hybrid system was also tested an^ operated in a 
building. Figure 9 shows the route in the building. In this 
example, a coaxial repeater was installed halfway, and the 
system had eoaxia? cable only. In the near future, 
however, we plan test with an optical repeater instead of 
the coaxial repeater. There are 107 coaxial transceivers 
in the entire system. Photo 5 shows a coaxial transceiver 
mounted near the ceiling, photo 6 shows the coaxial 
transceiver with its cover mounted for good appearance. 
Figure 10 shows an example of the reflection 
characteristics of the coaxial cable after mounting 
transceivers. The reflection level is -25 dB or less, that 
is, less than 0.32%, at 5 and 10 MHz. This fully satisfies 
the required standard of 7 % or less. 
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4F     mS TED 
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.5  475    iO    7J.51 
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D 
a a s ^ 
4AS 45^.^ iSi *i 5; 

TO   tEXT  BLOi. 

Figure 9  Example of installation route in building 

Photo 5 Coaxial transceiver mounted on coaxial cable 

Photo 6 Coaxial transceiver with protection cover 

COX 500» <IF,2F,3F.4F.5F> 2F 

REF -11.7 dBm    RTT 10 iB 

5 dB/ 

BVR       16 

SWP  50  ■ -ENTflR   1010  Mri! 
10     I?    |j     16     16    20 

■. 

*« 
•■v. - • 

■. 

Figure 10    Keflection characteristics of coaxial 
cable after mounting coaxial transceiver 
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6. Conclusions 

Development of this hybrid system expands 
installation freedom; the system ce ' now be installed in 
locations where the noise environment is poor, such as in 
power cable ducts, improving the flexibility and 
expandibility as a local area network. After incorporation 
of minor changes, this hybrid system will meet the 
international standard now being formulated. 

In conclusion, the authors hope that this system will 
contribute to further development of local area network 
systems. 
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PLENUM,  SMALL-DIAMETER OPTICAL  FIBER CABLE 

Osamu  Ichikawa,  Yasunori   Saito,  Tetsujl  Ono,  Shigeru Tanaka, Akinori  Mori --• 

Sumitomo Electric Industries, Ltd. 
1, Taya-cho, Totsuka-ku, Yokohama, Japan ... ■ 

Abstract 

In optical fiber cables for Local Area 
Networks (LANs), there are various indoor uses 
such as in offices and plenums. At present 
special performances such as safety against fire, 
and manageability in accordance with their indi- 
vidual environmental usage have been required. 
For this reason, the development of the optical 
fiber cables with versatile usability characteris- 
tics have been expected. Realizing this goal, the 
newly developed cable is of a make where optical 
fibers are housed in spiral grooved spacer of 
small diameter, and the cable material is mainly 
composed of low smoke fluoropolymer. Having 
conducted various evaluational tests on this 
cable, it was confirmed that this cable had better 
thermal and mechanical characteristics, and suf- 
ficient inflammability, which qualified this cable 
to be used both in offices and plenum chambers. 

1.  Introduction 

At present, the optical fiber cables for 
indoor use have been used in a wide range, for 
example LAN, data link, telephone and computer 
networks. Considering only LAN use for instance, 
various optical fiber cables have been developed 
in accordance with their use in environments and 
places, but, there are problems involved such as 
the cables having poor versatility in uses and 
their handling such as jointing being compli- 
cated. Places for the cable are largely classi- 
fied into two categories, office and plenum area. 
The plenum area means where ventilation is ef- 
fected, and includes spaces over ceiling and below 
'loor and inside walls. For these areas, it is 
very important for the safety against fire, for 
which the dispersion of smoke was in many cases 
avoided by setting cables in metal conduit or by 
sealing cables by metal sheath. However, because 
these methods require more time and cost for the 
installations, it developed a tendency for the 
composite materials of the cable themselves to be 
changed to those of inflammable and low smoke 
natures such as fluoropolymer. However, the 
fluoropolymer has poor workability and large con- 
traction in low temperature, and the problem is to 
control these adversities. When the optical fiber 
cable is used within office, the manageabilities 

such as flexibility and small diameter are impor- 
tant factors. Although small cable diameter is 
required in plenums in most cases with narrow 
spaces, making smaller diameter has its limit in 
respect to protection against external mechanical 
forces such as impact and compression, and it has 
been the important point for how much this smaller 
diameter could be achieved. This time we have 
developed the indoor optical fiber cable for LAN 
with versatile utilities in whole indoor areas. 
In this paper, the; design and characteristics of 
the newly developed optical fiber cable are de- 
scribed. 

1.    Cable Design 

Cable structure and fiber's planning particu- 
lars are given below: 

2.1  Fiber Structure 

Structural elements of 2 types of fiber are 
indicated in Table 1. The type I is the structure 
used for this cable and the type II is the one in 
standard use in Japan for the public communica- 
tions. In respect of the optical fiber for LAN, 
it should be beneficial to have larger refractive 
index difference in order to minimize losses in 
bending, coupling, splicing and connecting. 
Larger core diameter is also preferable from the 
view point of coupling and connecting.  In addi- 
tion to above, in consideration of transmission 
capacity and fiber cost, the structural parameter 
of the type I was largely set as core diameter 
62.Sum and Numerical Aperture (NA) 0.29 and re- 
fractive index profile was made of graded type. 
In consideration of smaller diameter cable and 
manageability of fiber splicing, coating of 
the fibers was made by a tight buffer structure 
with buffer layer of 0.4mm outer diameter silicone 
resin and outer jacket of 0.7mm outer diameter. 
For purpose of low smoke, the outer jacket was 
made of ETFE (ethylene-tetrafluoroethylene). 

2.2 Cable Structure 

For designing indoor optical fiber cable, 
consideration shall be paid to the following 
points, namely, (a) manageability, (b) reliability. 

.--. J 
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(c) versatility, and (d) safety against fire. In 
particular for selection of its structure, con- 
siderations must be paid to smaller diameter, 
flexibility, protection against lateral external 
force and thermal property. Table 2  indicates 
results of comparative evaluations of various 
smaller diameter cables. The core configurations 
of cord type, twisted core type and spacer type''' 
are based on high strength fiber with high Young's 
modulus (Kevlar for instance), rod (FRP or steel 
wire) and grooved spacer including the rod, respec- 
tively. Cord type and twisted core type are 
suitable for making the cable diameter smaller, 
however, no efficient for protection against 
lateral external forces, which by increment of 
protective layer, lose smallness of diameter. On 
the rther hand, the spacer type has better per- 
formances than other types on the whole. By the 
reason as stated above, spacer structure was used 
for this cable. Further, the problems of worka- 
bility and thermal property accompanied with use 
of flurorpolymer are solved by spacer structure 
and smaller diameter. Strength member at the core 
was made of twisted steel wires in consideration 
of the flexibility of the cable. In Fig. 1, 
structures of the optical fiber cable (type A) 
developed this time and of the optical fiber cable 
for non-plenum (type B) using materials similar to 
conventional indoor optical fiber cable for com- 
parison of characteristics are indicated. For the 
type A, 2  optical fibers coated with ETFE are 
housed in each groove of FEP (fluorinated ethylene- 
propylene) spacer which is capable of housing up 
to 4 fibers, and its outer circumference is wound 
by polyimed tape and outer sheath of 0.5mm thick 
FEP is given with an outer diameter of 4mm. For 
the type B, 2 fibers of nylon coating are housed 
in spacer of HOPE with its outer circumference 
wound by PET (polyester) tape and outer sheath of 
ü.7bmm thick PVC (polyvinyl-chloride) is given with 
4.5mm outer diameter. Photograph 1 indicates 
appearance of the type A. 

Table 1 Fiber Structure 

Type I II 

Glass 
fiber 

Core dia. (um) d.b 50 

Outer dia. (um) 125 125 

NA 0.29 0.20 

Buffer coating 
Silicone resin 
0.4mm O.D. 

Outer coating ETFE 
0.7mm O.D. 

Nylon 
0.9mm O.D. 

• .■ 

■    ■-.■ 

Photo 1  Outside view of plenum small diameter 
optical fiber cable 

Table 2 Comparison of cable structure with small diameter 

'  ~--~~~Type 
Item       —~_. 

Cord type Stranded core type Grooved spacer type 

Cross section 

Outer sheath 

\« .^^"""^ Kevlar' 

^.Outer sheath 

/ /""T^OV—Cushion 

I V^^TT--Optical 
X^-^C/  fiber 

Strength member 

Outer sheath 

LJj^wj m ''"ber 

X^^''^—Op t i c a 1 
fiber 

Small-diameter A A B 

Flexibility 

Anti-kink 

A 

C 

B 

A 

A 

A 

Anti-lateral force ß 

c 
B A 

Thermal property A A 

Total quality B B A 

'■■•-' 

A: Excellent  B: Good C:    Poor 
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O.D. 4mm 
weight 24g/[H 

Outer sheath 
FEP) 

Winding tape 
(polyimide) 

Grouved spacer 
(FEP) 

Strength member 
Stranded steel cord] 

ETFE coated optical fiber 

Type A (for plenum) 

Outer sheath 
(PVC) 

-Winding tape 
(Polyester) 

Grooved spacer 
(HOPE) 

ylon coated optical fiber 
O.D. 4.5traii 
weight 20g/m 

(b) Type B (for nonplenum) 

Fig. 1 Cable structure 

Table 3 Test method and objective property 

Item 

Flexibi1ity 

Flexure 

Test method Objective 

sample length        : 30cm, 20cm, 10cm 
weight : 0-(10gf step)  , 
hold time at each weight: 1 minutes     fix   w 

m* 1 displacement of free 
iend      x  > 10cm/100gf 
at 30cm-long sample 

mandrel dia. 
bending number 

weight 

2q|nm 
10,000 timei jj 
(30cycle/min)    mandrel 
5kgf 

i no breaking 
| at 1000 times of 

able   'bending 

Bending mandrel dia. 
bending angle 

80,40,30,20,10mm 
360 x 5 degrees 

,TinTIy£j?andrel   no loss  increase 
UMllf-J I at the bending 

''"cable diameter of 80mm 

Tensile ] sample length :    3m 
strength , measuring length :    2m 

I hold time at each load    :     1 min. 

cable 

(•• 3m i 
■^ 2mK 

breaking load > 40kgf 

Compression plate  length 
compressive load 

100mm metal      oj 
:    Ö""i,000kgf      Plate^5: 

(50kgf step) 

'no breaking 

\ ble 

Impact mandrel dia. 
inpact energy 

interval   length 
of drop point 

2bmm^ 
15cm x 

mandrel 

.5kgf 

1cm (SOdrop 
times) 

I 15cm 

ami \ 
metal  cable 

plate 

no breaking 

Temperature       cable condition 

fiber  length 
;  temperature range 

wound on aluminam reel 
(winding dia. 250mm) 
1m 
150oC~-50oC 

loss  increase 
AC < O.ldB/km 

at -40oC-+80oC 

Heat cable condition 

fiber  length 
temperature 

hunged and   bundled 
in coiled condition 
500m 
200°C x  170 hrs Cable- 

hanger 
Aa<O.ldB/km 
after 1 huur 

(VW-1 temperature of the 
tip of flame 

combustion time 

8360C or higher 

15 seconds x 5 times 

to pass the spec, 
of VW-1 

■    (IEEE-383) temperature :    8160C or higher 
,(75mm apart from the burner) 

  combustion time :    20 minuses 

to pass the spec, 
of  IEEE-383 
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3.    Characteristics 

Table 3 indicates testing methods for various 
tests for mechanical characteristics,  heat and 
fire,  and their  target values.    Measurement of 
transmission loss was made with LED light source 
of 0.85um wavelength. 

j.l    Mechanical   Characteristics 

(1)    Flexibility 

Fig.  2  indicates flexibility of this cable 
(type A).    Displacement of each  load from initial 
position on the free end of the cable is the value 
obtained when the cable is set horizontally with 
its free end weighted and kept for 1 minute.    For 
small  sample of  10cm, it has displacement of 6cm 
for 100 gf   load,  which proves that it has suf- 
ficient f lexibility. 

icates transmission loss  increase 
is wound around a mandrel   for 5 
diameters when the transmission 

0.1 dB were found to be as small  as 
or type A and type B respectively, 
the type A's characteristics being 
different from the type B is that 
the type A  is narrower than the 
or the type B, depth and width of 

9mm, while for the type A,  it  is 
movability of fibers are restricted 

(2) Bending 

Fig. 3 ind 
when the cable 
turns. Bending 
loss increases 
20mm and 10mm f 
The reason for 
to some extend 
the groove for 
type B, where f 
the groove is O 
0.8mm, and the 
by the grooves. 

(3) Flexure 

Fig. 4 indicates fluctuation characteristics 
of transmission loss as the resuli of repeated 
bending tests.  It shows that significant loss 
fluctuation is almost nil for both type A and 
type 8, and that there was no breakage of fiber 
observed after bendings for 10,000 times. 

Sample length 
= 30cm 

weight (9) 

Fig. 2 Flexibility property 

(4) Tensile Strength 

Fig. 5 indicates elongation as the result of 
tensile strength test. Loads for 0.5% elongation 
and breakage were same for the type A and the 
type B, which were 40Kgf and 80Kgf respectively. 
Fluctuation in transmission loss was almost not 
observed up till just before the breakage. 

(5) Compression 

Fig. 6 shows transmission loss fluctuation at 
pressure test using pressure board of 100mm 
length. The indicated value was less than 0.2dB 
under lOOOKgf load for both type A and type B and 
residual transmission loss was not observed after 
the load was removed. 

(6) Impact 

Fig. 7 indicates transmission loss fluctua- 
tion at impact test to side of metal column of 
25mm diameter, where the value indicated was less 
than 0.05dB for both type A and type B with im- 
pacts of 50 times. The reason why the type B is 
to some extent stabler than the type A is the 
larger effect of cushioninn against impact as the 
results of thicker outer sheath and larger groove. 

Act 

(dB) 

lo-i 

10 -2 

lO"3 

80   70  60  50 40  30  20  10 

bending diameter (mm) 

Fig. 3 Bending property 
Ac 

(dB) 

+ 0.1 

-0. 

.^^ 8 -g  
Type B 

Type A 

2 4 6 8 10 

bending time  (xlOOO) 

Fig.  4    Flexure property 
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.0 

Type r/^ 

Type A 

80 20 "   40    60 

tension (kg) 

Fig. 5 Tensile strength property 

100 

Aa 
(dB) 
0.2 

0.1 

0 

Type A 

-41—^ 
2     4     6     8 

weight  (xlOOkq) 

Fig. 6 Compression property 

10  0 

Aa 
(dß) 
0.2 

0.1 

Type A 

Type B 

0    10     20     30    40    50 

impact time 

Fig. 7 Impact property 

3.2 Thermal Characteristics 

(I) Temperature 

Fig. 8 indicates transmission loss fluctua- 
tion for the optical fiber cable (type A) at 
-50oC~+150oC temperatur here the loss in- 
crease was about O.ldB, it -50oC~+150oC range. 
For -50°C~+100oC, it was quite stable. The tem- 
perature at using environment is in -40oC~+80oC, 
which poses no problem. 

(2) Heat 

Fig. 9 shows the changes in transmission loss 
wavelength characteristics when this cable (type 
A) is left for 170 hours at 200oC temperature. No 
significant transmission loss increase was observ- 
ed while and after the test was conducted. 

Aa 
(dB/km) 

-50 + 150 0     +50    +100 

temperature (0C) 

Fig. 8 Temperature-t-ansmission loss property 

Aa 
(dß/km) 
5 

Initial  (20oC) 

after  170 hrs x 200oC 

0.8 0.9 1.2 1.3 1.4 1.5 

wavelength (um) 

.6 .7 |.i 

Fig. 9 Loss spectra of cable measured under 
initial conditions (20oC) and 170 
hours later (+200oC) 

3.3 Inflammability 

The following studies were conducted on 
inflamabi1ity when the cable is on fire; 

(1) VW-1 (Vertical Wire) Flame Test 

Photograph 2 indicates burnt conditions of 
the cable just after VW-1 test is commenced for 
type A and after the test is over. Combustion was 
conducted 5 times for 15 seconds, however, the 
fire was self-extinguished within 1 second for 
each time. 

(2) IEEE 383 (Vertical Tray) Flame Test 

Photograph 3 indicates how vertical tray test 
is conducted on type A based on standard of IEEE 
383, and Fig. 10 shows temperature changes with 
time at each place. At a place 30cm distant, the 
temperature was around 150oC. While on fire for 
20 minutes, and no effect of the combustion was 
observed. The damaged cable length was 300mm and 
lingering flame time was 0 second. 

- 
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(a) at the start (b) after five combustions 

Photo ?.      View of the VW-1 flame test before and 
after five 15-second combustions 

10 

2 6 

u 
Q. 
P 

on the tip of flame 

300 mm    . , 
600 mm ^an

h 
frm 

UOOm    the burner 

OOOO oOOOo OOOOO OOOOOo. 

20 

time (min) 

Fig. 10 Temperature property of 
cable under the test of 
IEEE-383 

3.4 Less Smoke 

This cable (type A) is composed of materials 
emitting less smoke and with flameretardancy, and 
being the cable with smaller diameter, few problem 
exist in respect of smoke to be emitted from the 
cable. 

X 

(a) at the start   (b) after ?0-ininutes 
combustions 

Photo 3  Vie of the flame test based on the 
standard of IEEE-383 before and after 
20 minutes combustions 

As aforesaid, this cable is considered to have 
sufficient characteristics necessary in practical 
uses without having problems in respect of mechani- 
cal, thermal and inflammable properties. 

4. Conclusion 

We have designed and produced the optical 
fiber cable with a purpose of developing indoor 
optical fiber cable with versatility for LAN, and 
confirmed by the various evaluation tests that it 
had sufficient performances necessary in its 
partical uses. We expect that this kind of cable 
can contribute to improve workability in instal- 
lation and handling of the indoor optical fiber 
cable for LAN, both in plenum areas of severe 
using environment and within offices where im- 
portance is attached to managebility of the 
cable. 
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Optical Fiber Under-Carpct Cable System 

K. Omae   F. Takahashi   A. Otake   M.Nomura   T. Mishima 

The Furukawa Electric Co., Ltd. 
Tokyo, Japan 

Abstract 
This paper describes a compact and flexible optical fiber 
under-carpet cable system. The under-carpet cable 
contains two fibers which are individually protected in 
Nylon pipe with filling compound. A pair of steel wires 
with larger diameter than coated fiber are also in bedded 
loosely in Nylon extruded pipes and placed at the both 
sides of the fibers. Since all the fibers and steel wires are 
free in pipes, this cable can be easily bent in any 
directions with minimized stress on fiber without loss 
increase. It can be installed and bent under floor tile or 
carpet with minimum bending radius of 50 mm. It also 
allows the lateral pressure of 10000 N/cm2, and impact of 
5 pounds - 5 feet load. The transmission is stable enough 
against temperature change, and transmission loss 
variation is less than 0.1 dB/km in the temperature range 
of - 20 C^+ 60r>C. 
Both ends of this cable are terminated by connectors that 
allows the movement of strength member for easy 
handling and reasonable level of pulling force. 
Connection loss of less than 0.45 dB is achieved. 
Connectors are protected by the protector with thickness 
very close to taht of regular officecarpets. 

1. Introduction 
In the office, cable with smaller size and larger 
information capacity is now required for office 
artomation. Optical fiber cable system satisfies these 
requirements with its superior characteristics. But the 
optical fiber has several demerits, on the other hand. 
One is the weakness for lateral force. In the case that 
the lateral force is imposed on the optical fiber, it causes 
loss increase and breakage of optical fiber finally. The 
other is the difficulty of connection with each fiber. 
Conventional optical fiber cable and its connector are too 
large size be introduced into office. 
We  developed the new type of  the optical   fiber  cable 
system to overcome these problems. 

extended in the future, additional optical fiber under- 
carpet cable will be connected with this flat connector, so 
that route expansion is easily achieved. 

Pair Cord 

Optical Fiber 
Connector yUnder carpet 

1   BtBVl Cable 

<T^FC Type j     Vlat Type/ 
Conntectoij       Connector } 

Floor Desk or wall Desk or wall 

Fig. 1 Constitution of Optical Fiber 
Under-carpet Cable System 

Multi-fiber Cable 

'■■. 

2.  Constitution of the optical fiber under-carpet cable 
system sy 

he optical fiber under-carpet cable system consists of 
the connectorized under-carpet cable protector of 
connector and conectorized termination cable as shown in 
Fig. 1. One example of optical fiber under-carpet system 
configuration is shown in Fig. 2.    If cable route is to be 

Fig. 2 Example of Optical Fiber 
Under-carpet Cable System 

.   .  ■ 
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3. Optical fiber under-carpet cable 
Cable structure is shown in Fig. 3. At the center of this 
cable, two optical fibers are contained in Nylon pipes 
which are filled with oil. This pipe protects the optical 
fiber fron a sudden bend and elongation. The dimension 
of the optical fiber is shown in Table -I. 

PVC sheath Optical fiber with 
silicone rubber 

13.0 

Fig. 3 Structure of Optical Fiber 
Under-carpet Cable 

CD 

2 0.2 

B o.i 

Horizontal Bend 

- 
^^^ 

rr^ 
hi 'boo 1^90   400  MO 

J**  J     Bending Radius, R  | 
.^ i^

N-/     ^ —(mm) j 

s 

0.2 

0.1 

| 
■H 
4J fa 
0 

4J 
1/1 

0.1 fl 

0.2 

„V ■ 

a 

Diameter 

Outer Diameter 125 pm 
Core Diameter 50 pm 
Coat Diamter 400 pm 
Index Difference 1 % 

Tablc-1  Diameter of Gl Fiber 

Fig, 4(a)     Relation Among Loss Increase, 
Horizontal Bending Radius, R 
and Distortion 

Vertical Bend 

At both sides of the optical fibers, two steel wires are 
placed. And these steel wires are contained in Nylon 
pipes. It is very easy to bend this cable in horizontal 
direction. These four pipes are combined by UV curable 
resin. 
This unit is covered with PVC sheath. There is a dent at 
the center of this cable. Both sides of this cable are 
thinner than the center. Therefore, the center of this 
cable is harder to break by lateral force than the sides. 

Characteristics of cable 

I 
Bending Radius,  r (im) 

The characteristics of optical  fiber  under-carpet cable 
are as follows. 
(i) Bend Test 
A loss and distortion are measured.   The test results are 
shown in Fig. 4(a), Fig. 4(b). 
The plus distortion means elongation and minus distortion 
means compression. 
In the case of horizontal bend, actual fiber distortion is 
much smaller than calculated value.   Calculated value is 
derived from  following assumption.    This assumption is 
that optical fiber is fixed at the center of Nylon pipe and 
unmovable. 

Fig. 4(b)      Distortion Between Loss Increase 
and Vertical Bending Radius, r. 

This low distortion is achieved by loose    structure of 
Nylon pipe. 
If there is a sudden bend or distortion at a local place, the 
distortion may be distributed longitudinally. Measured 
distortion is much smaller than calculated value.   This 
difference is caused by this relation. 
In the case of vertical bend, fiber distortion is caused at 
the surface.  At the outer surface, distortion is elongation 

r_-l 

1 
■ 

-■ 
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and at the inner surface distortion is compression, 
total fiber distortion is not detected. 
Actual installation conditions are as follows. 

So 

Horizontal bend 
Vertical bend 

Not less than RH = 250 mm 
Not less than RV = 50 mm 

Horizontal bend condition corresponds to the half size of 
tile carpet. And vertical bend condition corresponds to 
the condition that fiber surface distortion is below 0.15 96. 
At both conditions, this cable has no loss increase and 
there is very small distortion which is below 0.2 %. 

(ii) Impact Test 
Impact test was done by two conditions.   Each condition is 
shows as follows. 

Condition A :   Load 

Times 
Impact Place 
Height 

Condition B :   Load 

Times 
Impact Place 
Height 

1 pound, 3 pound, 
5 pound 
3 times for each 
1 cable 
I feet 

1 pound, 3 pound, 
5pound 
3 times for each 
2 crossed cables 
5 feet 

At the Condition A, this cable endures the impact load. 
There is a small damage at 51b x 5ft and 1 time but no 
loss increase. In the case that cable is covered with 
carpet, there is no damage and no loss increase by 51b x 5 
ft x 3 times. 
At the Condition B, cable sheath is damaged by 51b x 5ft x 
3 times. And loss increase occurs. A steel sheet which is 
0.5 mmT x 10mmw x 20 mmL is used between 2 cables. 
In this case. Condition B is regarded as Condition A. We 
get the same results as Fig. 5(a) in the Condition B. In 
the ease that cable crossing point is covered with carpet, 
there is no loss increase and no damage on cable. 

0.4 

2   0.3 

B 
S  o.i 

-K- 51b x 5ft 
-A- 31b x 5ft 
-o- lib x 5ft 

Times 

Fig. 5(a)     Impact Test on Cable 

0.4 

S   0-3 

Ü.2 

0.1 

-x-51b x 5ft 
-A-31b x 5ft 
-o-11b x 5ft 

Fig. 5(b)     Impact Test on Cable Crossing 
Point 

(iii) Compression Test 
According to 2 following conditions, compression test is 
done by these conditions. 
Condition A :      Compression force on a Cable 
Condition B :      Compression force on two crossed 

cables 
Crossing Point 

At the condition A, there is no loss increase until 
lOOOkg/cm2 force. But at the Condition B, there occurs 
loss increase from 200 kg/cm2 force. Then we introduce 
the steel sheet which was used in impact test. We get 
good improvement of compression test, of which result is 
simlar to Fig. 6(a). If we don't use this steel sheet, the 
compression force is concentrated to steel wire. The 
steel wire has very small size, 0.6 mm^, and crossing 
point of steel wires is very small. So at the condition B, 
steel wires are deformed at the crossing point and optical 
fiber is bent by steel wires. In the case of usage of steel 
sheet, we can prevent the concentration of compression 
force. So we can get the improvement of compression 
test result at Condition B. 

0.3 L 

••: • 

1 

SIO-2 

I 0.1 
Q 

. 

- -" 
V 

Compression force  (kg/an^) 

Fig. 6(a)     Compression Test on Cable 
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m 
1000 2000 

Canpression force    (kg/cm2) 

Fig. 6(b)     Compression Test on 
Cable Crossing Point 

(iv) Temperature Test 
The result of temperature test is shown in Fig. 7. 
Temperature region is from - 20'C to 60'C. Time chart is 
shown. There is no loss increase within this temperature 
region. Sample length is 250 m. And this heat cycle is 
continued to 5 cycles, but no loss increase occurs. 

this system small connector is necessary. 
For future extension, this cable route will be extended by 
connector joint.   Constitution of this flat connector and 
protector is shown in Fig. 8(a) and Fig. 8(b).   Protector is 
made of plastics. 

Fig. 8(a)     Photograph of Flat Connector 

■ 

m 

11H   1211 

Fig. 7 Temperature Test 

4. Connector 'x Protector 
In this cable system, no splicing joint is necessary.  But in 
future, this cable system may extend longer.   We think in 

Fig. 8(b)     Photograph of Covered Flat 
Connector with Protector 

In Fig. 9, the loss distribution of this connector is shown. 
Average loss is 0.45 dB. The structure of this connector 
is shown in Fig. 10. 
This connector is mated by guide rods. The optical fibers 
only are fixed here, so silicone oil which is filled in Nylon 
pipe, doesn't flow out. Two fibers are connected by this 
connector simultaneously. Connector size is 20 mmW % 
35 mmL x 6 mmT. Steel wires of under-carpet cable are 
not fixed in this connector. Because when this cable is 
bent to horizontal direction, the steel wires move. Inner 
wire juts out and outer wire is absorbed. In this connector 
the end of steel wire is stored in steel pipe loosely in 
consideration of this phenomena. And this cable is easy 
to bend to horizontal direction. 
The size of protector is 65 mmW x lOOmmL x 11 mmT. 

■    .1 
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The protector is weaker than the other parts, because it is 
made of plastics. When I pound x 5 feet load is imposed 
on it, it is broken. So this protector shall install below 
the desk and so on. 

"). Optical fiber pair cord with connector 
The termination cable is more flexible than the under- 
carpet cable. This cable consists of 2 optical fiber cords. 
Each size of cord is 3 mm. And 2 cords are extruded 
simultaneously. One side of this cable is terminated by 
FC type connector^, and the other side is terminated by 
flat connector. 

1 0 0 

S 0   - 

i 

x: = 0 .4 5 JB 

(Without    index   aatch) 

0.2     0.4     0.6     0.8     1.0     1.2 
Connecting    Loss     (dB) 

CONNECTING    LOSS 

6. Conclusion 
In consideration of a new office automation, we developed 
the optical fiber under-carpet cable system. We conclude 
that this under-carpet cable system can clear the 
following test conditions. 

Bend Test 

Horizontal direction 
Vertical direction 

Not less than R=250mm 
Not less than R=50mm 

The size of the tile carpet is 500mm x 500mm. 
Therefore, the bend condition of horizontal direction 
is not less than R=250mm. The bending radius of the 
vertical direction is decided in consideration of 
convenience. 

Impact Test 31b x feet 

Fig. 9 Loss Distribution of Connector When a lady steps on this cable by high heeled shoes, 
it is said that the impact is 1.51b x feet. For safty, 
we decide this value as the twice of 1.51b x feet. 

L  % 

Undercarpet  Cable 

as 
i 

■ 

Connector 

A I igniiicnt-holes(0,8i»iii) 

Undercarpet  Cable 

V ibers 
(50/125) >* 

6mm 

_rL 

Bush 
« » 

3 5mm 

Fig. 10        Construction of Multi-Connector 
for Under-Carpet Cable 
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Compression Test     : 120 kg/cm2 

When a lady steps on this cable by high heeled shoes, 
it is said that the compression force is 60 kg/cm2. 
For safty, we decide this value as the twice of 60 
kg/cm2.  This condition is severest, we think. 

Temperature Tost     : o'c V* 50' C 
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OPTIMIZING SHORT DISTANCF FIBER OPTIC LINKS 
A REAL WORLD APPROACH 

David R. Maack and John J. Magera 

EOTec Corpo rat ion 
West Haven, CT 

I. SUMMARY 

A study was done evaluating the 
"real world" performance of short 
distance fiber optic data links coupling 
an LED directly to a detector. Detector 
current was used as a fundamental 
criteria for measuring the effectiveness 
of a particular system consisting of an 
LED, a connector system, a fiber-cable, 
and a detector. The results indicate 
that the most cost effective method to 
increase received power is to increase 
fiber   core   size. 

This study was performed by experi- 
mentally measuring the detector current 
In a fiber optic data link as multiple 
samples of different types of each 
component were interchanged. The results 
were analyzed by statistical methods in 
order to evaluate the effectiveness of 
each   of   the   component    types. 

II.       INTRODUCTION 

increase 
increase 
system. 

in    detector    current    means    an 
in     the     safety     margin     for     a 

This study was undertaken to examine 
the actual performance nf a short 
distance, source to detector data link 
with detector current as the measure of 
system     performance. An    experimental 
methodology was used comprised of 
multiple samples of different types of 
each component. Various combinations 
were assembled and detector current was 
measured. 

-CORE 
CLAD 

BUFFER 
TIGHT TUBE 

KEVLAR- BRAID 
"PVCJACKET 

-- . 

The use of fiber optics in short 
distance data links is increasing rapidly 
as designers and users alike become more 
familiar with this new technology. 
Currently, the industry offers these 
customers a multitude of fibers, cables, 
connectors, sources, and detectors. 
Unfortunately, the available design data 
and component specifications are not 
always easily applied to short distance 
data link design especially when manufac- 
turing tolerances and performance 
variations     must      be     considered. In 
addition, most of this data is based on 
long length or steady state assumptions 
not all of which are valid for a short 
d i st ance    link. 

In the "real world" the optimization 
of a data link must be based on the 
performance of the system as a whole with 
the basic criteria being the ability of 
the receiving end to recognize the 
information. A fundamental measurement 
of this ability is detector current 
because,       all       else      being      egual,       an 

Figure   1.     Cable  Construction 

III.      SAMPLE   PREPARATION 

The sample matrix of components used 
in this study is shown in Table 1. The 
various types nf each component were 
selected to be representative uf those 
products that are generally promoted for 
short distance data links. The total 
number of available products, however, is 
several orders of magnitude greater. 
Also, not all possible combinations of 
this   matrix   were   fabricated  or   tested. 

A total of seven fiber types were 
fabricated into cable and then terminated 
using three different connector systems. 
The same cable construction was used for 
all fiber types because cable construc- 
tion is an environmental design criteria, 
not an optical criteria. The specific 
constructior    used    is   shown    in    Figure   1 

- ■ ••J 
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Table 1, SAMPLE MATRIX 

f 
Component 

F iber 

Designation     Speci ficat ion/Descr ipt ion Manufacture Cost 

Cable 

Connector 

LCD 

Detector 

50 x 125 CSB 
100 x 140 CSB 
100 x 140 type F 
200 micron PCS 
200 micron HCS 
400 micron PCS 
.060 Crofon 

Tight tube 

Resiliant  plastic 
SMA-906 
SMA-SA 

MFOE-1200 
OP-135W 
CFQ 24 

OP-B02W 
UDT  2DP-1 
BP1   24 

I.Odb/taHtU 
5.0db/km;NA 
5.0db/l<m;NA 
6.0db/l<m;NA 
8.5db/km;NA 
6.0db/km;NA 

0.21 
0.28 
0.29 
0.40 
0.35 
0.40 

>   1000db/km;NA ■  0.53 

5mm O.D.;Kevlar braid 

Optimate SFR;1.0db 
Stainless Steel  Nose;1.0db 
Aluminum  Insert  Nose;1.0db 

900uw 3 fl20nm 
6mw & 940nm 
400uw @ 830nm 

NA 9 820nm 
0.45A/W 8 850nm 
0.40A/W I  750nm 

Corning Glass      $  0.23/meter 
Corning Glass 0.55/meter 
Spectran Corp. 0.50/meter 
EOTec Corp. 0.35/meter 
E.B.   Industries 0,50/meter 
EOTec Corp. 1 .50/meter 
Dupont,   Inc. N.A. 

EOTec Corp. N.A. 

AMP,   Inc. $   1.50-4.00 
Amphenol   N.A. 16.00 
OFTI,   Inc. 7.00 

Motorola 11.00 
Optron,   Inc. 1.40 
Amperex 9.80 

[jptron.   Inc. 1.60 
ODT,   Inc. 2.25 
Amperex 7.65 

and    is   an   accepted   design   for   the   office 
and   most   process   control   environments. 

All terminated assemblies were 1 
meter long with the same connectors on 
each end. Assembly tecnnigues were in 
accordance with the manufacturer's 
recommendations and ground and polished 
to a 1 micron finish. Multiple samples 
of   each   LED   and   detector   were   purchased. 

4. Connect    sample   assembly   and   read 
radiometer   in   microamps. 

5. Remove   assembly   and   reverse   ends. 

6. Reconnect   and   remeasure. 

Cable assemblies measured earliei were 
periodially remeasured to verify test 
method   stability   and   repeatability. 

IV, TEST   PROCEDURES 

All measurements were made using the 
test set-up shown in Figure 2, consisting 
of a Keithly Model 225 current source, 
and Optronic Model 730A Radiometer and 
two special mounting fixtures. These 
fixtures were designed so that individual 
LED's and detectors could be inserted 
into various bulkheads which matched the 
sample's connector system. All leads 
were soldered to insure good electrical 
con tact. 

The procedure for all measurements 
was   as   foI 1uws; 

1. Insert LED in proper bulkhead 
and   solder    leads. 

2. Adjust current source for 100 
m i 1 li amps. 

5. Insert detector in proper bulk- 
head   and   solder   leads. 

V.   RESULTS   AND   DISCUSSION 

The results of the testing were 
irranged much that six separate variables 
were identified and analyzed. Multiple 
samples of each component allowed 
standard deviations to be calculated 
which are representative of "real world" 
performance. Each of these- six studies 
are presented in the following tables and 
discussions. Fixed components are those 
that the same sample was used for all 
testing   in   that   study. 

Table   2.   Connector   Material   Study   I. 

The goal of this study was to 
determine the difference between an SMA 
connector with an ;ill stainless steel 
nose      and      an      SMA onnector      with      an 
aluniinum insert in the nose. The other 
components of thif; link were chosen to 
magnify   any   differences,   i.e.,   small   core 
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Kelthly 
Current Source 

Model #225 

Optronlc 
Radiometer 

Model #730A 

Fiber.Under Test 

> 

\ 

\ LED/Detector 
Mounting Fixture 

fiber and a low powered LED. The results 
clearly show that the all stainless 
component produced greater average 
detector current by 0.6 db, however, its 
cost      is      considerably      higher. This 
difference was attributed to the better 
mechanical and dimensional stability of 
stainless steel over aluminum. As other 
parameters of the system are changed such 
that this stability becomes less impor- 
tant, the optical difference these two 
connector constructions should decrease. 
Previous work performed with 100 x 140 
fibers con fi rm this. 

Table   2.      Connector   Material   Study   I. 

Table 3.  Connector Material Study,II. 

Fiber Type Detector Current-Micruamps 

100x140 type F 
200 micron PCS 
400 micron PCS 

Resiliant  Plastic      Aluminum Nose 
Average    Variance Average     Variance 

6.12 
5.30 
B.Bb 

08 5.23 0.76 
25 7.22 1.64 
43 20.67 5.61 

Fixed Components 

LED:   MFOE-1200 
Detector:  UDT 2DP-1 

Connector 
Type 

Material Detector   Current 
Microamps 

Average   Variance 

SMA-9Ü6      All   Stainless     0.084 .001 

SMA-SA        Aluminum   Nose     0.073 .002 

Fixed   Componen t s 

LED:      0P133W 
Detector:   UDT   2DP-1 

Fiber:   50/125   CSB 

Table   3.   CONNECTOR   MATERIAL   STUDY   II. 

In this study, the aluminum nose SMA 
and resiliant plastic connector were 
examined. In order to cover probable 
real world combinations, three fiber 
types with a high power LED were measured 
and compared. The results suggest that 
with the 100 x 140 fiber the plastic 
connectors are superior while for PCS 
fibers, the SMA's are superior. Further 
analysis of the three fiber typas in the 
SMA connector is reasonably consistant 
with theory in that delivered power is 
proportional to the sguare of the core 
diameter   ratio.      This   is   not    true   of   the 
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resilant plastic connectors where all 
three fiber types produce similar values. 
This inconsistency along with the high 
current for the ,00 x 140 fiber is 
probably due to an unrecognized variable. 
Variances are reasonably low, less than 1 
db, and most likely due to a comb in i't ion 
Of connector tolerances and tED toler- 
ances. 

1 able 4.   Assembly Study 

Detector Current-Microamps 

Fiber  typr High Power  LED      low Power  LED 

Average    Variance    Average Variance 

Mlxm-CSB 
1Ü0X140-CSB 
100x140-Type F 
200 micron PCS 
200 micron HCS 
400 micron PCS 

1.11 .01 .07 .002 
2.51 .14 .56 .040 
3.23 .76 .46 .060 
7,22 1 .64 .49 .110 
8.19 .77 1.18 .120 
8.67 5.61 2.57 .810 

F ixfd Componem s 

High Power LEO:   MFnL-1200 
Low Power  LED:   0P139II 

Detector:  UDT 2DP-1 
Connectors:  906-SA 

Tab le   4a. 

Fiber   type Power  Gain   -db 
High   Power     Low   Power 

LED LED 

types. Variance is definitely higher for 
the high power LED's, The relationship 
of the various fiber types supports the 
data   analyzed   from   Table   4, 

Table 5.  LED Study 

Detector Current-Microamps 
MF0E-120D OP-153W 

Fiber   type High Power LED    Low Power LED 

Average Variance Average Variance 

100x140  CSB 3 30 .90 0 35 ,02 
100x140   Type F 2 61 .55 0 44 .05 
200 micron PCS 6 .32 2.18 0 .66 .12 
400 micron PCS 27 .61 7.66 2 28 .07 

Fixed Components 

Detect 
Connect 

All 
)r 
A 

:     001  2DP-1 
: 906-SA 
isemblies 

Table   5a. 

Fiber   type Variance-db 
High  Power             Low   Pow 

100x140   CSP 
100x140   Type   F 
200   micron   PCS 
400   micron   PCS 

1.1                                  0.2 
0,8                               0.2 
1.3                                 0.5 
1.1                                 0.2 

50x125   CSB 
100x140   CSB 
100x140   Type   F 
200   micron   PCS 
200   micron   HCS 
400   micron   PCS 

Table   4. 

5.5 -7,0 
0 0 

1 .1 1,1 
4.6 1,3 
5.1 5,1 
0,6 8,5 

ASSEMBLY   STUOY 

!n this study, the effect of fiber 
types was examined for both ■ high power 
and a low power LED, The results are 
guite consistant with expectation, i,e,, 
a larger core delivers greater power. The 
high power LEO averages about 8 db more 
current, however, it is 8 time si more 
expensive. Variances are atout 1 db 
indicating small performance differences 
between multiple assemblies of the same 
con f igurat ion , 

Table  6,     DETECTOR   PTUDY 

The purpose of this study was to 
examine the variance in detector current 
for different samples of a specific 
detector. Again, both high power and low 
power uED's and five fiber types were 
analyzed. Variance is significantly 
lower than in any of the previous studies 
suggesting a very high uniformity among 
samples of this detector. This is not 
surprising considering the ratio of a 
detector's active area to fiber core 
area. Again, the relative current for 
the various fiber types supports the data 
from   Table   4. 

Table   7. DEVICE   STUDY 

Table   5 LED   STUOY 

The purpose of this study was to 
examine the variance in detector current 
for different samples of a specific LED. 
Both high power and low power devices 
were   analyzed   with    fcur   different    fiber 

This study was done to analyze the 
performance of various matched LED- 
detector combinations with different 
fiber types. All components of these 
links were fixed, i.e., a single sample 
and measurement; conseguently standard 
deviation values were unavailable. 
Initial analysis further confirms the 
results   of   Table   4,      Detector   current    is 

•V 
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Fiber  typp 

Table 6.  Detector Study 

Detector Current-Microamps 
Detector UDT 2DP-1 
High Power L^D        LOW Power LED 

Average Variance Average Variance 

100x140 CSB 1.83 .07 0.28 .02 
100x140  Type F 2.45 .03 0.36 .03 
200 mi rron PCS A. 79 .26 0.57 .18 
200 micron HCS 5.28 .17 0.76 .05 
400 micron PCS 23.34 .63 1.90 .11 

Fi<ed Components 

Connector:   906   SA 
High Power LED:  MF0F-1200 

Low Power LED:  ÜP-133W 
All Assemblies 

Table   6a. 

Variance -db 
igh   Power L JW Power 

0.1 0.2 
0.1 0.3 
0.2 1 .1 
0.1 0.2 
0.1 0.2 

Fiber   type 

100x140   CSB 
100x140   Type   F 
200   micron   PCS 
200   micrnn   HCS 
400  micron   PCS 

approximately   proportional    to   the   sguare 
of   the   fiber   core   diameter   ratio. 

further analysis shows that detector 
current is significantly influenced by 
LED-detector combination. The following 
cnmmen t 5   app ly. 

1. The high power LED produces a 
higher   detector   current. 

2. Different detectors have very 
measurable   differences   in   sensitivity. 

3. The gain produced by a high power 
LED vs. a low power LED is dependent on 
the   detector   t ype. 

One of the more important conclusion of 
the data from Table 7. is the role of the 
detector. As expected, a more expensive 
detector gives better performance. 
Unexpected, is that this performance gain 
is    dependant    on    LED    power. A    better 
detector helps a low powered LED system 
better   tnan    a   high   powered   1 ED   system. 

VI.      CONCLUSIONS 

The results of this study clearly 
suggest that optimization of short data 
links for LAN's, process control, and 
sensor applications reguires a system 
approach with an understanding of the 
"real world" contribution of each 
component. This     understanding     must 
include not only the performance varia- 
tions, but the relative importance or 
weighted value of each component. Some 
have a much greater cost effectiveness 
t han   others. 

The purpos? of this work was to 
examine the performance of each component 
in a fiber optic link consisting of an 
LED, a detector, a fiber, and a connector 
system. The following general guidelines 
and   conclusions   apply. 

1. Fiber: Fiber core diameter is the 
most cost effective way to increase 
detector current. In systems reguiring 
high bendwidth a graded index fiber is 
necessary. The results of this study 
clearly show that 100 x 140 fiber gives 
substantially better optical performance 
than the 5 0 x 125 fiber at about twice 
the     cost. System    optimization     will 
depend on the maximum link length and the 
total    quantity   of   fiber   required. 

Table   7.      Device   Study 

Fiber   Type Detector Current   - Mi croamps 

LED MFOE-1200 MF0E-12Ü0 OP-133W OP-153W CQF24 
Detector UDT   2DP-1 0P-802W OP-802W UDT   2DP-1 BPF24 

50/125   CSB 1.15 0.2 5 0.009 0.0H ,003 
100/140   CSB 2.41 0.76 0.054 0.58 0.12 
200   micron   PCS 8.90 2.74 0.068 U.S9 0.57 
400   micron   PCS 36.60 1 .97 0.46 5.55 .70 
.60   Crofon» 8.37 56.40 2.21 4.84 .15 

Connector:   906   SA (•   Resiliant   Plastic) 

Fixed   Components:    All 
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In systems operating at lower 
bandwidths, the 200 micron core step- 
index PCS fiber offers improved optical 
performance at a substantial cost 
reduction especially since termination 
problems have been resolved.*' An addi- 
tional advantage of the larger core 
fibers is their improved performance when 
using the 1 o., e r cost LED's and connec- 

tors. 

2, Detector: The sensitivity of the 
detector is a very crucial consideration. 
A small increase in cost can substan- 
tially increase detector current and the 
performance of the system. System 
optimization will usually favor a 
reasonably   high   quality   detector. 

3. LED: As the power output of the LED 
is increased, both the detector current 
and the system cost increase. In 
general, high power LED's are 8 to 10 
times the performance, but also are 8 to 
1(1 times the cost of low power devices. 
System optimization will usually favor 
the lowest cost LED that will give an 
adequate   safety   margin. 

4. Connectors: The termination system 
has a secondary effect on detector 
current as compared to the other compon- 
ents. Although better and more expensive 
connectors resulted in increased perfor- 
mance, their cost is hard to justify. The 
optical selection should be based on 
mechanical   and   environmental   needs. 

The design of a specific fiber optic 
link reguires a lot of considerations 
which include mechanical, environmental, 
and electronic parameters in addition to 
the optical. Cost effective optimization 
is best accomplished through a systems 
approach based on the "real world" 
performance   and   interaction   of   each   part. 

1. D    R.    Maack,    J.    J.    Magera,    "A    Real 
World   Approach   to   Plastic   Clad   Silica 
fiber      Termination",      SPIE      Proceedings 
Volume   479,   Arlington,   Virginia   (1984). 

2. D.R. Maack, J. J. Magera, "Termination 
of Plastic Clad Silica", 50th Interna- 
tional Wire and Cable Symposium, Cherry 
Hill,   NJ   (Nov.   1981). 

3. R. Cooper, "Fiber Optic Connector 
Splice Loss Measurements: The Laboratory 
vs. The Real World", FOC West, San 
Francisco,   CA   (Sept.   1981). 

4. A. Z. Moss, J. H. Aumiller, 3. 
Uradnisheck, "In-The-Field Connections 
With Fiber Optic Cables", 28th Interna- 
tional   Wire   and   Cable   Symposium,    Cherry 
Hill,    NJ   (Nov .    1979). 

b , R. L. Warkentine, "Termination 
Technique for Plastic-Clad Fused Silica 
Fiber Optic Cables", First Fiber Optics 
and Communications Exposition, Chicago, 
IL    (Sept.    1978). 

6. J. F. Dalqleish, "A Review of Optical 
Fiber Connection Technology", 25th 
International Wire and Cable Symposium, 
Cherry   Hill,   NJ   (Nov.    1976) . 

7. Military Standard, "Fiber Optic Test 
Methods and Instrumentation", DOD-STD- 
1678,    Method   6'JIO,   Method   8040. 

Mr.      Magera     is     Quality     Assurance 
Manager      at      EOTec      Corporation. He 
received his B.S. degree in Electrical 
Engineering from Bridgeport Engineering 
Institute in 1979. He is also a graä-jate 
of the U.S. Naval "Class A" School in 
Electronics. He has extensive experience 
in mechanical strength testing, optical 
fiber characterization, and physical 
properties measurement techniques. Prior 
to joining EOTec, Mr. Magera was with 
Exxon   Ent erpr ises. 

Mr.       Maack       is      Director 
Engineering    at    EOTec    Corporation, 
received   concurrently   a   B.S.    degree 
Nuclear    Science    and    a    B.S.     degree 
Physics from       Lowell        Technological 
Institute in 1969, and a Masters in 
Business Administration from the Univer- 
sity of New Haven in 1982. At present, he 
is pursuing his doctorate. His fiber 
optic experience began at Times Wire and 
Cable and continued at Galileo Electro 
Optics in 1977 through 1980 when he 
joined   EOTec. 

o f 

Hi- 
in 
i (i 

^ 

•v 

356   International Wire & Cable Symposium Proceedings 1984 

■fete 

- -'-■-   V 
^1 

...-.•      •  -.. -. •. ••- -.  . 
■-• --•.-,■ 

■ -  -- * -  ' - 



I J « I mm . » - • ■ I ■ > ■ ^. ■ I. ^.I ^1 '.^ 
1". •' 'J' \  ^ 

DESIGN OF CUSTOMER PREMISES FIBER OPTIC CABLES 

J. T. Loadholt 
T. M. Williamson 

AT&T Bell Laboratories 
Norcross, Georgia  30071 
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INTRODUCTION 

Many proposals for fiber optic local 
area networks and wideband customer- 
premises systems are being advertised 
and described in the literature.  These 
early entry systems are being assembled 
with hardware which is not necessarily 
optimized for building applications. 
The indoor environment is in some ways 
(e.g., temperature variations) less 
severe than the outside plant.  How- 
ever, the cable distribution facilities 
in commercial buildings demand cable 
designs that are mechanically robust 
but at the same time easy to install 
and terminate. 

The unique characteristics of the 
building environment directly influence 
the selection of fiber, materials, and 
mechanical performance cri eria for the 
cables.  Considerable mechanical analy- 
sis is required to design fiber optic 
building cables to withstand the in- 
stallation and service conditions com- 
mon to customer premises.  This paper 

ENVIRONMENT 

The building cable environment is the 
traditional customer premises where an 
extensive family of metallic cables now 
exists.  The customer premises ranges 
from small businesses occupying a few 
floors to large businesses in multi- 
floor buildings.  The campus environ- 
ment, in which the customer has several 
buildings separated by distances up to 
several kilometers, is also an expected 
application.  Each application will 
have its own specific cabling needs 
which are a direct function of the size 
of the system and the available cable 
distribution facilities.  In short, the 
lightguide cable must go into conduits, 
ducts, and plenums as would any other 
communications cable.  This environment 
sets many of the physical requirements 
for the cables. 

A first step in building cable design 
is to quantify specific requirements 
dictated by the environment and relate 
those to the properties cf cabled 
fiber.  Pulling loads anc bend radii 
are particularly important and are 
derived from the physical characteris- 
tics of the building.  There are three 
distinct categories of cable routing 
facilities to consider:  underfloor, 
ceiling, and riser. Table I lists the 
types of facilities that commonly occur 
in each category.  Large buildings may 
have hybrid facilities involving sev- 
eral of these systems. Table I in- 
cludes apparatus closets as a category. 
Though not a routing system, these 
closets are an important consideration 
in cable handling since they provide 
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TABLE I 

BUILDING ENVIRONMENT 

• UNDERFLOOR 

• Cellular 
• Conduit 
o  Duct 
» Raised 

• CEILING 

• Conduit 
• Plenum 

• RISER 

• Conduit 
• Open 

• APPARATUS CLOSETS 

• Undecfloor Access 
• Ceiling Access 

access to the cable distribution sys- 
tem.  Here, cable design must be com- 
patible with interconnection apparatus 
designs. 

Conduit is a very controlled environ- 
ment for cable and is commonly used in 
floors and ceilings.  Most conduit for 
communications purposes is either 2" or 
4" in diameter.  The standard bend 
radius for 90° turns in 2" conduit is a 
very comfortable 9".  Even if 1" con- 
duit is considered, 90° elbows have a 
generous 5.75" radius.  The risk of 
failure at a bend can be determined as 
a function of bend radius, fiber char- 
acteristics, and cable structu'e.  For 
example, the duplex cable structure of 
Figure 1 is commonly used in optical 
datalinks in building systems and may 
be pulled through conduit.  When the 
cable ir bent, its oval shape insures 
that the fibers will assume the most 
favorable orientation (least-stressed), 
meaning the minimum allowable bend 
radius for the cable is that for an 
individual fiber.  The maximum bending 
stress aj, in the fiber resulting from 
a bend radius R is defined by 

Er 

where E is Young's modulus for glass 
(107 psi) and rf is the fiber radius. 
For a 125 micron diameter fiber proof- 
tested at 50 kpsi, the bending radius 
at which the maximum fiber stress 
equals the proof test level is 0.5 in. 
Thus, a short-term minimum bend radius 
of one-half inch is a conservative but 
reasonable recommendation for the 

duplex cable.  A real concern in cable 
design is that for some of the other 

is no mechanism for 
in the access area or at 

turns.  Cables must withstand applied 
point loads at access points in addi- 
tion to the pulling loads. 

systems, there 
radius control 

DUPLEX  CABLE IN BENDING 

FIGURE 1 

FIBER STRENGTH AND STATIC FATIGUE 

Fiber strength strongly influences the 
cable design needed to meet installa- 
tion requirements.  As a guarantee for 
minimum strength, fibers are proof- 
tested prior to cabling.  The proof- 
test level is selected based on ex- 
pected loads during cable manufactur- 
ing, installation, and service and on 
the cable structure to be used. 

Static fatigue is time-dependent fail- 
ure induced by subcritical* residual 
stresses on the fibers.  The time-to- 
failure is very much affected by the 
residual stress level, initial surface 
flaw size distribution, proof-test 
level, and environmental conditions, 
i.e., moisture (1) and temperature (2). 
Residual loading on the cable usually 
exists after installation.  In conduit, 
for example, the cable remains in ten- 
sion as shown in Figure 2 after an 
ideal straight run.  The stress is 
maximum at the center and decreases 
linearly to the end of the conduit. 
Residual stress is present in bends 
even in the absence of tensile loading, 
and the stress level is affected by the 
bend radius.  Practical installations 
will vary greatly, with several bends 
at arbitrary spacings and possibly with 
other cables present.  The presence of 
bends can significantly influence the 
cable pulling loads.  After installa- 
tion in conduit or ducts, the cable 
will be subjected to a superposition of 
tensile and bending stresses.  Static 

*A stress below the fracture strength 
of the fiber. 
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IN  CONDUIT 

FIGURE 2 

fatigue   analysis  of   coated   fused   silica 
fibers   subjected   to   uniform   uniaxial 
tension   and   localized   bending   is  well 
documented.   (3-6)     However,   building 
applications  are   requiring   that   analy- 
sis   be   extended   to   include  different 
loading   combinations   as   seen   in   con- 
duit. 

Another   loading  condition  of   particular 
interest   in  customer   premises   is   a 
cable   hanging   vertically   in  a   riser 
shaft.      In   this   case   the   long   term 
loading   is  due   to  the  weight  of   the 
cable.     In   less   than   ideal   cases,   such 
as   puljing  a  cable   into  a  crowded   riser 
shaft,   additional   tensile   loading   may 
also  occur.     The   following  discussion 
summarizes   results  obtained   for   uniform 
uniaxial   tension  and   localized   bending. 
Results  of   static   fatigue   analyses   for 
hanging   loads  are   then   introduced   and 
compared   to  those  of   the  other   stress 
distributions. 
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where   in and   o0  are  Weibull   shape   and 
scale   parameters  and   are   strong   func- 
tions  of  gauge   length  L.(7)     The 
stressed   volume   is   represented   by  V  = 
nrj   L.     The   risk  has  a  positive   nonzero 
value   if   the  stress   field   lies  within 
the   tensile  strength   range  of   the 
fiber.     The  corresponding   probability 
of   failure   Fj-   is  given  by 

In   In   [1 •1 =  m   In   o       +   k (3) 

where   k  =   In   (o. "VI The   values   for   m 
and   k   from  Figure   3  are   1.86   and   -14.0, 
respectively.     From   the  models  of   crack 
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growth,   the  probability  of   failure   at 
time   tf  due   to  a  subcritical   uniform 
stress   o     is  given   by 

In   In   (1 i-l 

m 
n- 

t; 

In  t, 

mn 
n- In   o     + 

■In  B     +  k (4) 

where B is a constant that is a func- 
tion of moisture level, geometric pro- 
file of the flaw, and critical stress 
intensity. 

Bending Stress 

«ENDING  STRESS 
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FIBER  IN  PURE  BENDING 

When a fiber 
distribution 
outer surface 
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i-1 

is bent, a tensile stress 
0jb is introduced on the 
as depicted in Figure 5. 

tress is nonuniform around 
and is linear with ra- 

the largest surface flaw 
ssarily limit the 
e risk of failure 1^ and 
probability of failure 

0° bend can be expressed 

Pi I« 
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where pi is a 
factor account 
lower half of 
is in compress 
contribute to 
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b 

stressed volume reduction 
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the fiber cross-section 
ion and, thus, AM* not 
flaw growth. (5)(6) 
e worst cose that the 
nding stress a^  from Eqn. 
over the periphery, the 
failure Fb at time tf 

Inln  1 - F 
■1 

b 
mn  , 
n-2    b 

m 
n-2 tint, - InB| + lnp1 + k (7) 

For the example of duplex cable in 
bending discussed previously, the re- 
sults of reference 5 indicate that a 
long-term minimum bend radius of 1.5 
inches will provide a failure prob- 
abiltiy of less than 1 in 10,000 in 40 
years. 
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situation  of   Figur.;   2).     The   fiber 
cross-section   is   stressed   uniformly   at 
any  point   x   (0<x<L),   but   the  surface 
stress   is   not   constant   along   the   fiber 
length.     Thus,   once   again,   the  critical 
surface   flaw   is   not   necessarily   the 
largest   flaw.     By  preliminary  analyses 
(8),   the  risk  of   failure   1^  for  a 
hanging   fiber   is 
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The corresponding expression for fail- 
ure probability Fh is given by 

>-1 lnln(l-P. = mlnoIh + k-ln(m+1)  (9) 

For static fatigue concerns, a worst 
case assumption that the applied stress 
is uniform along the length can be 
made.  The resulting static fatigue 
failure probability Fh at time t^ for a 
hanging fiber subjected to oh can be 
expressed as 

Inln (1 

Int, 

■1 

h 

InB 

mn 
n 

Ino, 

In (m+1 i t- k (10) 

Granted, this analysis is based >n the 
weight of bare fiber, which, in a prac- 
tical sense, would not be that signifi- 
cant.  However, problems can occur if 
other cable components were coupled to 
the fibers, thereby introducing addi- 
tional stresses. 

COMPARISON OF STRENGTH DISTRIBUTIONS 

As a measure for determining the most 
serious loading condition, the nonuni- 
form fiber strengths 0jb and Oj^  can 
be compared directly with the standard 
uniform tensile strength Oj^ using the 
expressions for risk of failure.  For 
equal probability of failure in bending 
and uniform tension (lu. = 1^'' a 

strength ratio can be defined by (5) 

'it 

•1/m 
(ID 

Likewise, comparing hanging and uniform 
tensile strengths (Ih=If), the strength 
ratio becomos 

-  (JT1 m+T 
•1/m (12) 

The parameter m is typically greater 
than one, so a three-way comparison fot 
equal failure probability yields that 
uniform tension is the worst case, 
followed by hanging and bending, re- 
spectively.  Figure 7 illustrates thr 
failure versus load distributions for 
all three loading conditions.  Long 
term failure probabilities can also be 
compared using the static fatigue 
analyses;  Figure 8 illustrates such 
comparisons for a 40 year lifetime. 
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Using these analyses, both cable design 
and cable performance requirements can 
be derived.  Three types of loads can 
be defined which account for acceptable 
stjtic fatigue criteria for cable in- 
stallation and service.  First, rated 
tensile load (RTL) produces the fiber 
proof strain on the cable when it is 
loaded in uniform tension.  The RTL can 
be viewed as the maximum instantaneous 
load that can be applied to the cable 
with zero probability of fiber failure 
and is not to be confused with cable 
breaking strength.  Second, the in- 
stallation load is defined as the maxi- 
mum load that can be sustained for the 
duration of the installation pull with 
acceptable risk of failure.  A typical 
time might be 30 minutes.  Third, re- 
sidual load is defined as the load 
which can be sustained for the duration 
of service life, 10 years or longer, 
again with acceptable risk of failure. 
With the analyses above, the special 
conditions encountered in a building 
can be dealt with as extensions of 
these basic definitions, keeping risk 
of failure constant. 

■ 
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An illustrative example of the use of 
these analyses is shown in Figure 9. 
In this situation a cable exits from an 
interconnection cabinet in an apparatus 
closet on floor M, is formed into a 
s ..ack/restraining loop of radius R, and 
then drops a distance L (unsupported) 
vertically down the riser shaft.  (An 
alternative scenario omits the cable 
loop and simply secures and guides the 
cable around a 90° bend of radius R) . 
The loading situation in the unsup- 
ported length of cable corresponds to 
that of Figure 6.  At point A the ver- 
tical loading is superimposed on the 

ITflCU  lUHOlNO  CONMOUIAttON 

HGUBf   9 

bending load due to the radius R.  As 
the cable traverses the loop, the axial 
cable load due to the hanging weight of 
the unsupported length L decays expo- 
nentially (due to the "capstan" effect) 
so that the horizontal section of cable 
is essentially unloaded.  Clearly, the 
highest stress situation is at point 
A. 

Several practical questions now arise. 
For example, what should the minimum 
loop radius R be? How long an unsup- 
ported length L is allowable? Ob- 
viously, the two parameters R and r, are 
dependent upon one another.  The an- 
swers to the above questions are func- 
tions of cable weight per unit length, 
cable construction, design lifetime, 
temperature/humidity conditions, and 
allowable risk of failure.  With this 
information and the analyses presented, 
one can determine which, if either, 
loading condition is dominant and make 
suitable tradeoffs between R and L. 

BUILDING CABLE DESIGN AND REQUIREMENTS 

As indicated above, the cable design 
must preserve the optical performance 
of the fiber in a variety of physical 
situationr..  Several design guidelines 
can be identified as a result of the 
preceding discussions.  The following 
sections present these guidelines in a 
manner to illustrate the cable design 
process. 

Fiber Selection 

The choice of fiber for use in customer 
premises applications is, of course, 
dependent on many system considera- 
tions.  The characteristics of the 
fiber have a substantial impact on 
cable design.  Hence, the fiber selec- 
tion process must consider mechanical 
as well as optical parameters.  Refer- 
ence (9) describes a fiber optimization 
study for telephone loop applications 
which arrived at a recommendation for 
62.5/125 micron (core/cladding dia- 
meters) fiber for operation with 1300 
nm wavelength LED sources.  The study 
considered a number of parameters in- 
cluding intrinsic and extrinsic losses, 
bandwidth, microbending sensitivity, 
and coupling efficiency to LED sources. 
The latter two considerations are very 
important for intrabuilding networks, 
thus making the 62.5/125 micron fiber 
attractive as a standard offering for 
these applications.  Since this fiber 
has suitable performance over many 
kilometers, its use is also advanta- 
geous for campus systems.  Fiber micro- 
bending sensitivity is significant as a 
key determinant Of both system perfor- 
mance and cable design. 

Material Selection 

Material selection similarly requires 
special considerations.  All building 
cables should be fire retardant; cables 
used in certain applications must meet 
specific flame tests.  For example, 
cables going into risers must meet 
flame spread criteria; in addition, 
cables in plenums must have very 
limited smoke production.  Such consi- 
derations must be factored into the 
physical design of the cable and will 
limit the candidate materials for buf- 
fering and jacketing.  PVC is the most 
common fire retardant insulation and 
jacket material used in copper building 
cables, while fluoropolymers are used 
as jackets for plenum cables. 

Besides the fire retardancy limitations 
on material selection, there are con- 
straints on mechanical properties as 
well.  The combinations of moduli and 
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The stranding lay length of the fibers 
and strength member is important for 
both optical and mechanical purposes. 
Stranded fibers are permanently bent, 
affecting loss and residual bending 
strain.  Moreover, when a uniform ten- 
sile load is applied, a twisting moment 
is generated, and there is diametric 
contraction of the core. (10) The lay 
length of the strength member would 
also determine the degree of contrac- 
tion.  In terms of overall cable bend- 
ing properties, a short fiber lay 
length would provide more flexibility 
but at the risk of higher longitudinal 
strains. (11)  Also, a short lay im- 
plies higher losses due to excessive 
bending and additional strains.  Thus, 
there is a definite tradeoff between 
mechanical and optical properties in 
the selection of strandii.-] lay lengths. 

Microbending loss 
dinal strain, the 
lateral perturbat 
during cable manu 
tion, and service 
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materials and the 
tion to the manne 
processed. Compo 
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cross-section of the cable, i.e., to 
limit stress exerted on the fibers. 
The fibers should be placed as close to 
the neutral axis of the cable as possi- 
ble to allow a larger degree of freedom 
for bending.  For hanging applications, 
the cable weight-to-strength ratio 
should be minimized.  The weight of the 
cable will also influence the load 
required to pull the structure through 
conduit.  Moreover, flexibility is 
necessary to ease pulls around conduit 
bends. 

Fiber optic building cables should be 
all-dielectric to avoid any potential 
grounding problems that may arise when 
they are installed with electrical 
media in existing raceways.  This fact, 
in conjunction with the desire for 
light weight and flexibility, requires 
some thought for the selection of a 
suitable strength member and its place- 
ment in the cable structure.  Coupling 
to the strength member is important to 
minimize fiber loading both during 
installation and service life.  The 
amount of coupling between the compo- 
nent layers controls the distribution 
of applied load.  External strength 
offers an advantage over central 
strength in that it also protects 
against lateral forces, i.e., impact 
and compression, which are commonly 
seen in building applications. 

SUMMARY 

Cable  design   for  customer  premises 
applications   requires   that   analyses  be 
tailored   to   the   application.     The   user 
and   the  environment   present   many   re- 
quirements   to  the  cable  designer,   who 
is  constrained   by  such  diverse   factors 
as  system   loss   and   bandwidth,   building 
codes,   and   the   physical   characteristics 
of   the  cable  distribution   facilities. 

Cable  and  system  designs  must   be   coor- 
dinated   to   insure   adequate  optical 
performance  after   installation.     The 
cable  designs  must   be   compatible  with 
available  routing   facilities   and   inter- 
connecting   hardware.     Application   re- 
quirements  and   standards   for   cables 
will   undoubtedly   contain  many   func- 
tional   criteria,   with   cable   strength 
and   bending   properties   among   the   more 
important.     The   extension  of   static 
fatigue   analysis   to   the  vertically 
hanging   situation   is  one  example  of   the 
need   to  characterize  cable   performance 
in  applications  which   are   unique   to  the 
building  environment.     Future   analyses 
must   further  examine   the  complexity of 
such   installations,   especially   the 
superposition of   uniaxial,   bending  and 
hangina   loads. 
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Abstract 
The non-metallic self-supporting optical  cable to 
be used for overhead optical transmission lines in- 
stalled across steel  pylons was developed with a 
prehanger construction. 
It is of vital  concern to clarify the cable move- 
ment caused by wind in order to put the non-metal- 
lic optical  cable into practical use. 
For that purpose wind loading of the cable was eval- 
uated in the wind tunnel  and then the cable movement 
and aeolian vibration by wind were measured in the 
field test. 
In result it was proved that the field data of 
cable tension increase and horizontal swing vs. 
wind velocity well  coincided with the theoretical 
calculation and it was  also found that the occur- 
rence of aeolian vibration could be considered dif- 
ficult in the newly developed non-metallic optical 
cable. 
The design of installation of the non-metallic 
optical cable at steel pylons has become to be 
feasible from these results. 

1.   Introduction(l)(2)(3) 

Report was made previously to the effect that the 
extremely high nature of practical use of the non- 
metallic optical  cable for jointly installing on 
steel pylons developed for long distance optical 
transmission using the overhead transmission line 
was clarified by various fundamental experiments. 
The fundamental  construction of this cable is shown 
in Fig.  1. 

Plastic connection piece     Suspension wire 

Optical cable with catenary 

Fig.  1    Appearance of prehanger type non- 
metallic optical cable for long 
span use 

To find the construction for setting the appropri- 
ate fitting location of the non-metallic optical 
cable to the steel  pylons for the practical use in 
full scall, the demonstration test was conducted 
with regard to the following items and thereby ef- 
fective data were obtained. 

0   In the wind tunnel experiment, the measurement 
of the drag and lift coefficients of the non-metal- 
lic optical  cable at the respective wind volocities. 

(2)  Using the regurated tension loader, the measure- 
ment of creep characteristics of the non-metallic 
optical  cable  it 20      U.T.S. (Ultimate Tensile 
Strength). 

^)  Under the actual meteorological  condition at the 
field site, the measurement of aeolian vibration 
and horizontal swing amount of the non-metallic op- 
tical  cable. 

Also although the continual  variation measurement 
of tension and transmission loss of this optical 
rable has been conducted ever since December 1982 
by stringing it on Nagaoka Test Line of Tohoku Elec- 
tric Power Co., Inc., as of July 1984, the transi- 
tion with a very stable situation has taken place. 

Report is given herein based on these results be- 
cause this non-metallic self-supporting type optical 
cable was confirmed to provide the reliability fully 
being possible to use in practise. 

2. Ccnstruction and features of cable 

The non-metallic optical  cable shown in Fig.   1  ( 
called as prehanger type hereunder) has the sus- 
pension wire constituted of FRP (Fiber Glass Rein- 
forced Plastic) rod and the round non-metallic 
optical  cable arranged  in parallel.    These suspen- 
sion wire and round optical cable are fixed at each 
constant interval  by the plastic connection piece 
being the so-called cable of prehanger construc- 
tion.    The optical cable itself is constituted as 
catenary which is made longer by about 0.5      com- 
pared to the suspension wire. 

At the elongation of suspension wire less than 0.5 
, the optical cable is of the construction that 

does  not sense its elongation.     In the range of 
small elongation of less than 1   j, the construction 
is so arrangi d to increase the equivalent Young's 
Modulus of FRP suspension wire. 

As the varied configuration of prehanger type, the 
SZ twisted type cable was designed and manufactured 
as shown in Fig.  2.    Against the round optical cable 
which has the plastic connection piece set at the 
interval of P, the optical cable is twisted at the 
location of 1/2P.    And this location is  fixed by 
the plastic connection piece. 

The SZ twisted type optical  cable used in the ex- 
periment this time has the reversing twist of SZ 
applied alternately at the location of 1/2P. 
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At such twisted condition, the round optical cable 
is made to have the presence of 0.5  slack compared 
to the suspension wire. This construction was manu- 
factured to simulate the self-supporting stranding 
(SSS) construction which is known generally as the 
self-supporting construction that enables the reduc- 
tion of wind loading. 

" 1 Plastic connection piece 

Optical cable     Suspe.^on wire 

Fig. 2 SZ twisted type 

Compared with the prehanger type, beside the problem 
that the manufacturing process of SZ twisted type 
is complicated, it is as previously reported that 
the external force concentrates at the location 
where the FRP suspension wire crosses with the 
round optical cable during the long length squeez- 
ing test thus being liable to sustain the impair- 
ment of optical fiber. 

The construction and features of the prehanger type 
and the cable similar to SSG construction are sum- 
marized in Table I. 

whereas, 

Pd: Wind loading due to drag force (kg/m) 

Pi: Wind loading due to lift force (kg/m) 

P : Air density (=0.12) 

Cd: Drag coefficient 

CC: Lift coefficient 

De: Effective outer diameter of cable 

V  : Wind velocity (m/s) 

Fig.   3 and Fig. 4 show the measured result respec- 
tively of the drag coefficient Cd and the lift coef- 
ficient Cil. 

Table 1 Construction and features of non-metal 1 
cable of prehanger type and SZ twisted 
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Fig. 3   Measured results of drag 
coefficient Cd of non- 
metallic optical  cable 

j.s 

Prehanger Type 
SZ Twisted Type 

a   -  45« 

^ 

■a..-JO'- 

0 5        10       15       20       25       30 

Wind  Speed   (a/s) 

Fig. 4    Measured results of lift 
coefficient Cl of non- 
metallic optical cable 

[Note] In the above drawings, 
a is set as described below. 

3.   Result of measurement 

3.1 Wind loading diaractrittlci 

Wind loading of the prehanger type non-metallic 
optical  cable and the SZ twisted type non-metallic 
optical  cable set in the wind tunnel was measured 
for the respective velocities.    And by the follow- 
ing equations of relationship, the drag coefficient 
Cd and the lift cjefficient Cf were obtained. 

Pd 1 
2 ' :dDeV' 

n*i p a'DeV2 

® 

Wind     C C> 

Suspension 
Wire 

Optical 
Cable 

Since It can be fully anticipated that the pre- 
hanger type cable will turn to the lee side center- 
ing the suspension wire by wind loading, the meas- 
urement was conducted for 3 points viz.  u=0-, '«=45 
and u=90  .    It was Indicated that as  for the pre- 
hanger type optical cable, the rotation due to wind 
loading has the impact on lift force. 

366   International Wire & Cable Symposium Proceedings 1984 

.•■ 

. -. 
-■.-. ■ ■ 

■ • 



As for SZ twisted type cable, the drag coefficient 
Cd and the lift coefficient Ci' both indicated the 
trend close to those of round type cable being av- 
eraged in the longitudinal direction of cable. 

3.2 Creep characteristics 

Fitting the prehanger type optical  cable to the 
creep testing machine, tension of 1,000 kg (about 
20 .'. UTS) is applied as the load by the constant 
tension device.    And by measuring the gage length 
2500 mm using dial  gauge against the lapse of time, 
creep value was obtained.    The outline of creep test- 
ing machine is shown in Fig.  5 and the result of 
measurement is shown in Fig.  6. 

Fixing board 

by the propeller type wind velocity and wind direc- 
tion meter  (primary wind sensor)  located at the mid- 
dle part of span, the tension variation due to wind 
was measured by tension meters Ti  and T-, aeolian 
vibration was measured by accelerometer Gi  and Gs 
and the horizontal swing value was measured by ac- 
celerometer G2  and GM. 

Cable length L=135 ■ 

Creep teiting 
nidchine 

ftmt (RP suspension wire  in 
non-netaliic optical  cable 

Constant tension 
device (20:1) 

Fig. 5    Outline of creep testing machine 
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0.01 
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Tension: 20 % UTS 

Prehanger type non- 
metal lie optical 
cable     V 

mm;) 

1      5 10 

Fig 

50    100    500 1000 
Time (Hours) 

6    Creep characteristics of non-metallic 
optical cable 

The creep of prehanger type cable  is 0.04     after 
the lapse of 1,000 hours.    Although this value indi- 
cated about 2 times larger than 0.017    , viz.  the 
creep value after lapse of 1,000 hours against 20   ' 
UTS of 0PGW (80 mm2) set  forth as comparison in the 
drawing, this value can be fully taken into consid- 
eration from the viewpoint of design for stringing. 

3.3 Field test situation 

3.3.^demonstration test at Kasttorlyiii Test Line 

of Sumitomo Electric Industries, Ltd. 

Over the period of about 2 months  from July 1983, 
the prehanger type cable and the SZ type cable were 
respectively installed for 153 m with the tension 
of 370 kg at very windy region in Mie Prefecture, 
Japan. 

Thereby the behaviour of non-metallic optical  cable 
against wind was investigated preponderately 
Fig. 7 shows the schematic diagram of test and Photo 
1 shows the test view.    The wind velocity and wind 
direction of meteorological  condition were measured 

nClamp 

Tension 
meter 

Propeller type 
wind velocity 
and wind direction 
meter Turn-buckle 

Fig.  7    Schematic diagram of field test 

Photo 1    View of field test 

Although Fig.  8 shows the freousney distribution of 
wind velocity, the value close to 40 m/s was record- 
ed at the time of typhoon.    Although Fig.  9 shows 
the wind direction, the wind hits almost all  the 
cables peroendicularly. 

(J L 
C 3 

3 CJ 

■ 

Fig. 8 

a     y     4    f    J9   Jf   jp    jr   40 

Wind velocity (m/s) 

Frequency distribution of wind 
velocity during field test 

v 

Non-metallic optical cable 

Fig.  9    Wind direction during field test 
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f iy.   10 shows the result of measurinci the tension 
increase of cable against the wind velocity.    The 
measured result well agrees with the calculated 
result using the drag coefficient of Cd=0.88 for 
prehanger type cable and Cd = 1.3 for SSS simulated 
SZ type cable.    Tension increase T.-Ti can be calcu- 
lated  from the following equation. 

('I.-WO ■■>■■' J? (qiWc)^SgE Ti     . 
24T.2   " A^" ?4T,-' '    A 

.(t. -ti)E ® 

whereas, 

Wc:  cable weight (^0.19 kg/m) 

S  :   Spacitig of span  ( = 135 m) 

A :   Cross sectional area of suspension wire 

(=50.2 mm'1) 

Tj!   Tension at q ,(kg) 

Young's modulus of FRP 

_ JPz** Wc' 
>=        i i«"^   ■ ■ 

I 

=4800  kg/iiimJ 

CdOcVa2 

Cd= 0.88 (Prehanger type cable) 

■ 1.3  (SZ type cable) 

De:  Effective outer diameter of cable 

(=21.5 mm  ■   l/Jf =  15.2 mm) 

V..:  Wind velocity at q^m/s) 

p : Air density (=0.12) 

Ti:  Tension at qi   (qi=l) 

a :   Coefficient of linear expansion of cable 

(=7.67   •   10"'  1/  C) 

ti ,  t,:   Temperature at q    and q?{  C) 

The vertical deviation of the cable installed and 
the wind blowing angle were ignored in the calcu- 
lation. 
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(b)    Result for SZ twisted cable 

Fig.   10    Measured result of cable tension 
increase vs. wind velocity 

The measurement result of horizontal swing of the 
cables is respectively shown in Fig.  11. 
Likewise the measured values agree well with the cal- 
culated values.    The horizontal swing value y can be 
expressed by the following equation. 

y « dj 

ws- 
Eft 

sin "j 

d2 = 

w = ffP + Be1 

U2i 

P2 = 

tan 

1 

•1   J32 
W 

2 . CdDeV?'' 

whereas, 

02= Rotation angle (degree) 

W = Resultant load  (kg/m) 

S = span length ( = 135 m) 

T2= Tension of cable  (kg) 

P2= Wind loading due to drag 

force  (kg/m) 

Wind loading due to lift force was ignored. 

As regards aeolian vibration, the measurement result 
of the relationship between total  vibration ampli- 
tude(p-p) and wind velocity is shown respectively in 
Fig.   12.    In the wind velocity range that creates 
aeolian vibration, the vibration amplitude is  less 
than 0.05 mm for both prehanger type cable and SZ 
type cable.    Thus, conclusion can be made that there 
is no problem in the aeolian vibration with respect 
to actual  stringing. 
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3.3.2 The situation of field test at Nagaoka Test 

Line of Tohoku Electric Power Co. ,   Inc. 

In December 1982 prehanger type optical cable was 
installed respectively for 2 spans   (span spacing of 
313 m  and 300 m, sag 5.0 m/300 m,  tension 420 kg) 
and 1 span (span spacing 300 in,  sag 2.5 ni/300 m ten- 
sion 850 kg).    From the time of completing the in- 
stallation, snow accretion of optical cable was 
observed, variation of temperation and tension as 

well as transmission loss were continually monitored 
and recorded. As of July 1984, transmission charac- 
teristic was extremely stable against wind, snow and 
temperature variation with no observation of creep. 

4.   Installation of non-metallic optical cable on 

steel pylon 

Based on the data of the drag coefficient and others 
obtained so far, the conditions for the case of actu- 
ally stringing non-metallic optical  cable of pre- 
hanger type shown in Fig.   1 on steel pylon were 
studied.    About 10-20      tension of UTS as EDS (Every 
Day Stress)  is thought to be appropriate, taking the 
creep characteristics of FRP suspension wire into 
consideration.    The  installation parameters, calcu- 
lated in this range are shown in Table 2.    Next let 
us study the installation location of non-metallic 
optical  cable to steel  pylon. 

Since non-metallic optical cable is an insulated 
construction, despite its contact to the power trans- 
mission line and earth, the possibility of leading 
to serious  failure is  little.    However,  it is desir- 
able to fully secure the clearance between those 
mentioned above.    Based on the calculated result of 
Table 2 and on the calculated result of horizontal 
swing due to wind turbulence, the result of studying 
the installation location of optical cable to steel 
pylon for 154 KV power transmission is shown in Fig. 
13. 
To secure the clearance, it can be considered to be 
most advantageous to  install the optical cable at 
the center part nf steel pylon.    Also if the free 
degree of clearance  is  large such as that the dis- 
tance above ground can be fully taken,  FRP suspen- 
sion wire of small diameter is permitted to be used. 
On the contrary, if the tolerance of steel pylon 
strength is  large,  FRP suspension wire of large dia- 
meter is permitted to be used.    As such, the optimum 
design of optical cable matching with the condition 
of installation can be considered. 

Non-metallic ' 
optical cable 
(100kg/mJ 

wind 
ACSR 330mm'' 
^Lln^case of lOOkg/m-' 

nd loading) 

(Smm thickness  ice 
loading and(50kg/mJ 

wind To-idin;) 

swing due to wind 
turbulence 

Non-metallic 
optical  cable 

■    - 

-. 

■ 

Fig. 13    Installation location of non-metallic 
optical cable to steel pylon 

International Wire & Cable Symposium Proceedings 1984   369 

"      - 
.   .   . 

M^ 

■   . 

-   ' '    - 



Table 2    Installation parameters of non-metallic optical   cable 

Span    (m) .100 40U 600 
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5.   Conclusion 

As  the result of conducting the s 
stration of the clarification of 
movement due to wind and the desi 
Of  installing the cable on steel 
transmission line which were the 
set  towards the full scale practi 
metallic self-supporting type opt 
isfactory result was possible to 
application of the non-metallic o 
long span use to the practical  11 
be   implemented hereafter. 
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COMPUTERISED  METHOD  OF  PREDICTING  CABLE   PULLING-IN  TENSIONS 
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rement was that 
tie or no 
ibre after 
could lead to a 
ion causing 
fibre. 

The force required to pull a cable into 
a duct network is a function of the mass 
of the cable and therefore the 
strength-to-weight ratio was a suitable 
parameter to call up for the optical 
fibre cable.  This allows the cable 
designer the freedom to choose a method 
of cable construction which will suit 
his production techniques.  A further 
stipulation was applied in that the 
strain level in the fibre should not 
exceed 0.25% when the cable was loaded 

Its maximum load.  This maximum load 
would be the strength-to-weight ratio 
■ ■ ■  the weight of 1km of cable. 

What value of the strength-to-weight 
ratio should be applied to ensure that 
long lengths of cable could be installed 
j'iven that there is a multitude of duct 
configurations and duct conditions to be 
satisfied?.  Some experience had been 
gained on installing 500m lengths of 
60MHz 18 tube co-axial cable by using a 
manual method of calculating the cable 
tensions.  However this was mainly for a 
dedicated newly constructed duct route. 
Optical fibre cable would De required to 
be installed in any duct available.  The 
task of doing manual calculations for 
optical fibre routes and then measuring 
the tensions to install the cable would 
take years if a representative sample 
was to be taken. A quicker method would 
have to be found. 

It was decided to employ a computer to 
speed up the calculations and to use 
new, more accurate, techniques for 
measuring the actual loads experienced 
by the cable which would prove the 
theory used by the algorithm.  This work 
would help in specifying the optical 
fibre cable but there is also a spin off 
in that it could be used as a powerful 
planning tool. 

PHILOSOPHY 

All BT external plant is recorded on 
large scale Ordnance Survey maps.  The 
routes taken by the duct network is 
accurately located on these maps and 
these are used to measure the duct 
deviation when doing the manual 
calculations.  The collection of primary 
data from these maps is a laborious 
operation, so this would have to be 
computerised to make it quicker.  Manual 
calculation Involves taking 
approximations rather than apply the 
equations involved.  The computer would 
easily apply the already digitised data 
from the map to the equations.  The 
computer could produce the results in 
any format.  The computer could be used 
to compare resv«lts from the practical 
trials provided the results were 
recorded in digital form.  A philosophy 
employing these ideas, with as much 

7 
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flexibility as could be envisaged, traa 
developed and put into practice. 

THK rOMFniTER HAHPWAHK 

The system described here was chosen for 
compatibility with the existing desk top 
computer; there are many variations 
which could usefully be employed to 
perform the same task.  Diagram 1 shows 
a schematic of the system which 
comprises of a computer, a graphics 
tablet, a file manager, an interactive 
plotter, a data logger and a printer 
and, because all the equipment is 
connected by the General Purpose 
Int.'pface Bus (GPIB), a bus analyser 
with an associated printer.  Photographs 
1 & 2 shows the Working Set Up.  The 
computer acts as the system controller 
and this system uses a 64k desktop 
computer which had been used for 
transmission measurements on optical 
fibre and hence the large memory.  The 
graphics tablet was chosen for the size 
of its active area which must be large 
enough to take double 1:2500 (25 inches 
to the mile) Ordnance Survey map as well 
as the logging menu which will be 
described later. 

A triple drive file manager was chosen 
because this allowed three types of disc 
to be allocated.  The allocation of 
these discs are a program disc which 
holds all the software for the system 
operation and calculation, the primary 
data disc which stores all the data 
which is logged from the Ordnance Survey 
maps and the secondary data disc which 
stores the calculated data and also 
allows for the copying of primary data. 

The interactive digital plotter is used 
to provide diagrams for use in the field 
exercises and give a plot of the route 
under consideration with the calculated 
tensions printed next to the salient 
points on the route. 

The printer is used to provide tables of 
calculated results.  The data logger 
really forms part of the practical 
measuring system but is required in the 
computing system to bring the practical 
results into the system for comparison 
with the theoretical results. 

The bus analyser is a us 
to have in the system to 
debugging and to discove 
corruption of the bus oc 
instrument used here mon 
continuously by cycling 
through its memory. If 
occurs then its memory c 
to the associated printe 
reason for the corruptio 

eful instrument 
assist with 

r when 
curs.  The 
itors the bus 
the traffic 
a corruption 
an be dumped on 
r and hence the 
n discovered. 

THK COMPUTKR I'KMGHAM 

The software for the system is called 
CABTEN whi   stands for cable tensions. 
It consists of several small sub 
programs which allows for a flexibility 
of requirement, as one progresses through 
the routine.  The ma.t   menu for CABTEN 
has the following options: 

Log Data 
Data  Listing 
Correct   Data 
Force  Calculation 
Plot  Data 
Copy Data Disc in Drive 1 

Log Data 

Prior to obtaining the graphics tablet 
the only method of obtaining data from 
the Ordnance Survey maps was through the 
interactive digital plotter.  It was 
found that this was unsuitable because of 
the sensitivity of the joystick 
control and the need to enter auxiliary 
data through the keyboard of the 
computer. 

The graph 
imaged on 
the progr 
the progr 
tablet by 
layout of 
The menu 
values fo 
quickly, 
used for 
the route 
calculati 
tension a 
data that 

ics tablet h 
to an area 

am is booted 
am to be con 
a single bu 
the menu is 

allows for t 
r each data 
Some of the 
reconstructi 
and the res 

ng the cumul 
Igorithm pro 
has been lo 

as a programmed menu 
of its surface when 
up.  This allows 
trolled from the 
tton cursor.  The 
shown in Diagram 2. 

he twenty data 
point to be logged 
data values are 

ng the geography of 
t are used for 
ative tension as the 
gresses through the 
gged. 

Some of the features of this program are 
that if the menu is skew when imaged then 
a correction will be applied when calling 
the menu items.  Similarly when the 
Ordnance Survey map is placed on the 
tablet, the skewness is taken into 
account when the data points are logged. 
When logging takes place the values are 
displayed on the computer screen and at 
this stage any data value can be altered 
before the block is stored for that data 
point.  Normally a cable route will be 
covered by 40 maps and these could be to 
a scale of 1:2500 or 1:1250.  The program 
can cope with these various sizes of maps 
in any order and in fact will cope with 
non standard scales as long as the 
National Grid is accurately located on 
the map or diagram. 

Sequential logging of the salient data 
points of the route is necessary. 
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If    i      \n i        -;•     il   t.ask   to   take  a  data 
rig  of  the  data points   that  have 

:.     The   reason  for  this   is 
■    the   data point  with  its  block  of 

■  •   values   is   now stored   in  a   file 
which has been named  to incorporate  the 

refi rence of  the data point.     It  is 
■ e :esi   iry   to  call   that   file  name  when 
using   that   point   for  the  start  or end  of 
an  operation.     This method  of  naming   the 

:   ■  i  point   mak'-.     that   point   unique 
within  a   lOkn    iquare.     This could,   of 

rse,   be   increased  to  a 100km  square 
or a  1000km square when using 6  figure 
grj !   reference  and  incorporating more 

In  the file name. 

Correct   Data 

I t was 
the da 
sequen 

route 

manhol 
This p 
insert 
at lows 
values 
opport 
value 

state 
ta poi 
t i a 1 1 y 
there 
along 
routes 
e or j 
rogram 
ion of 
the e 
wi thi 

tin i I y 

d under data 
nts  muht be 

■   ,-. 

can  be more 
the   side of 
may  or may 

ointbox  alon 
allows  for 
a  data poin 

xamination  o 
n  a   data  poi 
to  change  or 

logging   that 
logged 
can be  made 
than  one  duct 
the  road  and 
not  enter every 
g  the   route, 
the  deletion  or 
t.     Further  it 
f  the  data 
nt  and   the 
correct  a data 

calculate   the   tension   for  a given 
length,   say   1km,   and   then   return   to   the 
next  sequential   Jointing  point   after   the 
first   specified   and  calculate   the   tension 
for the  given   length.     This can  also be 
carried   out  working backwards   through   the 
route  so   that   every  situation  for   thai 
given   length may  have  a  force  value. 
This  force value  can be   stored  on   the 
third  disc  for  further  statistical 
analysis.     It   can  be  seen   that  by  using 
the correction  program  a  different  cable 
design  may be  observed   in   the  same  duct 
situation or  in  an occupied duct   with 
various   levels   of  occupancy. 

In  using  data  generated   by  such  means  one 
must  be   sure   that   the  data  is  valid  and 
so   It  must be   tested.     This  can  be  done 
by   testing a  few of  the  possible   lengths 
in   the   route  by  measuring   the  actual 
force   to  install   the  cable   in   these 
lengths. 

Plot  Data 

This program  allows  the  data  to be 
plotted  geographically  with   the   tension 
information printed  against   the  salient 
points.     This   is  useful   when  carrying out 
the practical   cabling  exercises.     It  is 
also a  feature   that  could  be  used  by  the 
planning  engineer when   issuing 
instructions  for a cable   installation. 

When  secondary  data discs have  been 
created   from primary data  it   is  possible 
to  change   the  new cable mass,   new cable 
diameter  and existing  cable  diameter 
data points between specific  data 
points. 

■'    " '"   '' ! 1 _";: !' j.-_i- 

Two options  are   allowed  in   this  program. 
One can  either specify   the   force   that 
may be  applied   to   the  cable  and   let   the 
program   find  the  distance   that   it  may  be 
pulled   into  that  part  of  the  duct 
network  or one  can  specify  the   length   to 
be  pulled   in  and   find   the  force   required 
to  pull   it   that   distance.     The  first 
option   is   more  useful   to  the  planning 
engineer   since   he  will   have   the   limiting 
value  of   force   that may  be  applied   to 
the  cable   and   therefore  maximise   the 
length   that  he may  install   in   the  duct 
network.      The  second option  is  of  use   to 
the  development   engineer  in  specifying 
tl ■      trength-t.o-weight   ratio  for  the 
cable.     He  will   know the  factory  lengths 
that may  be  manufactured  and   requires   to 
know what   strength  the  cable  must  have 
such  that   the  cable may  be   installed   in 
these  lengths.     This  sub program  allows 
the  development  engineer  to gather   the 
data easily.     The  program can  be  made   to 
start  at   the beginning of  the   route  and 

Copying 

This small program allows for the 
generation of further data without 
effecting the original data associated 
with the geography of the route thereby 
allowing flexibility to the development 
engineer in changing the specification of 
the cable under consideration or in 
changing the duct occupancy or duct 
conditions. 

PRACTICAL MEASURING SYSTEM 

As explained earlier, theoretical data 
must be tested to make sure that it is 
valid and this has been done with the 
following system shown in Diagram 3.  The 
measuring system comprises of a data 
logger which has a limited intelligence, 
an active cabling rope, a tachometer and 
a phase delay equipment. 

The Active Cabling Hope 

Previous to this development tensions 
were measured using a three wheeled 
device in front of the winch.  The 
problem with this method was that a 
correction had to be made for the cabling 
rope and the correction was a function of 
the duct route that was being cabled.  In 
some instances it was found that the 

• ,1 
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installation   of  the  optical   fibre  cable. 
It   was  decided   that  a method of 

ii-inr   the   actual   tension  experienced 
■1   the  head  end  of  the cable must  be 
found.     The   active  cabling  rope 
fulfilled  this   requirement. 

with  two 
The  rope 

20kN but 
At tached 

asuring 
t'.raph   3 
d 
itter  / 
rrent 
vol tagi   I y 
ted  by  a 

The   rope   is  of  a woven kevlar 
copper  conductors  in   its core, 
can withstand   a  force of some 
is  normally  operated   at   lOkN. 
t      the   head  end   is   the  load me 
head   shown   in   Diagram 4,   Photo 
and   is  made  up   from  a  load  stu 
connected  to   a  4-2 wire  transm 
amplifier working  a   10/50mA  cu 

p.      The   loop   is  .supplied a 
wer source  and   is comple 

ird   in  the  data logger. 

The   Iiata   Logger 

ri instrument  is used  to  log  the  force 
julred  during  the  pulling-in 

operation.     Photograph  4  show;;   it   in use 
on  a  practical   measurement  exercise.     It 
completes   the   10/50mA current   loop of 
the  active  cabling  rope.   It  is  an 

• ■    11igent   instrument   that  can  be 
programmed  to   log  at  different   rates  for 
different  threshold» of load value.  This 
is useful   for  data suppression.     When 
low  loads  are   being   logged  then   the 
logging   rate   is   slow  but  when  high   loads 
or peak   loads   are  encountered  then   the 
logging   rate   is   fast   allowing peaks   to 
be  caught  and   recorded. 

The Tachome' 

lining the graphics tablet and then 
outputted on the plotter. Ancillary 
information has been suppressed because 
of the size limitation of this paper. 
Diagram 6 shows a practical measurement 
Of this route taken by the active cabling 
rope and shows the surging that takes 
place when a cable is pulled into the 
duct.  Diagram 7 shows three curves which 
are the theoretical tension predicted by 
the computer, the average tension of the 
actual pull and the increase of the peak< 
of the surging from the actual pull. 

The first feature tha 
the estimated back te 
of the pull was too 1 
leaves the estimated 
the true tension enco 
The coefficient of fr 
calculation was taken 
laboratory measured v 
duct. The duct was s 
estimate would have b 
which of course would 
t■ nr ion. 

t shows up is thai 
nsion at the st art 
i w.  Thi 8 still 
tension lower than 
untered in the pull, 
iction for the 
as 0.3 which is the 
alue for lubricated 
ilted and a better 
een around 0.35-0.4 
have given a hirher 

The highest tension that the cable 
experiences is the peak surge tension and 
If we consider what causes the surging 
then perhaps we can predict the true 
tension that, the cable experiences. The 
surging is caused by a longitudinal 
vibration set up in the cable because of 
the stretch in the cabling rope and the 
difference in the static and dynamic 
coefficient of friction.  Therefore it 
would seem plausible to use the static 
coefficient of friction when calculating 
the tensions. 

? 

• 

This  device.   Photograph  5,   is used  as a 
distance       •• ■•,   Rather than log  the 

i  of  Installation  it  is used  to 
count    the  revolutions  against  the   time 
base  of   the  data  logger.     Hence  with 
force  measured  against  the same   time 
base  we  can process   the  results   to  give 

i   force   against  distance  into  the  duct 
which   is  what   we  want   to know. 

I'hase   lie lay  Ivpiipment, 

(2) phase  delay  equipment is  used  tc 
monitor   the   strain   in   the   fibre  during 

table   Installation  and can be 
:    i     ti   the   time  base of  the  data 

logger.     Hence   a  cable   load   to  fibre 
train  plot can b''  obi lined  for  the 

Lnsta on.      By using pulse  delay 
measurements   for before  and  after 
Lni 'illation  we  can   test  for any 
residual   strain   in  fibre. 

Further work   is being  done on  occupied 
duct  situations  and  on  particularly 
arduous   routes  where   advice  on   cabling 
has been  sought. 
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RESULTS 

Diagram   5  .-.hows   a geographical  plot  of  a 
table   Li    ta      il Lon which was  logged 
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im; i TAL nUNSMXSSION   SYSTEM   in   OPTICAL  KJliEr<S 
LASHCD  TO  THE  GROUND  WIRE  OF   HIGH   TENSION   LINES 

c.r,.  rowTiNEs I .,1 .   SABZ   DC   LA   MA/A GONBZ  MARTIN 

STANDARD BUCTRICA,   S.A, 
SANTANOCR   -  SPAIN 

ABSTRACT 

The  p;ipt'r  SIIDWS   tha   liMsibility  of  the optical   fiber 
application  aa  .1   transmission  modium  in  the  telecom- 
■unicaCiotl  networks of   lUectrieal  Power Transporta- 
tion and  Oistribution  Companies,   taking advantage of 
ill.      BChanical   support   of   high   tension   lines   for   the 
optical   eable   laying.   A   220   Kv.   electric   line   is 
used  aa   1  s'ipport   for  the  communication optical  ca- 
ble,   installed   in  an  area with  extreme eiivi ronmental 
temperatures  around  -2{)"C and  +40oC.   Lengths  between 
towers   (span   lengths)   po   from  200  to  430 m. 

At  the  present   time,   both   the  cable and equipments 
manufactured  bv  STANDARD  KI.KCTRICA,  are  installed 
.v.hi  Mtiafactorily working,   fnm May   1983 and  throu- 
ghout   1484   the   svstem   is   being   subject   to  a   test   pro 
gram,   the   result   of   which  will   be   the  essential   part 
of   the  applied   research   project.   Different   solutions 
have been  atudicd  and   tested   in   the table   laving and 
its   installat urn,   and  a  wide   t«sling program has 
been  carried out    in  order  to  evaluate  the mentioned 
soiut ions. 

works of t ho olocttic industry, but with .1 
iif>w solution for the calilo installation: 
lashinp; tho optical fiber rabl« to tho fjro- 
uiui wiro of liir'i lonsion linos. We know of 
some experiences ol this kind which have bo 
en Carried out in Europe , ilthouct' with 
substantial dil'lorences fro». the syst.m 
used   by   us. 

Tho mentioned project has been carried out 
under an applied research prc^ram Jointly 
with IBBROUBROi S.A., a Spanish electric po 
wer company, and STANDARD ELECTR1CA, S.A., 
and in general terms, the project staffs 
(on be summarized as follows: Development. 
doolglli manufac turi ti;; and equjp-.tent field 
toatSI e st al>l ishirifj   the   types   of      laying, 
evaluation of the phenomena produced in t lie 
system by the environmental conditions, atid 
tin» main objective of our project, alreadv 
achieved, was to communicate fv> electrical 
energy Substation by means of a 2 Mbit/s 0£ 
tical System through the corr*-spend ing ca- 
ble lashed to the ground wire of the high 
t en si on    1rne . 

INTRODUCTION 

SYSTEM'S   CONFIGURATION   AND 

OPTICAL   CHARACTERISTICS  OF  THE   CONNECTION 

Due to the glass properties is a light ptu- 
p.i.ri 1 i .MI modiuiii, the optical liber transmi- 
s-11111 ayatoaia are suitable for transmitting 
1 11 to 1 m i t i 01 in the production, tiansforma- 
tiiin  and   aloctrlc  power  distribution   jnsta- 
II,it Jons, As ,1 mattet of fait, the insula- 
I j nr properties of the glaoa lortning the fl 
bet and the lack of electrical current in 
the transmission make the fiber .1 highly sa 
Ie medium in high tension environments, due 
to ita immunity to all types of electrical 
or aloctromagnetic disturbances and its 
transmission ijuality even in cases of high 
electrical discharges, ^reat earth potenlJ- 
aI dilferences and noises induced by dille- 
tint    causes. 

Tha project describes tries to demostrate 
tha 1 1-1 - 1 li 1 I I t \ of using this transmission 
■odium    111    the   private    telecommunication   ne_t^ 

Figure 1 shows a block diagram of the full 
system which is basically formed by two PCM 
equipments of '10 channels, two optical ter- 
minals, the optical cable lashed to the gr£ 
und   wire   and   a  measuring   system. The   sys- 
tem thus formed permits a double performan- 
t"f»l traffic   transmission   and   the   carrying 
out    of   an   extended   test    program. 

Tho   PCM    system   has    lO   channels. The       tram 
series is received by the optical terminals 
and once properly codified, the electrical 
impulses are converted into light impulses. 
This inversion is basically done by a laser 
diode ( X = wr'0 nm). controlled by its exri^ 
tation circuit. The light information is 
coupled to the fiber for its transmission. 
As far as reception is concerned, a weak 
light     signal     is    I ran s to lined    into   an    electrj^ 
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r.ii   mignml   by ■•ana  of ui  svalatncha  photo» 
dotoctor   (X    ■   Mr>n   ntn).       Flu s   olortronira- 
i I \   processed  slectric   Bi.gn*l   Ls   regesera- 
i I'd,   recovering   the   raceptlon   trän  si-riun 
.mil   Jts   synchron i isms .       Ihr   t('^<'ii(M a! cd   sig- 
nal   is properly   codlfiad   ti"   Lta   transsiissl 
mi   i u   i he  PCH   racspl i on  pari . 

Tin1    Ins.-M-s   pi-rmi t I IMI    in    the   rurr'icr   for  a 
$   10"9 error  rate  with   the  AFD/laaer opti- 

on used   in   the   systaa  are  60  (tu. 

Ei££TION   OF   TUE   CAULK   LAY INC, 

The use of optical   fibar  cables  by   transpor 
tutioti .iii.i  i'I r i-1 11 rul   energy  distribution 
ronipaa i (> s   is   increasing  due    to    t lie   advanta- 
ge!   öl    ttiis   t ransmi ssi oil   ni"diuni   in   front    of 
the   traditional   radio  or Mtallic  conductor 
syst eins . 

Phe   i-alili'    t\|H's   whicti   havf   so    far   lioen  used 
are   hasi rally    tlie    following: 

a)   Steel   or   aluminium   alloy   ground   wire   Uta 
in i pn I a I i ii(;   inside    the   Optical    fillers'~,. 

This   solution   may   tie   interesting   for   new 
lines   although   we   consider   that   this  me- 
ans   a  hipli   percentage   on   the    total   cost 
par   km   öl    energy    transportation   line   con 
ventionally   enuipped.       In   already   wor- 
king   lines  with   a   conventional   ground   w_^ 
re i    its   repl aceinen t    by    the    new   wi ft»   if) 
uneconomi c. 

h)   Se I I-sujiport ed   Optical    Fiber'rCyble   inde- 
pendent   of   the   ground   wire . 

The   already   commercialized   cables  of 
this   type   showed   span   length   limitations 
(up   to   '"IOO   m).      There   are, at    the   present 
lime   valuable   experiences      which   have 
solved   this   problem,    reaching   1,000   m 
Span   lengths.      This    is    therefore   an   inte^ 
re sIing   cable . 

)   Optical    Fiber   Cabli 
Wi i ... 

lashed    to    the   fi round 

This   cable   has   the    advantage   of  usitiR   a 
i|uite   conventional    opti .-al    fiber   calile 
which   is   therefor»»   much   cheaper   than   the 
previous   solutions.      Its   versatility   is 
its main   attraction,   as   it   can   be   used 
for   installation   of   energy   transportati- 

mi   IJMI--~.      It   also  can  be  used   luiiti   on  wor- 
king   or   new   lines   Independently   ul    the   span 
lengl h ■ 
this   was    the   solution   adopted' 

LIMK'S (;F:\RH\L riiARAciKHisTics - CROUM) 
VI HE 

|n order to check the feasibility Of I he UJJ 

tical   cable   laahing to  the  ground wire,   the 
linn    I HFKDUF.ltO    chose   amotlfT   its    t ran spot I a I j^ 
cm    routes   one   offering   a   particular'   charac- 
teristic.       Thus,    a   lurli   tension    line     iniii- 
ting    two   conveniently   apart    substation   near 
Navarra,    a   Northern   Spanish   city,   was   salac 
led.       The    weal bet    conditions   are   extreme   in 
this    /one.       In    summer,    Iempera Iures   higher 
I hi.i    'IO0

C   arc   reached,   ami    in   winter-   they 
can   drop   down    to   -■.,0"C.      The   distance   bet- 
ween    the    substations   known   as   Cordovilla 
end   Orcoyen    I    is   7. 10-•  ni.      The   220   KV   exis- 
ting   line    in   sinple   ciiCUJt    was  used   as   the 
electric    line    supporting   the   communication 
cable.      The    towers   Were   equipped   in    their 
upper    part    with     just    one   ground   wire   of   VI 
iniii-    se ct ion . 

Figure   2   shows   a   diagram  with   towers,   dis- 
tance   between    spans   and   where    the   cable    .jo- 
ints   are    found . 

In    the    follow    table   are    the   ground   wire   cha 
racteri sties: 

CHARACTFRJb TICS OF  THE  CROUND-WIBE 

Ma ten ,il Galvanized   steel 

Type 12   wi re 9   of   3.17 mm  (^ 

Total   diampter <».'■>   mm 

Hrpakin^   luad MTO kg 

Weiffht O.'fi   ks/m 

Termal   pxpariKiiin roef. 12   x    10 

This   wire   is   laid   in   such   a   way   that    at   the 
most    frequent    temperature   alonp   the   year, 
i.e.    lr)0C,    it   has   a   Load  of   K?0   kc,    rea- 
ching   .?,Or)0   kj^   in   most   unfavorable   conditi- 
ons   such   as   -lr)0C   and   180 /U     ice   overload 
("d"    bein^   the   outer  diiimeter   lor   '110   in   ave^ 
ra^e    span). 

THE   OPTICAL   CABLE 

\ll    the   materials   forming   the   cable   are   di.e_ 
lectric.       The    cable   is   formed   by   a   central 
Strength   member   around   which   and   totally   co 
verlng   it,   '>   optical   fibers   and   3   polyprop^ 
lene   filled   filaments  are   stranded   in    just 
one    layer.      This   core,    tarmed   by   a   central 
cord   and   nine   elements  around   it,   is   cove- 
red   by   two   tapes   applied  on   closed   helix 
and   overlapped.      Afterwards,    the   cable   she- 
ath   lormed   by   a   first   layer   of  extruded 

■ 
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« FIG 2    DIAGRAM   OF THE   ROUTE 

plastic   matciJal    is   applied.      Ovci     I Ilia    she 
.iih.   Ki'vlai-  thread*   arc   longitudlnall)   app_l_ 
ind   aru)   a   new    layiT   of   cxtiudcd    plaatlc   ma- 
ti'iiaj    is   appliiMi   DII    thaaa   tliroads. 

Cliar.iit IT i s I i i-s   ol'    tin-   m.i I <■ r i a] s    running 
I   111'      C.llll (! 

a)   Out ral   SI i i-iif:» li   Curd 

Mat o t i al :       Ki'vl ar     '(<>. 
Dianic let :      2  mm 
Braaking Joad:     'too  I<K 
Elongation at  braaki     2J« 
Weight   per Mtan      '!.(>  g 

li)   1- i 1 ami'ii i   !■ i i I i nga 

Material :     Polypropylene• 
Di amp I IT:       1 .','   mm   (no    tension) 
llri>akiii(7   load:       1't. ri   \\tr. 
Veigtil   par oMteri     o."   u^: 

C )    Wiappilij;    laprs 

No .    o t   t api' s :       .',' 
Matorial:      Each    tape   is   lormod   by   two   p^ 

lyeatar   layers   and   one   foam 
layer   Ln   I he   centeri 

Vidthl 10   mm 
Thickness:     0.1?   mm 

d)    Resistant     Threads 

No.   of   t hreads:      2h 
Material:     Kevlar   '49 
Breaking   load:     22  kfj 
Blongation  at  breaki     Tffa 
Weight   jier  meter:      0.1'>   g 

e )    rahle   .shealli 

Material:     0 . i    111 ark   Polyethylene 
Thirkness  of   the   inner   plastic   layer: 

0 . r)   mm 
Thickness  of   the   outer   plastic   layer: 

I .0   mm 

Re s i .s 1 an I Kevl a i  I h reads are placed bat" 
ween hoth I avers. 

f)   Opt i ea 1     !■ i hers 

Type:      Multimode.   graded   index 
Core   and   cladding  material:      Doped   sili- 
ca   as   per   MCVD. 
Core   diameter':      r)0   ♦   '\ microns 
Cladding  diam.:l?r)   +   (> " 
First    coating  material:      Silico.ie 
First    coating   diameter:      .?20   microns 
Secondary   coating  material:      Nylon 
Secondary   coating   diameter:      0 .'njp .0')min 

Final    Cahle's   Cha r a<-1 e r i st i cs 

a) Mechanical    and   Dimensional 

Radial thickness of sheaths plus resis- 
t an I t hreads:  2   mm 
Cable's outer- diameter:  •> mm 
Weight :  "iO kg/km 
Maximum tensile strength (short uerm): 
,'.'00 kgf 
Pensile   strength   (long   term):      lOO   kgf 
Minimum   admissible   bending   radius:    1 r)   cm 
Temperature   range: 

- During   i its t al 1 atiorr:   From  0   to   <i00C 
- At    work:      From   -.-'O   to   -t70nC 

Weight   of   wooden   reel:      1r)   kg 

b) Transmission   of   Fibers 

Attenuation   at   Hr)0   nm:       ).'   dH/i<m 
Dispersion   at   H50   nm: .'-'  nr/km 
Bandwidth:      300  Mhz   .   km  at   S',0   nm 
numerical    aperture;      0.31 

Figure   3   shows   a   transversal   section   of   the 
eable. 

DESJON   OF   THE   AUXILIARY  OVERMKAD  TROLLEY 
FOR   CABLE   LAYING 

Among   the   possible   solutions,   it   was   deci- 
ded    to   use   the   auxiliary   overhead   trolley 
fur   the   optical    fiber   cable   lading.      This 
trolley   would   roll   on   the   grour"'   »fire,   with 
an   operator   joining  both   cables   together 
and   placing   fastening   coils   al   regular   in- 
.ervala. 

! 

■ 
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FIG 3    CABLE   TRANSVERSAL   SECTION 

IIH-    trolJi-y   wits   designed   with   17   cm   diamcl- 
er   wheel.-.   .ind   with   I ho   l>a(k   whoo]    which 
should   iilwiiys  movo   forward   on   u   fasloiiinc 
(oil    having   a   slcciiiic   whool    fixed    to   OHP 

of   llie   wheel.-   which   is   driven   li\    the   opora- 
loi     riding   the    trolloy.       Likowisei     the    Im- 
IJoy   lias   a   hrake   and   a   simnJe    system   allow- 
inj;    i t     to   pass   from   olio    side   of   the    tuwer 
to    the   oilier   without     lettin,':   down    t ho    reol 
to    the   ground.      The   reel   gomt   installed   on 
■    loose   axis   in   the   trolley,   and   the   tro-- 
lley   tof;ethei   with   the   raeli   operator  and 
accesories   weighs   around    I Ho   and   ]')'•   kg,   de_ 
pending   on    the   optical    fiher   cable    lengths. 

Ihe    overhead   liolloy   is   shown   in   Figure   't . 

I- I CURE    I ; AUXILIARY OVERHEAD TROLLEY 

KASTKNlNf,   COILS 

IIK     fastening   coils    should   meet    the    follow- 
ing   ( (indi I ions:      on   one   side,    fastening   Ihe 
cable   not     too    I i^ht ,    and   on   the   other,    alii» 
win;:   an   easy   rolling   of    the   trolley.       Seve- 
ral    types   were    tested:       A   plastic   fastening 
coil    with   an   elliptical    inner   section    form- 
ed   by   a   7   mtn   diam.    rod,    which   was   rejected 
during   the    tests   because   the   trolley   was   di_ 
fficult    due    to    the    rod   thickness   and   coil 
movement    as    I'ie   wheel    passed   over.      Another 
coil,    lorr.ied   :y   an   Aluniinium  Alloy   with   3»3 
mm   thick   wire.    If  mm   diam.   and   ')   cm   lay   was 
rejected   due   to    the   material   deformation. 
Finally,    several    coils   of  galvanized   steel 
■.'.">'i   mm   thick,    diameters   around   15 «5   and   1H 
mm   and   helix   lays   7   >    1'•    cm  were   tested, 
line   of   these    last    coils   with   lb.7r'   mm   inner 
diameter,    7   cm   helix    lay   and   70   cm   long   was 
final 1y   adopt ed. 

Separation   between   coils   was   33   OU   and   in 
order    to   prevent    wind   vibrations,    rif;lil    and 
left    alternate   coils   were   placed   as   there 
is   a   variation    in   the   aerodynamic   profile 
of   the   ground   wire   when   placing   the   optical 
fibers.      All    this   was   carried  out   as   a   con- 
sequence   of   the   results   of   tests   which   were 
performed   prior   to   installation   and   which 
will   be   described   farther  on. 

Figun 
Urn, 

shows   a   view   of   the   fastening   co— 

FICURE   r> FASTEN INC   CO 1 I.S 

■ lOJNTlNCS   AND   SPLi CINQS 

The   optical    filier   cable   pieces   have   lengths 
from   9r)0   the   shortest    to   1,239   m   the   long- 
est .      For   this   reason,    7   splices  were   fore- 
seen' in   the   line,    located   in   the   towers   at 
their   first,   stage,    i,e.,    approx ,    10   m   from 
the   ground. 

Ihe    fiber    jointings   were   performed   usirifj 
two   machines,   one   of   them   working  with   mi- 
croflamo    fusion'    and    (ho   other   by   electri- 
cal   arch   fusion,      Vith   it,   we   tried   to   ana- 
lyze   both   types   of   splices  under  every 
standpoint,    i.e,    feasibility,   quality   and 
1 i f e . 

Once   the    fibers   were    spliced,    the   splicing 
was   reinforced   with    I hertno-ret racti 1 e   slee- 
ves,    and   all   of   it    was   inserted   in   flat    jo- 
inting   houses   of   an   Aluminium   Alloy    fully 
watertight    and   fixed    to   the   tower   structure. 

■v.- 
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TESTS   gRIOB   TO   CAULK   INSTALLATION 

A    SCIIIVK      of      tests   WIT«-    pctl Di mcii   pt lot    t <i 
i in- i-.iMc's iin.il Installation in onlar to 
■olvo   'ill   poaaibla   problsna  ol    thm   cabla   1« 

According to tha raaulta obtainadi * in' itux_^ 
liary laying trolla) aa wi-ll ai tha i.istcn- 
i tit' ID i l s .irui separation daacribad« wra da 
signedi riic toilDwin/: atudiea will l)i> apa> 
ci fi i-n 1 I v   doacrJ bad • 

a)   Study   ol    tin abli Wi 1 h   pi) i II t     lu ml 

H t om tha stuii\ of ;i cabla balanca with .i 
load ICH t i'i I'd in .i fjivon point of t ho 
sp.ui. we raachad tha ooncluaion thai ■ 
17") ^tr, approx« load) tha ground win' raa 
chad tha ■aximum tftision for<'.s»M>n by 
regulations in 'orcc. for checking 
v.» I I ii i t \ ii i the theoretical calcitlal 
an experinental taal was carried out 
lau.     i'iH'i.       Between   towera   l   and  3 
tha    380   KV   Vi t ot i a-| t xaso    lini'.    ni-at 
toria   Sulist at i on .    a   stoi-l    <al)]o   was 

the 
t hr 

i ons 
i n 
of 

Vi- 
laid 

approxa     I   mi'ti'i   it nm   the  ground«       This 
cable w.is identical and in the same ten- 
sion condition! as that in the Cordovi- 
1 1 a-Ot roveii 1 line. Those two spans ha- 
ve lengths of 239 and VtO ■ and arc» al- 
most equal to the average and maximum 
spans   ol    Pamplona    line. 

riie   test   conaiated  of  a   thooretical   cal- 
ru 1 a t i on of t lie heights to he produc- 
ed after hanging a 'VtO k^ woifjht, and 
it~ [irartiral cherkinf^. A l . 31% maximum 
error was detected in the .','30 m span, 
and a 3.r)r>^ error in the VtO m span, t he 
di fferonce decieasiiifj from the center to 
the    towers. It    was   also   noted   that    the 
error was always found in the same direc 
tiuii, arising froa tha cable settlement. 
Ibis indicates that the theoretically 
e.i I iu 1 a t eil tensions were higher than the 
leal unes obtained in the fiels. The t^e 
suits   were   accepted. 

b )    -^tri'iijMh   A t t enua t i on   Vatiations 

An i input taut subject that we wanted to 
study was the relation existing between 
the Mchanical tension supported by the 
ground wire  and  the  attenuation produced 
in     the    optical    fiber    cable. 

For this, a steel cable identical to the 
one being handled was installed at the 
Vi toria Substation with a (tensing & un- 
tensing system) and electric dynamometer 
continuously indicating the steel cable 
strengthi Two tests were performed: In 
the first« the optical fiber cable was 
lashed to a ',',000 kg strength from the 
ground cable. The strength was decreas- 
ed to 600 kg and kgain increased unt i I 
reaching 'i.OOO kg, and finally decreased 
to 2,000 kr. In the second test, the i)£ 
tical fiber cable was lashed te HOO k(; 
Strength In the ground wire. It was in- 
creased   up   to   3,000   k^   and     decreased   to 

1 , MOO   kr.    keeping   this   strength   .ill 
ni ghI    Iong. 

Tha optical fiber cable lashed was Hä m 
long, .mil the libers were spliced at the 
it ends forming a loop, in order to ohta 
in a continues wire of J00 m. The atte- 
nuation values were measured at regular 
intervals: of IOO kg in the first place 
and afterwards .'.""IO kg mechanical strer»^li 
variation in the steel cable. The re- 
sults were highly satisfactory as it was 
noted that the mechanical stress increa- 
se in the ground wire does not vary the 
O.F.    cable   attenuation. 

c)   Vi brat i ons 

The   vibralioa    tests   were   carried   out 
with   a   vibrator    LlNf,   D1NAM1C   S1STKM   TIOL 
model,    with   an   oscillator-amplifier    TPO- 

I K . 

A ')") ■ optical cable length was prepared 
and lashed to the corresponding ground 
wire, with the already described fasten- 
ing coils placed at different distances. 
The optical fibers had been spliced for- 
ming a loop for the continuous control 
of the possible attenuation variation or 
fiber cracking by means of a reflectome- 
ter . 

The   test   started   with   a   sweeping   of   fre- 
ijuencies   from   1   Hz   to   100  Hz   and   with   vt» 
riations   of   the   energy   applied   by   the   oj< 
ci1 lator-ampli fier .      This   sweeping  was 
repeated   tensing   1,700,   1,300   and   900   kg 
the   ground   wire   with   the   optical    cable 
lashed.      Considering   its   behavior   and 
the   span   possibilities,    3   (resonance   fre 
quencies)   were   selected:      60,   'J7  and   ') 
!!/,    arid   the    following   test   conditions   we 
re   decided; 

Stress:      J)00   kg 

No. of cycles:  lO x 10  (in each of the 
three frequencies) 

Approx. (free wave) amplitude in the gro 
und cable: 

2   to  6 mm at 60 Hz 

■'t   to    10   mm  at    .'."7  Hz 

10   to    1H   mm   at      '»   Hz 

Once   the   tests   were   concluded   in   the   es- 
tablished   conditions,   no   variation   was 
noted   in   the   fibers   attenuation   which 
was   continuously   recorded   by   the   reflec- 
tometer   and   no   sheath   failures   were   det- 
ected   due    to   the    lashing. 

d )    Cable   (jua I i f i ca t i on    befure    I n s I a 1 I a t i on 

The   values   obtained   in   the   cable   before 
installation    are    shown    in   the    following 

• 

•••■ 
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table. T'rc rib«ra at t ptiuat i on was measaipd 
iij tin' lii'lil witli .1 relic it omc I or-. The if- 
■alnlllK   tests   wi'tf   pi't td I mi'il    in    ttw    lalxira- 
tory • 

■ 
s 

■ 
=   E 
1 
■1 

u 
i.   • 
J   0 - ■ 

1 g 

1       13 

4 

~  E 

'  c 
1 

18 
T3   E 

0 

j 
m c 

1   0 
■3 E 
V 

5 

—   01 
« u 
U  3 
-   U 
X   01 it 

1 1 ,okt 1 2.70 1.7 50 125 0.31 
-' 1.70 2.2 50 125 0.21 
T 1.H0 1.2 ' ') 125 O.30 
t 1.70 1.7 '»9 125 0.21 

^ i.qs 2.1 50 12f» 0.21 
fi T.l<> 1.2 50 135 0.31 

•> QIS 1 '♦.97 1.3 50 125 0,21 
2 1.15 0.4 '(9 125 0.21 
1 2.9;t I.S ^9 125 0.30 
t 3.0't ,. 1 50 125 0.21 
" 1.10 1 .• 50 12 5 0,22 
b 1. '< ri 1.3 "1 135 0.21 

t 1  .-"I"! 1 2.97 2   2 50 136 0.31 
2 1.7't 1,3 50 125 0 .30 
1 2.91 1.7 '|8 135 0,21 
t 2.76 0.9 50 125 0,21 

" 2. 82 1.7 "0 125 0,21 
ft i. 7'» 1,7 50 13't 0.30 

'. 950 1 1.25 1.7 51 125 0.31 
1 3.80 1 .3 50 125 0.21 
3 3.15 1.7 5 1 12^ 0.22 
u 2,80 1,2 50 125 0.21 
'S 2.85 0.9 ■19 126 0.21 
6 2. 7'l 2,2 50 135 n.21 

-, 1 . 1H6 1 1.19 2,1 5 1 13ft 0.20 
2 1.27 1 ,7 50 135 0.21 

t 1.19 1.2 '•9 135 0.31 
'i 1.07 1.7 51 125 0.31 
J 1.19 2.2 •'it; 12^ 0.22 
h 1.37 1 .3 50 135 0.31 

fl 1 .0<»'l 1 l.l't 2.3 50 12'( 0.21 
3 1.08 2.2 50 125 0.21 
1 2.95 0,9 ■'»9 125 0.21 
■4 2.77 1.7 50 125 0.22 
J 2.95 1.7 '»9 125 0.21 
ft 3.6'« 2 »2 '.9 13'l 0.22 

* 1 ,048 1 1.0 8 1.7 50 135 0.21 
T •4.Hk 0.9 50 125 0.21 
3 1.00 1.2 51 125 0 .22 
!» 2,77 2.3 50 125 0.21 
I 2.81 2.2 U9 12k 0,21 
6 3,90 2.2 50 125 0,21 

■ 1,151 1 3,55 3.3 50 125 0.21 
2 1.06 1.2 50 125 0.21 
1 2.72 1.2 51 125 0.21 
^ 1,06 0.9 51 125 0.21 
] 2,72 1.7 ■'.9 121« 0.20 
6 2,98 1.7 50 125 0.21 

Likewise,    the   following   tests   were   carried 
out     in    the    cable's   polyethylene    sheath   with 
the    following   results: 

rtbT ritct NO. 

r«nflll«   Strtmfth,    ken»* 

1 ) ^ 1 b 
, 1 

liT 112 no 11*) 160 H7 IbO IK) 

ei»iickti»n   «t   braak,   « •■•.o "0 ■oo 1V> ■.00 410 .'... 110 

Crttlon« rOMfUID C 1 c c c c c 

shrinks«» 1. 11 1. 12 l,M 1.47 I.U 1.12 l.81| i.n 

Ii»p»rt   R».i»t»nr»   -'»O.c COKPLirD C c C c c c c 

The    test    met hods   used   i/ere   as   per  ASTM 
noims. 

INSTALLATION   AND   LONC.-TKRM   RESULT? 

A   view  of   the   installation   works   is   shown 
in   K i t'.a re   6 . 

KICURE   6l       INSTALLATION   WORKS 

Onre   the   line's   installation   and   splicing 
was   conrluded,    end   to   end   measurements   were 
performed   in   each   of   the   fibers.      Concern- 
ing   the   attenuation   variations   with   respect 
to   the   attenuation   values   obtained   before 
reel   installation,   we   can   say; 

1 )     Attenuation   decreased   except   in   3   fib- 
ers,    in   which   jt    increased  0.1   dB. 

.',')      The   decrease   is   around  0.2   and  0.?   dB/ 
/km,    the   most    frequent   beinR  0.r>   dll/km, 
which   was   noted    in   12   fibers. 

The    following   table   shows   the   attenuation 
decrease   distribution: 

DfCMASr 0 .i .•.• )            .'• ,1 .h 
JB  km 

NO. or FIOCIIS i 2 h 6 12 1 2              2 

Repardinp   the   splicings,    these  were   qualifi_ 
ed   one   by   one   as   we   were   trying   to   test   the 
two   splicing   techniques:      with   micro flame 
and   electric   arch   machine. 

■   -    , 

•'■-V 

Cs" 
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IM.-   attenuation  valttaa  obtained  i><'i    Bplic- 
Lng   uv  given   In   the   rolloving   tablet 

„ i    i.i*   Attanuttt dB 

R«.l situation 
spin mir 

So. 
VI r« 

1 
»lr. 

2 
«in «lr» »lr. Wire 

Type   of   M«<hin« 

l/l Tow*r     ^ 1 0.! 0.1 0.1 O.l O.i 0.1 ■ l«rtrtc   Arrh 

J/J To..r      J 1 O.S 0.) O.i O.l 0.1 0.1 - 
1   t To«»«r   12 1 o.l 0.1 0.1 0.1 O.l 0., - 
'.   ^ Toinr   1« - 0.2 0.1 0.1 0.1 0- 1 • .4 .. 
)   | To«ar  » ^ O.l 0.2 0.1 o.s 0.1 o.:* MlcruriMe 

i - r.-w«i  .'i h 0. . 0.2 Q.% 0.1 0.1 0*1 " 
7   ■* ro,.r  1» - 0. 1 0.2 0.2 0.1 0.2 0.2 

As    M    cun   lie   seen,    spl i c-i tifcs   Nus.    I.    '.'    iml 
i  were  \II^ foneed  irith   the  electric  arch •»• 
china«    mil   the   leicroflaiie  nachine   irae  used 
in    splicinga   'i .    6   .mil   7-       'lif   siiriun.it y   (.1 
the   value*  obtained  with   both nachinea   lei 

ArTtNLATION.    JB 0.1 0 ,| o. t O.b O.S 

-PLICING   PtHrrNTACB Arch 
Micro flame 1 I 

■ 
1>» 

ir.l 12.S 
It 

- 
'■ 

c    ViilUis   we    rolir ludi'il    that     the    .udi 
Mains   notalilv   licttor   tosults   than 

I- t nm    I In 
mi chi Mi- 
the   nieroflaae »achine. 

According  to  the  abovei   »nd 
ini'iils   were   port'ormod    Ln    tin 
ii.il owi n^  reau Itai 

to   olid   ini'a.sur«'— 
1 i iii'   with   t he 

|. i ber 

I 

2 

3 
'. 

5 
6 

Tot .i 1    At t ctiua t i on 
( ill!   H. I'H)   m) 

25.35 

26.72 
26.82 

25.93 
.••:.<ii 

■j', .69 

At t enuat i on 
dll/km 

i.O'l 

3.20 

1.2 I 

3.11 

■?.'),i 

T.OH 

ihi.   attenuation decreaae  noticed   in   the   tto- 
t.ii   line  with  reaped   to   the  initial   vaiuo 
in    ,.aih   i-ahle   pi.T..    is   dup    in    the    I'irsl    p I a 
,,.    Id    Ihc    cahlc   iiiilolliiw:,    since    the    att..- 
rmation   decreases   in    the    lihers   as   these 
are    ilian^i'd    In   a   most     suitable    position. 
Ihis   had   alte.idy   I n   nut iced   in   previous 
expe I 1 .iices . Ill the second place, the splj^ 
cin^.s vere performed according to a previo- 
us aplicing chart in iiid.>r to optimi/e the 
line's attenuation. However, this procedu- 
re would not have been necessary duo to the 
eiiu i [mien I a   ma rgin< 

At     the   present    time,    the    system   has   been 
working   tor  o.ie   year  with   a   .'-'  Mhit/s   system 
with    satisfactory   results.      The   line   lias   he 
en   subject    to   an   exhaustive   test   program 
throughout   its   working   life,   as   the   measur- 
Lnga   of   the   system  and  its   components   are 

,,11 eaeentiaJ pari of the applied research 
project,    and   a    higher   experience    III    the   use 
,,|     this    type   Of    i nsl .1 1 1 a t i on   could   he   ohtaj 
H.MI  according   to   the   teal   prograai  In   the  dl 
n'erellt     st Ogee   Of    I In     project . 

The   test   prograa will   continue itnti]   the 
,,,1,1   of   198^    and   it    is    carried   on I    hv   means 
Of   a   ■eaauring    system   installed    in    the    same 
line.       Uli s   consists   of   a   data   procuring 
eiiuipment    continuously    recording   all    Mw   JH 
tereating patametets.     Those   paraaetera co- 
me   from   photometers   in    the   optical    terminal 
which   measure    the   optical    Rable   attenuation 
and    the    Lighl    emission   power,   and   from   a   mo^ 
teurological    station    installed    in    the    roof 
of   the   building.      This   system   records   the 
wind    speed   and   direction,     inside   and   outsi- 
de    temperatures,    optical     fiber   attenuation 
and    the    Lighl    power   of   the   optical    terminal 
as   Well    as   any   other   i n t e ro st 1 n(r   parameter'. 

qiNnusioNS AND KUTIIKE ASPECTS 

Considering   the   measures   obtained   al     the    la 
horatory   and   during   installation,   as   well 
as   those    throughout    the    test    period,    the 
conclusion   was   reached   that   the   mechanical 
support   of   hJRh   tension   lines   can   he   used 
for   the   optic.1    cable   laying,   as  well   as 
the    feasibility   of   the   optical    fihers   as   a 
transmission  medium   in   the   private   teleco- 
mniun i cat i on   networks   of   the   electrical   pow- 
er    I ra-isportal ion   and   distrihulion   industry. 

The   method   of   lashiriR    the   optical    fiber   ca- 
ble   to   the   ground  wire   is   therefore   very 
simple,   and   does   not    require   the   use   of  es- 
pecially   designed   optical    cables.      Without 
rejecting   at   all    the   already   existing  meth- 
ods,    the   mentioned   procedure  opens   a  great 
way   for   the   installation   in   the   existing 
high    tension   lines   with   a   ground   wire,      or 
tor   future   lines  where   the   economical,   qua- 
lity   and   easiness   factors   be  more   important 
than   any   other   type   of   factors. 
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TACTICAL  FIBER OPTIC  SYSTEM REQUIREMENTS 

By 

Vasilios  E.   Kalomirls 

U.S.   Army Communitatlons-E'•rctronics Command 
Fort  Monmouth,   New Jersey 07703-5202 

I 

ABSTRACT 

This paper will outline the unique features 
of a militarized fiber optic system. The 
stringent requirements that make tactical 
systems a challenge to the fiber optic Industry 
are summarized. The requirements are broken 
down to the component level. These demands on 
i-omoonents are necessary to assure successful 
system operation. The compilation of 
specifications Is presented In tabular form to 
serve as a reference for those Interested In 
satisfying a host of ground system needs. 

INTRODUCTION 

The advantages offered by fiber optic 
technology have surpassed the expectations of 
even the most optimistic scientists and continue 
to unfold. Within about fifteen years the 
progress on the silica doped fiber designs, 
Including step Index and graded Index multlmode 
and step Index single mode, has led to extending 
the system operating wavelength from 0.85 um to 
1.3 um and beyond with a significant reduction 
In attenuation with levels approaching 0.25 
dB/km. Additional experimental work on other 
exotic fiber compositions Is In progress with 
anticipate reduction In attenuation to levels of 
10 dB/km. 

The Array, recognizing the advantages of 
fiber optic technology, has been Involved In the 
development of fiber optic components and 
systems with the main objective of replacing the 
twin metallic coaxial cable. The introduction 
of fiber optics In a tactical environment can be 
a success only if the components comprising the 
system can satisfy the unique requirements of 
the military environment and also can be shown 
to have service life not less than comparable 
equipments used in the commercial fixed plant 
rommunlcatIon systems. 

The Array, as soon as the fundamental 
exploratory development work on the fiber optic 
system AN/GAC-l was completed, embarkec1 

vigorously on an engineering development program 
with the objective of replacing the currently 
used twin metallic coaxial cable, associated 
transmitters, receivers, repeaters, and 
ancillary equipment with fiber optics. 

It is demanded by the user community that 
the new technology. In order to be accepted, 
provide greater technical advantages and cost 
benefits over the present technology, as well 
as, meet all the present system requirements. 
The successful fielding of the new technology Is 
highly dependent on the timely and coordinated 
Integration of the particular components. The 
Individual components, betöre they qualify for 
the subject system, must undergo a very 
comprehensive sequence of testing which verifies 
technical performance, human factors evaluation, 
cost effectiveness, and design to unit 
production cost. 

Since the main application is the 
replacement of twin coaxial cable which is the 
"work-horse" of the Army's communication network 
for ground tactical communication trunklng 
links, only this ground tactical applications 
will be considered. The system operation in the 
tactical field requires that the fiber optic 
cable be ruggedlzed and designed to withstand 
the repeated deployment and retrieval offered by 
a rough terrain and Its adverse conditions. It 
Is also understood that the same fiber optic 
system operate In any climate for cost 
effectiveness and simplification. Thus, the 
environmental performance must include 
temperatures from -46 0 to +71 C as a minimum 
requirement. 

This paper will address the environmental 
and mechanical characteristics that a tactical 
fiber optic system and its components have to 
meet before qualification for fielding; 
comparison to a fixed plant fiber optic 
communication system will be emphasized. 

SYSTEM 

The on-going work for the Fiber Optic 
Transmission System (Long Haul), FOTS(LH)1 , was 
undertaken with the consideration that the fiber 
optics should be Introduced Into the tactical 
field with minimum changes to related 
electronics, multiplexers, etc., already 
available In shelters. In addition, the fiber 
optic system was constrained to interface with 
external digital multiplexed traffic rates 
4.736 Mb/s and 18.816 Mb/s over the optical 
fiber.  The need was recognized for system 

: 
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operation In link lengths of one to eight 
kilometers without a repeater and up to 
sixty-four kilometers with seven repeaters. The 
fiber optic system requirements'', are listed In 
Table 1. 

and maintaining the weight of a full reel at a 
nominal 100 lbs. 

TABLK 2 

I 

TABLK I 

TACTICAL K18KR OPTIC SYSTKM RKQU1RKMKNTS 

OPTICAL FIBKR RKQUIRKMKNTS 

Repeater Spacing 
BKR 

Transmission Rate 
Maintenance Orderwlre 
Maintenance Orderwlre 
Channel SNR 

Heat Dissipation 

System MTBK 

Kau It   Locations 

Temperature  Kxtremes 
1. Storage and Transit 
2. Starting 
■). Continuous Operating 

8 km 
10 9 for max link length 
M  km 

4.736 and 18.816 Mb/s 
Analog and Digital 
15 dB 

No Circulation Fans 
Within Kq u1pme n t 
500 hrs for 20 kni/24 hr 
mission Configuration/ 
Duration 
Identification of Last 
Operating Repeater 
within +_  2 meters In 
one km cable 

Per MIL-STD-810 
-460C to +710C 
-460C 
-460C to +520C + Solar 

Knvlronmental 
Conditions 
Transportability 

KMC/EMI 
Built-in Test/ 
Maintenance 

D i ag no s 11c s 

CABLK ASSKMBLY 

j.adlatlon of 
360 BTU/SQ. FT./HR. 

Per AR-70-38, 
MIL-STD-A54, MIL-STD-8IG 
Withstand the effects of 
handling during 
transport 

MIL-STD-46IA 
Detect Greater than 981 
of Faults 

With less than 1% False 
Indication 

Fiber 

Numerical   Aperture 
Bandwidth 
Construction 
Diameter 
Proof  Test  Level 
Temperature 

Performance 
Radiation Hard 

Dual   Wavelength 
0.85 and   1.3 urn 
Graded Index Multlmode, 
50/12 5 

0.22 
400 MHz-km 
Tightly Buffered 
1 mm OD 
100 kpsl 
-460C to +710C 

CABLE DESIGN 

SHiATM *L*VE BIMOOEN 

MOIOEiuAMEhT FtuEK 
INVLO* 'II 

T**E 'LAME BE^AfDENT 

INTLO* Wl 

■ TlGMTLVBUFFEBEO 

SECONDABV COATING 
1NVLON 121 

STRENGTH '.■! ■-•Hi J 
IKCVLAB 49i 

QUAD LA» LENGTH 

KEVLAB LA» LENGTH 

«EVLAB OUANTtTV 
4iT9X0TK 

SHEAT-i THCKNESS 
. 1 3mm 

COU'UB COOED 

HBEBS     BEO NATURAL 

The fiber optic cable assembly consists of 
one kilometer of two fiber, optical cable 
terminated  with hermaphroditic   lens  connectors. 

CABLE 
Figure   1.     TACTICAL CABLE DESIGN 

The fiber optic cable which Is the basic 
element of the system Is all dielectric and 
contains two tightly buffered optical fibers, 
see Table 2. The cross-section of the cable Is 
shown In Figure 1 and Its characteristics In 
Table 3. The main requirements Imposed on the 
fiber optic cable are survival In the tactical 
field which requires that the cable be 
ruggedlzed; In addition the cable must meet the 
constraints of weight and reel capacity that the 
lir'k length will allow. A diameter of 5.6 mm 
was selected meeting the above constraints. 
This cable diameter allows for packaging 1 km 
cable   on   existing   DR-15   and   RC-453   cable   reels 

TABLE   3 

TACTICAL FIBER OPTIC CABLE  REQUIREMENTS 

METHOD 

All  dielectric 
6  mm 
1780 Newtons   (400  lbs) 

Cable  Construction 
Outer Diameter max 
Tensile Strength 
Temperature Cycling 
Storage 
Altitude Cycling 
Freezing Water  Immersion 

Ice Crush DoD-STD-1678 

-460C to +710C 4020 
MIL-STD-810D 
MIL-STD-810D 520 

4050 
' 
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TABLK    )   (Gout) 

Cyc 1 LG Flexing 
Cohl   Bond 
Impact   l)ama)',i> 
1. Room Ti'mpor.ituri' 
2. -460C 
).   +710C 
R.idl.il   Compress Ive 
Strength 

Cible Twist-Bend 
Tenflle   Loading 
l-'l amm.ihi I 1 ty 
Fungus 
KiMSon.ihly   Priced 

I)ol)-STl)-lb78 2010 
[)oD-STD-lb78 2020 

DoD-STD-lb/B 2030 
DoD-STD-lb78 20J0 
l)oD-ST0-lb78 2030 
DoD-STD-lb78 2040 

Dol)-STU-lb78 20b0 
DoD-STD-lb78 3010 
DoD-STD-lb78 5010 
MIL-STl)-810n 508.3 

TABI.K 4 

which are designed to electrically Interface 
with the existing equipment In the Shelter 
Modified Croup Modem (MD-102b) and optically 
Interface with the tIber optic transmission 
mod lum. 

Thi optical transmitters which have been 
currently selected for use In tactical 
i-ommunloat Ions systems are LKD based since they 
are more reliable and simpler than laser 
sources. In addition, LKDs offer fewer safety 
hazards to the user. The LKD Is qualified to 
the -IAN-TXV level of MIL-S-19500, including 
radlographlc Inspection. 

The physical characteristics of an LKt) 
transmitter for a tactical communications system 
are listed in Table 5. 

!  " 

V 

TACTICAL PIIKR OPTIC CONNKCTOK UQUIIKHENTS 

Hermaphroditic Two Fiber Connector 
Insertion Loss < 2 dB Lens, < 1 dB 

Butt Joint 
Mating Durability       2,500 cycles 
Kase of Interconnection  minimum force, positive 

locking 
[)ol)-ST')-lb78, Method 
3010, Procedure II 

M1L-STD-810D, Procedure 
I, Method 512. 1 

No special kits allowed 
MlL-STD-1344, Method 
2015 

MIL-STD-1344, Method 
2005. 1 

MIL-STD-I344, Method 
1001. 1 

MIL-STD-810D, Method 
508. 3 

MIL-STD-810D, Method 
512.2 

M1L-STD-810D, Method 
510.2 

MIL-STD-1344, Method 
1003. 1 

I)ol)-STD-lb78, Method 
4010 

MIL-STD-810D, Method 
520 

Freezing Water Immersion DoLI-STD-lb?«, Method 
4050 

Connector Tensile 
Strength 

Adequacy of Dust Cap 

Field CleanabI I Uy 
Impact 

Vibration 

Salt Fog 

Fungus 

Leakage (Immersion) 

Sand and Dust 

Temperature Cycling 

Temperature Storage 

Altitude Cycling 

Humid ity 

Shock 

We Ight 

Flammablllty 

Reasonably Priced 

TKANSMITTKR/RKCKlVERS 

MIL-STD-810D, Method 
507.2 

MIL-STD-810D, Method 
516,3 

0.91 kg Plug/ 0.4 kg 
Receptacle 

MIL-STD-1344, Method 
1012 

TABLK 5 

LED PHYSICAL CHARACTERISTICS 

Packaging 14 Pin Dual Inline Package 
Fiber Retention      10 N (2.3 lbs) 
Fiber Optic Pigtail   1 m (39.3 Inches) 

fFIHnr MenM'-al with the one used in cable) 
Heat Transfer       Provided by the area 

between pins 
Fully Hermetic       No epoxles Internal to 

The optical transmitters are designed to 
meet the environmental requirements listed In 
Table 6. 

TABLE 6 

LED ENVIRONMENTAL REQUIREMENTS 

Operating Temperature -550C to +850C 
Storage Temperature -550C to +1250C 

(Humidity performed when exposed to 95X  RH 
for continuous and Intermittent periods.) 

Barometric Pressure 
1. Storage and Transit 
2. Operating 

Vibration and Shock 

Radiation Hardness 
Safety 

Sea level to 12200 m 
sea level to 3050 m 
Induced during 
transportarIon 

The characteristics of the optical 
transmitter are listed In Table 7. 

TABLE 7 

LED OPTICAL CHARACTERISTICS 

Peak  Output  Power (a  150 mA See   Figure 2 
(Function of heat   sink  temperature) 

The fiber optic transmitters and receivers 
operate at 1.3 um wavelength and are comprised 
of   a   LED   transmitter   and   a   PIN-FET   receiver 

Emission  Spectra 
Drive Current 
Absmax Drive  Cirrent 

150 railllamperes 
200 milllaraperes 
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n 
TABLE   7   (Cont) 

Nominal   Forward Voltage       1.8 volts |  150 mA 
Drop   (Less   than) 

Bias  Conditions 
(No  performance  degradation     IV  rev  bias  dtr 
after  subjection  to) 

Center Wavelength  @  25  C 12 50 + 15 nm 

Temperature  Dependence 0.700 nm/  C 
(Over  entire  operating  temperature  range) 

l.inewldth   f  FWUM 
(Over  entire  operating  range) 

< 100 nra 

Optical Rise/Fall Time < 8 nanseconds 
(10% to 90%) 
and Drive Current Change From 
25% to 100% of 150 mllllamperes 

Linearity Sufficient To Maintain  < 15% of AC.P 
(Total harmonic distortion) 

Contrast Ratio for 
4 Mllllamperes 
Drive Current 

< 1.5% of output P 
Defined at 
150 mil Ilaraperes 

.'.■ii 

\ 

The transmitters In order to qualify have to 
meet the requirements listed In Table 8. The 
screening tests are performed In accordance with 
M1L-STD-750. 

TABLK 8 

LED SCREENING TESTS 

M1L-STD-750, Method 

Fiber   Retention 

Internal  Visual 

Stabilization  Bake 
(At   max  temp) 

Temperature  Cycling 

Constant   Acceleration 

10 N 

2073 

10)2 

1051 Test Cond. B 

2006 
(Y, orientation 10,000 G  mln) 

Seal 1071 
Test   Cond.   H 
Test  Cond.   C 

2076 

1038 Test  Cond.   B 

2071 

MIL-STD-750,   Method  213 

i.   Fine Leak 
2.   Gross  Leak 

Radiography 

Burn-in   (168  hrs) 

External  Visual 

Mechanical   Shock 
(Half-size  pulse  |  100 G's) 

PIN/FET translmpedance optical receivers 
have been selected for use In the first tactical 
communications system. They are qualified to 
hybrid level        of        MIL-M-38510, Including 
radlographlc   Inspection. 

The physical characteristics of PIN/FET 
receiver modules  are  listed   In  Table  9. 

TABLE   9 

PIN/FET  PHYSICAL CHARACTERISTICS 

Packaging 14  Pin  Dual   Inline  Package 

Lead  Material 
Finish 

Heat  Transfer 

Type  A or  B per MIL-M-38510 
Type  C 

Provided   by  the  area 
between  the  pins 

Fiber  Optic  Pigtail    Fiber   Identical   to  fiber  In 
cable 

Fully  Hermetic No  epoxles   Internal   to   seal 

The PIN/FET receivers are designed to meet 
the environmental requirements listed in Table 
10. 
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TABLK ID 

c 
P1N/FET RECKIVER KNVIRONMENTAL CHARACTERISTICS 

Operating Temperature   -4b0C to +850C 

Storage Temperature    -550C to +1250C 

Humidity (Hermetically Sealed)  9S% RH 

Barometric Pressure 
1. Storage & Transit   Sea level upto 12200 m 
2. Operating Sea level upto 3050 m 

Vibration and Shock    Transportation, rough 
handlIng 

Radiation  Hardness With   the exception of 
exception of 
1. Module Responslvlty 
2. Frequency Response 
3. Output Noise Voltage 

94% Post   Radiation  Exposure 
Responslvlty 

Post   Radiation  Frequency 94% 
Response  (From DC  to  1 5 MHz) 

Post   Noise  Voltage  (RMS) 
285 to 420 mv for  (-46 + 80 C) 

or -46 to 220C 285 rav 
23 to  350C 317 mv 
36 to 80oC 420 mv 

The characteristics of an optical receiver 
for a tactical communication system are listed 
In  Table   1 I. 

TABLE   11 

PIN/FET  RECEIVER  OPTICAL CHARACTERISTICS 

Spectral   Sensitivity 1100  -  1400 nra 

Optical   Damage - 
Wlthstandlng 

Input  Optical   Power 
Level   (pp)   for 
5x1 O-11  BER 

5  mwatts 

-44.5 dBm to -4. 5 dBm 
35. 5 uw to 355 uw 

Responslvlty (No AGC)       5. 3 x  10'* to 5.9x10"  v 
(Full AGC)       5.3xl03    to  5.9xl03  vW 

Frequency  Response 

Group  Delay 

Linearity 

100  Hz   to  20 MHz  rain 

4  nansecs  for 4 KHz  to 
15 MHz 

1   dB compression/ 
decompression max 

180-265 microvolts max Output   Noise  Voltage 
(Temperature  Dependent) 

Receiver    sensitivity    versus    temperaure    Is 
shown   In  Figure  3. 

0 ..'5 

TKMPERATl'RE   "C 

KiRure   3.     RtHflver  Sensitivity  v  Tfmper.iture 

The receivers are evaluated In accordance 
with MIL-STD-883 for qualification. The 
screening tests are listed In Table 12. 

TABLE 12 

PIN/FET RECEIVER SCREENING TESTS 

'er MIL-STD-883 
Method 

Fiber  Retention 10  N mln 
Internal  Visual 2017 
Stabilization Bake 24  hrs mln       1008 Cond  B 
Temperature Cycling 1010 Cond A 
Constant  Acceleration 2011  Cond  B 

In Y.   orlen 
Visual   Inspection 

tatlon 
Defective parts 

Interim  (Pre-burn-ln) ElectricaJ parameters 
Burn-In-Test 160 hrs  | 100oC           1015 

160 hrs | 12 50C 
Seal 

1. Fine 
2. Gross 

1014 

Radiography Inspection 
Resistance to Solvents 
Bond Strength 
Moisture Analysis 6000 pp 

at 100 
Pressur 

.3 The stringent requirements that a tactical 
fiber optic system must meet to qualify for 
fielding are listed and compared with the 
requirements of a fixed plant communications 
system,   see Table  13. 

m 

s 
■-" 

2012 .    . 
2015 r.v 
2011 ». 

m max 1018 | 
c  and atm _"■ 
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TABU   13 

trr. IT KM 

Mobility 

F1XK1)   PLANT  VKKSIJS   TACTICAL  FIBKR  OPTIC 

K1XKI)  PIANT 

Permanerit  ami   Protected 

COMMUNICATIONS  SYSTKM 

TACTICAL SYSTEM 

Rapid Mobility 
WZ of  Systems   In  Place   for  <   10  hrh 

Installat Ion 

Cl iraati- 

Underground  or  Aerial 

Stable  Knvlronraent 
Kqulpraent   Easily Qualifies 

On  Ground,   Underground  or  Aerial 

Severe Climatic  Conditions 
Materials  and  Equipment 
Specifically  Designed 

Radiation  Hardness Metallic  Strength  Members 
Commonly  Used 

Severe  Problems,   All   Dielectric 
Cables  Required,  Terminals  and 
Equipment  EMP/EMI   Resistive 

Cable   Length No  Significant   Constraints Significant  Constraints,   No  Splices, 
Use of Connectors  and  Existing 
Deploying &  Retrieving  Equipment 

Durability 

Flexibility 

No   Significant   Problems 

One Time   Installation 

Handling and  Environmental   Factors 
Necessitate  Highly  Durable  Cable 

Handling and  Low Temperature 
Performance  Require  Highly  Flclble 
Cable 

Welght/Bulklness No  SignlfUant   Problem N-jeH  to  Reduce   Installation Time, 
Logistical  Requirements  and   Improve 
Cost  Effectiveness 

Repeaters Repeaters  Might   Not   Be 
Required.     Repeaters  May  Be 
Remotely   Powered 

Repeaters  Required Must   Be  Fully 
Mil-Qualified  and  Uses  Battery 
Power 

Ancillary  Equipment Industrial  Grade Most  of  Equipments  Used   for  Repair 
or Monitoring Must   Be  Ml1-Quallfled 

.nstallatlon  Machinery Continuously   Improving 
Upgraded  Techniques 

Same Equipment as''the  On«» Used  for 
Twin-Coax Cable 
Same Techniques 

CONCLUSION 

When the physical, environmental and optical 
characteristics of a tactical fiber optic system 
are examined, It becomes apparent that 
significant differences between fixed plant 
telecommunications systems and tactical 
communications systems exist. The components 
and system, as a whole, for a fixed plant 
Installation will not meet the requirements of a 
tactical     environment. These    differences     in 
requirements necessitate additional research and 
development work to        obtain        acceptable 
components. This is a direct cause for delays 
In fielding and Increases in cost of the 
militarized   fiber  optic  system. 

Although the differences hetween the fixed 
plant and tactical field comraunlcatlns systems 
are significant, the Army has made significant 
progress and advancement so that by the middle 
of   next    year,    the    first    fiber   optic   tactical 

system complete with its primary and ancillary 
equipment will undergo Developmental and 
Operational      Testing. Full      production      is 
expected   for  1987. 
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i OPTICAL   SUBMARINE  CABLE  WITH   STRESS   FREE  FIBERS 
EVEN   AT  EXTREME   LEVELS   OF CABLE  ELONGATION 

H.   Damsgaard,   A.   Baungaard   S0renson,  Ax.   Andersen, 
N.   Engganrd,   L.   Grüner-Nielsen   and H.   Rosendal 

NKT  Elekt 
95,   Brondbyvestervcj,   DK 

Abstr.icj. 

/\ stranded oj'tical submarine cable construc- 
tion has heen optin'l^fd for application in mode- 
rately deor waters, whero anchors «"d fishinq 
•'luipment occasionally may be expected to inter- 
act strongly with the cable. The fibers h.. e been 
obsorvfd to be stress free up to the extreme 
l^Vel  of l-'H of cable  olonqation. 

A test cable »•■ broken by pullinq it at a 
riqht jn<(le with an anchor. At hreakaae the force 
aPpUed to the anchor was 39 tons. The maximum 
tension experienced by the cable close to the 
anchor alrea was determined to be less than 30 
tons corresponding to less than 0.6* of cable 
elonqation. All fibers broke within 0.5 m from 
the anchor- 

By 
ttl0 introduction of a larqe stress free 

interval of the fibers, excellent mechanical 
properties and a most satisfactory deqree of 
safety have been achieved. Consequently, lonq 
term stable operation and low repairing costs are 
to be  expected. 

Introduction 

The fiber optic cable constitutes 
a vital part of optical communication 
systems. Therefoe, it is necessary to 
ensure long term optical ancj mechanical 
stability of the cables operating under 
different and severe conditions and this 
is in particular the case for optical 
submarine C£bles due to their high re- 
Pairing costs. 

The main requirements are that no 
excess loss be observed and stress cor- 
rosion be avoided. The latter means that 
the fibers must be protected against 
static  fatigue. 

one solution to both of these re- 
quirements is to keep the fibers stress 
free during installation and operation as 
wen as during and after having exposed 
the cable to strong external forces. 
Therefore (pcrsist.ant) cable elongation, 
caused for example by cable rupture, 
should be properly accounted for in the 
design of  the cable. 

ronik, 
-2600   Glostrup,   Denmark 

In cooperation with the Danish Posts 
& Telegraphs and the Danish Industrial 
Research & Development Fund, NKT has ini- 
tiated a project with the purpose of de- 
veloping an optical submarine cable opti- 
mized for application in moderately deep 
v/aters densely trafficked by all types of 
ships and heavily exploited by fishing 
activities. 

The stipulated tensile force ap- 
plicable to the cable without imposing 
stress to the fibers is 40 tons. In case 
of breakage, fiber fracture and fiber 
strength degradation is not to occur at a 
distance of more than 25 m away from the 
point of breakage. At a depth of 60 m, 
the tolerance for water penetration is 
set at a distance of max 10 m from the 
point  of breakage   during  24   hours. 

A series of experiments has been suc- 
cessfully carried out resulting in a 
cable simultaneously meeting said re- 
quirements. 

The basic objective has been to keep 
the fibers stress free even at extensive 
cable elongations. Cable elongation 
caused for example by fishing equipment, 
by anchors, or during installation is 
then totally absorbed by the cable con- 
struction without imposing stress to the 
fibers. 

A most efficient way to achieve the 
non restricted movement of the fibers has 
proven to be a loose plastic (1, 2, 3) 
tube extruded around the fibers in such 
a way that the fiber excess length within 
the tube is as large as obtainab ■ con- 
sidering the actual geometrical para- 
meters in the stranded cable structure. 
The fiber excess length is fully con- 
trollable by the extrusion process and it 
is measured by a light pulse delay tech- 
nique   (4) . 

First, the cable design is described. 
Next , some of the results from our ex- 
perimental investigations, such as cable 
elongation - fiber stress characteris- 
tics, spectral attenuation curve, diagno- 
sis of cable rubture, and other proper- 
ties   are presented  and   discussed. 
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Cable Dfsign 

Tho cross section of the cable is 
shown in Fiq. 1. The loose tube secondary 
coated optical fibers are stranded around 
a central tension membor. The tubes are 
filled with a high viscosity silicone oil 
characterized by a small temperature de- 
pendence of viscosity. To achieve a high 
level of cable elongation before stress- 
ing the fibers, the dimension of the 
tubes is quite large and additionally, 
the tubes are extruded around the fibers 
in such a way that 0,9% of fiber excess 
length is obtained with the implication 
that the fibers are positioned in the 
outside region of the tube in the final 
cable as indicated by Fig. 1. Thereby the 
resulting cable elongation necessary to 
cause fiber stress becomes 2%. The ac- 
tual design parameters are given in Table 
1 and Fig. 1 . 

Table 1    Design Parameters of Optical 
Submarine Cable. 

Measurements, Results, and Discussion 

A typical spectral attenuation curve 
for a MCVD single mode fiber applied in a 
5 km long test cable is shown in Fig. 2. 
The loss is observed as 0.47 dB/km and as 
0.34 dB/km at 1.3 urn and 1.55 um, re- 
spect ively. 

:: 

WAveiENGTH   Ipml 

Fiber,   outer  dia 0.125  mm 
Primary  coating,   outer  dia 0.280  mm 
Radius  of  curvature  of   fibers 70  mm 

Fiber  excess   length  within   tho 
loose  tube   secondary  coating 0.9% 

Tube  diameters 1.6/2.6  mm 

Cable  elongation with   stress 
free   fibers 2% 

. ,-r.V.?i',% 
i ■''■' ^^^k. - 

,;-;. '^^^°'^B'~ ""     Steelwiros, 
.<h^ii^^m^^^(   Grade 65 

HOPE Sheath 
T.EAD Sheath 
LDPE  Sheath 

>'"J/   Loose Tubes 
W'M ,6/2,i   mm0 

■^3  Copper Pairs 
My 0,9  mm«» 
vL_16,5  mm« 

7 ,5 mm 

Fig.   2 
Typical   spectral   attenuation   curve   for   a   single 
mode   fiber   applied   in   a   5   km   long   optical    sub- 
marine    test   cable.   No   excess    loss   was   observed 
during  the cabling processes. 

The fiber excess loss at 1.3 urn as 
well as at 1.55 urn introduced by the 
cabling processes was zero within 
measuring uncertainty,   0,03  dB/km. 

Prior to the stranding long wave- 
length excess loss is observed because of 
fiber buckling due to the large amount of 
fiber excess in the plastic tube. How- 
ever, in all cases this additional con- 
tribution to the loss at long wavelengths 
disappears  after  stranding. 

The fiber excess length within the 
loose, filled plastic tube has been 
achieved by proper extrusion conditions 
and it has been measured by a light pulse 
delay technique described previously (4). 
Fig. 3 shows a typical measured tube 
elongation - fiber elongation curve and 
tho excess  length  is  observed to  be 0.9%. 

•I 
■ - 

■■•■-"^TO 54 mm* 

Fig. 1 
Cross section of optical submarine cable op- 
timized for application in moderately deep water 
areas. 
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TUBE ELONGATION  %« 

f'iq. 3 
Tube elonqation - pulse delay rhdnqe curve for a 
secondary coated fiber at 2o0C. The fiber ex- 
cess length is observed to be 0.9». 

This vpry important paramotor is woll 
controlled over a wido range by changing 
manufacturing conditions. Filled se- 
condary loose tube coated fibers cha- 
racterized by different values of fiber 
excess lengths have been fabricated and 
used in a test cable. 

In Fig. 4 the measured cable elon- 
gation - fiber elongation characteristics 
for 37 m of this cable is shown. The 
three curves belong to different values 
of fiber excess length in the tubes prior 
to stranding: A: -0.15%, B: 0.5% and C: 
0.9%. The difference between these values 
is observed to be consistently preserved 
during the cabling processes. The cable 
elongation necessary to cause fiber 
stress is 1.85% i.e. about 1.5 promille 
less than predicted by our theoretical 
calculations taking into account the ge- 
ometry of the cable structure, only. This 
small deviation between theory and ex- 
periment, about 7%, is assumed to be 
caused by the tension applied to the 
tubes during the stranding, and quanti- 
tative agreement has therefore been con- 
cluded. 
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Fig. 4 
Cable elonqation - fiber elonqation characteris- 
tics for a 37 m lonq test cable. The three curves 
belong to different values of fiber excess in the 
secondary coatinq prior to strandinq: A: -0.15%, 
B: 0,5%, C; 0.9%. The difference between these 
values has beeen consistently maintained during 
the cabling processes. Also the observed fiber 
stress free cable elongation for the three fibers 
agrees very well  with  theory. 

Fig. 5 shows the actual measured 
cable strain - force curve for our cable 
structure. It should be noted that 25 
tons of cable tension causes less than 
0.5% of cable strain, and 40 tons, which 
is the very limit of our test equipment, 
causes less than 1.5% of elongation. 
These values should be compared to the 
fiber stress free elongation of 1.9% and 
to the tensile force requirements of the 
cable i.e. 40 tons without imposing 
stress to the fibers. So even in the most 
extreme situations the fibers are stress 
free. 

.' 

• 
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Fig. 5 
Measured applied force versus cable elongation 
for an optical submarine cable of the design 
shown in fig. 1. When reading this curve it 
should be noted that the fiber stress free range 
has  been measured  to be  approximately  1.9*. 

In addition to the nain requirements 
discussed in the previous sections, the 
cable construction has proved to meet 
other strong requirements very convincinq 
as   we11. 

By backscatter measurements, simul- 
taneous bonding around a 3 m diameter 
wheel and a pulling tension of 10 tons 
representing an (extreme) field instal- 
lation situation have been investigated. 
No change was observed in the backscatter 
signal neither during nor after the expe- 
riment. 

In case of multiple bendings back and 
forth on a 1 m diameter wheel none of the 
constituting cable  layers were  damaged  at 
all. 

By a practical coiling experiment 300 
m of cable was coiled in a 2.5 m loop. 

Finally 6 atmospheres of water pres- 
sure have been exposed to a cable end for 
24 hours. No water at all was observed 
more than 7,5 m away from the cable end. 

To investigate the cable breakage 
properties a cable tearing experiment was 
carried out. About 350 m of armoured sub- 
marine cable was hurried to a depth of 
0.75 m  in sandv soil.  An  anchor was 

hooked to the middle of the cable and the 
anchor was torn at a right angle to the 
longitudinal axis of the cable by using 
heavy military vehicles. The cable was 
fixed in both ends using heavy vehicles 
as well. 

During the experiment the load cells 
at the cable ends read 23 tons at maximum 
load. The load cell connected to the 
anchor read 39 tons at break. After cable 
breakage the force needed to pull the 
torn cable ends (175 m) longitudinally 
out of the soil was approximately 4 tons. 
The longitudinal force experienced by the 
cable a short distance from the anchor is 
therefore (4 + 23) tons, corresponding to 
only 0.6% of cable strain. 

Consistently our diagnosis of the 
torn cable showed that all of the fibers 
were broken within 0.5 m from the anchor. 

However, the force experienced by the 
cable at a short distance away from the 
anchov-area at breakage, presumably de- 
pends strongly upon the actual conditions 
such as type/ size of anchor and on speed 
of breakage. This is the reason for the 
large safety margin of fiber stress free 
cable elongation included in our cable 
construction. 

Further, it is emphasized that even 
if the cable is persistently elongated in 
a neighbourhood of the position of break- 
age, the fibers are still completely 
stress free. Consequently, in cases of 
breakage of installed submarine cables of 
this type, it is only necessary to re- 
place short lengths of cable, simul- 
taneously guaranteeing long term stabi- 
lity due to the non stressed fibers. 

Conclusion    ' 

A newly developed, armoured stranded 
type optical submarine cable construction 
has become unique with regard to appli- 
cation in moderately deep, heavily traf- 
ficked water areas by increasing the 
fiber stress free cable elongation 
to 1.9%. 

More than 35 tons of cable tension 
are required to induce 1% of elongation 
and 1.9% is necessary to cause fiber 
elongation. 

By pulling in the cable with an 
anchor to cause a cable breakage, the 
tension applied to the anchor at breakage 
was 39 tons. The maximum tension experi- 
enced by the cable at a short distance 
away from the anchor area was determined 
to be less than 30 tons corresponding to 
less than 0.6% of cable strain. This had 

. 
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less than 0.6% of cable strain. This had 
the important implication that all the 
fibers were broken within 0.5 m away from 
the anchor, and this is an extremely sa- 
tisfactory result. 

Theoretically as well as experimen- 
tally the construction has proven to meet 
very strong requirements, specifically 
with a view to to avoiding fiber stress 
even during and after having e1 posed 
oxtrrrne external forces, to the cable. 

Finally, the developed submarine 
cable performs most satisfactory with 
regard to optical and mechanical proper- 
ties and a large safety margin is in- 
cluded in the construction to assure 
stable operation for a very long time. 
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HYDROGEN EVOLVING TENDENCIES OF CABLE FILLERS AND OPTICAL FIBER COATINGS 

William E. Dennis, Dnvid A. Slerawskl, Donald N. Ingebrigtson 

Dow Corning 
Midland, 

ABSTRACT 
The nttenuntion of signal in optical libers causid 
by the diffusion of molecular hydrogen Into the 
core of the fiber Is veil documented.  The 
tendency of thermally curing sllicones to 
initially produce large amounts of hydrogen is 
also well documented.  We have tested a variety 
of sillcones; thermal and UV curing coatings and 
grease-like cable fillers as well as some non - 
silicone materials and found that the tendency to 
generate significant amounts of hydrogen is 
limited to the class of thermal curing sillcones. 

This tendency to form hydrogen in thermal curing 
silicones is due to the residual silicon hydride 
species which remain after the coating is cured. 
This silicon hydride reacts with water and other 
protic compounds to form molecular hydrogen. 
When this residual silicon hydride has been 
depleted the formation of hydrogen virtually 
ceases. 

In contrast, the hydrogen generating tendencies 
of the UV curing silicone coating and silicone 
cable fillers were no greater than that of carbon 
based materials. 

Corporation 
Michigan 

The purpose of this paper is to provide 
experimental data and chemical evidence to 
change this conclusion and demonstrate that 
silicone materials provide significant value to 
the optical fiber cable when they are properly 
selected and used.  This paper reports 
measurements of the amount of hydrogen generated 
by a number of silicone materials in various 
environments of heat and humidity.  The 
generation of large amount;; of hydrogen occurs 
with platinum catalyzed thermally curing 
elastomers and not with sillcones in general. 

II. Discussion 

Background 

Silicone is a term commonly used by people 
outside of the silicone industry to describe a 
family of polymers, usually elastomers, which 
have good temperature characteristics and 
environmental stability.  In reality the term, 
silicone, encompasses a broad class of materials 
which ranges from low viscosity fluids through 
high modulus elastomers to hard brittle resins. 

1. Introduction 

The attenuation of signal In optical fibers 
caused by the diffusion of hydrogen into the core 
is well documented (1-7) and although the amount 
of attenuation which occurs can be minimized by 
the materials used In the cable and the design of 
the fiber the consensus of opinion is that all 
sources of hydrogen in optical fiber cables 
should be eliminated or reduced to a minimum. 
Consequently the hydrogen generating tendencies 
of the materials used in the manufacture of 
optical fiber cables have been Investigated. 
(2,7) 

One of the materials which has been examined is 
the silicone coating used by some manufacturers 
to provide the primary and microbending 
protection for optical fibers.  The results of 
these investigations show that thermally cured 
silicones which have been used as coatings for 
optical fibers generate significantly higher 
amounts of hydrogen when exposed to humidity and 
elevated temperatures than any of the other 
coatings tested.  This has led some Investigators 
to conclude that sillcones as a generic family of 
polymers should not be used in optical fiber 
cables. 

The silicone materials of greatest Interest to 
the wire and cable Industry are: elastomers, 
which can be used as coatings for optical 
fibers and, compounds, which can be used as 
lubricants and water blocking agents. 

Chemistry 

The most common types of silicone materials 
available commercially are based on 
polydimethylsiloxane.  This Is because the 
chemistry and processing of this polymeric 
structure are well understood and it is produced 
from readily available starting materials.  Most 
polydimethylsiloxane polymers are linear and are 
liquid except at very high molecular weights. 

CH  CH 
CH Si-O-Si 

CH  CH 

/CH \CH 
Oj-Si-Oj-Si-O- 

\cH3ycH3 

CH 
Si-CH,, 
CH, 

This liquid can be transformed Into an elastomer 
by introducing reactive sites on the chain which 
can be used to link it to other polymer chains 
through reactive ingredients called 
crosslinkerb.  The modulus of an elastomer is 
controlled by the number of crosslinks per unit 
volume and their location in the polymer.  This 
process of converting a liquid silicone mixture 
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into  an  tlMtOMT  is  referred   to as  "cure". 

< 

i 

Reactive 
Croup 

CH       Cll        TH       CH       CH       CM       CH 
Si-O-Si-O-Si-O-Si-O-Si-O-Si-O-Si- 

CH.,    I CH,    S C1L 
3    x 3    x 3 

i H        f 
i     x 

+  "cross 1 inkers" 

CH      > CH,    f CH 
-Sl-O-Si-O-SI-O-Sl-O-Si-O-Si-O-Si- 
CH„ 

CH,, 

CH, 

i 
-Si 

CH., CH       CH       CH,    CH       t'.H 

CIL CH, CH, ,       ..„       ....       ...       CH      CH      CH 
-SI-0-Si-O-Sl-O-Sl-O-Si-O-Sl-O-St- 

CH, CH, 

i ::;l 
CH, 

CH,      \ CH        [ CH       \ CH 
-Si-O-Si-O-Sl-O-Sl-O-Si-O-Kl-O-Sl- 

CH, ( i Cll       CH,     CH,    CH 
3 3 

CH, 

The verv large number of commercially available 
sllicnne elastomers stems from this basic concept of 
linking polymer chains together.  The variety of 
elastomers comes trom the numerous ways of forming 
this crosslink, and the large number and 
combinations of fillers, additives, and stabilizers 
which are used. 

The degree of substitution of the methyl groups on 
silicon by other substituents, the nature of these 
substituents, molecular weight of the polymer chain 
and the tertiary structure of the polymer can all he 
varied. All of these parameters affect the 
processing, curing, handling, stability and final 
properties of the elastomer. 

Oi.e method of curing an elastomer which is widely 
used in the sillcnne industry is the addition of a 
silicon-hydride bond to an olefln or carbon-carbon 
double bond using platinum as a catalyst. This is 
referred to as addition cure and it is one example 
of many ways of curing an elastomer by an addition 
mechanism. 

H 
5Si-H ♦ -C= 

i 

■C- 
H H •  * 

sSl-C—C- 
' H 

This method of curing a silicone elastomer has many 
attributes which makes it useful in a large number 
of applications: 

1) There are no low molecular weight by-products 
1orraed. 

2) The volume of the cured elastomer is similar 
to the uncured volume and there is low 
shrinkage. 

3) The cure rate can be accelerated by 
increasing the temperature. 

All of these attributer. are important in the 
coating of optical fibers and consequently this 
type of silicone elastomer has been used in the 
coating of optical fibers. 

Most, if not nil, of the commerLially available 
silicone elastomers which use the addition of a 
silicon-hydride to an olefln for cure are 
formulated with an excess of the silicon-hydride 
abrve the stoichiometric ratio of olefln.  This 
practice allows the formulator to achieve 
adequate rates of cure and control of the 
physical properties.  In most applications this 
small excess ot unreacted silicon-hydride is 
innocuous.  Although hydrogen was probably 
generated In some of these applications no 
problems were reported until Its use in fiber 
optics. When this type of elastomer is used as a 
coating for optical fibers this slight excess 
leads to the formation of a damaging amount of 
hydrogen in the presence of water. 

This formation of hydrogen is due to the hydrldic 
nature of the hydrogen atom attached to silicon. 
In the presence of compounds containing proto ;s 
this hydridic hydrogen combines with the proton 
to form molecular hydrogen.  The most common 
protic compound in the environment Is water. 

sSi-H HOH »SI-OH +  H, 

This reaction with protic materials is catalyzed 
by acids, bases and the platinum catalysts 
Incorporated in the formulation to cure the 
elastomer.  The rate of hydrogen evolution from 
freshly cured elastomers of this type Is quite 
high, but, when all of the excess silicon-hydride 
has been reacted the hydrogen evolved from such 
formulations virtually ceases. 

In fact, the hydrogen content of silicone 
polymers is much lower than that of organic 
polymers and the number of mechanistic routes 
possible to the formation of hydrogen are fewer. 
For example, there are few if any carbon-carbon 
bonds which contain vicinal hydrogen atoms. 
These hydrogens In organic polymers can be 
eliminated In a debvdrogenation reaction to form 
an olefln and hydrogen. 

H H 
i • 

-C-C- 
h H 

-c=-=c- 
I   I 
H  H 

The hydrogen generation in silicones reported to 
date has been related to the use of platinum 
catalyzed, thermally curing elastomers which 
contain silicon-hydride crosslinkers.  It is not 
a general problem for silicone based materials. 
Another class of silicones which have been 
evaluated recently as optical fiber coatings are 
UV curing silicones. These materials do not 
depend on the presence of silicon-hydrides for 
cure and, consequently, would not be expected to 
form significant amounts of hydrogen.  This is 
also true for many of the room temperature 
vulcanizing (RTV) elastomers which cure through a 
condensation mechanism. 

. 
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I 
Cable fillers should also show low hydrogen 
generating tendencies since they are non-curing 
materials and utilize no crosslinkers. 

Another source of hydrogen could be from the free 
radical attack of a hydrogen radical on a hydrogen 
atom attached to carbon. This reaction mechanism is 
possible for both silicone and carbon based 
pilymers. 

R = Si, C 
II 

H-C-R H. 
I 
.OR 
H 

High temperatures are requlrec for this reaction to 
take place at any appreciable rate and this 
mechanism does not appear to be significant in most 
optical tiber applications. 

One of the concerns of optical fiber cable 
manufacturers is the formation of hydrogen from the 
interaction of moisture with the metallic components 
of the cable.  One route for the transport of water 
vapor to the metal interface is through the water 
blocking compound itself.  This transport is a 
function of the solubility of the water in the water 
blocking compound and the diffusivity of the 
compound. Water vapor is less soluble in silicone 
compounds than it is in most organic compounds. 
Therefore, the concentration of water at the surface 
of the metal is less and the rate of hydrogen 
formation from the interaction of water with the 
metal should be lower. 

III.  Methodology and Results 

The hydrogen generating tendencies of silicone 
materials were measured in a series of experiments. 

Silicon-Hydride Addition Curing Klastomers 

In one series, four elastomers which cure by 
silicon-hydride addition to an olefin were 
maintained at a variety of temperature and humidity 
conditions in sealed containers: 

1) 50% Relative Humidity at Room Temperature 
2) Ibl  Relative Humidity at Room Temperature 
3) 507o Relative Humidity at 70oC 
4) 951 Relative Humidity at 70oC 

The amount of hydrogen which formed after 1 day and 
7 days exposure was measured.  (See Table I)  In all 
cases except two the amount of hydrogen formed was 
significant and above the detection limits.  Two 
samples at 50% RH and room temperature did not form 
significant amounts of hydrogen in one day but had 
formed hydrogen by the seventh day.  The reason for 
this induction period has not been determined but 
could be related to the amount of excess 
silicon-hydride in the formulation, the amount of 
catalyst and/or the extent of cure. 

In many cases, particularly those in which large 
amounts of hydrogen were generated, the amount of 
hydrogen measured after 7 days was lower than that 
measured after 1 day. This Is probably due to loss 
of hydrogen through the septum because of Its high 
diffusivity. 

Comparison of Various Silicone Cure Systems 

In another series of experiments the amount of 
hydrogen generated by elastomers which cure by 
silicon-hydride addition to an olefin, by a 
condensation mechanism and by UV cure were 
compared.  In this series the samples were 
maintained at 95% RH for either 24 hrs, 48 hrs or 
72 hrs.  In this series only the sample which 
contained silicone-hydride formed a measurable 
amount of hydrogen.  (See Table II) 

Rate of Hydrogen Formation from silicon-Hydride 
Cure System 

In another experiment the rate of hydrogen 
formation from an elastomer containing 
silicon-hydride was measured.  The elastomer was 
cured at 140''C for 10 minutes, allowed to cool to 
room temperature and sealed.  The amount of 
hydrogen generated was measured 24 hrs later and 
the bottle left open at ambient conditions. 
Twenty-four hours before each subsequent 
measurement the bottle was resealed and then left 
open after the measurement.  The initial value 
was very high and even after 27 days at ambient 
conditions the amount of hydrogen generated 
within a 24 hr period was substantial.  (See 
Figure) 

Autoclaving of Silicon-Hydride Curing Klastomer 

The effect of completely reacting the excess 
silicon-hydride was determined In a separate 
experiment. A silicon-hydride curing elastomer 
was prepared and held at 95% RH for 24 hrs and 96 
hrs. The amount of hydrogen which formed was 
significant and consistent with previous results. 
This sample was then autoclaved for 1 hr at 175°C 
and then the amount of hydrogen which it 
generated was measured after 24 hrs and 96 hrs at 
95% RH.  The amount of hydrogen decreased but was 
still above the detection limits.  This same 
sample was autoclaved an additional 4 hrs at 
1750C and remeasured under the same conditions. 
At this time the hydrogen level was below our 
detection limits. A small amount, 0.5 gm, of a 
silicon-hydride containing polymer was then added 
to this sample and it was sealed under the same 
conditions for 48 hrs. A very large amount of 
hydrogen was generated.  This demonstrates that 
the system was still capable of forming hydrogen 
and that the decrease in the amount of hydrogen 
which was seen after autoclaving was due to 
depletion of silicon-hydride and not Inactivation 
of the catalyst.  (See Table III) 

In a similar experiment, a dimethyIslloxane fluid 
containing platinum catalyst and another 
containing both platinum catalyst and a 
silicon-hydride polymer were maintained at 
ambient conditions in sealed containers for 48 
hrs and then analyzed for hydrogen.  Hydrogen was 
not detectable in the fluid without the 
silicon-hydride polymer but the sample with it 
contained >19 ygm of hydrogen/gm of sample. 
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Comparison of Sllicone nnd Organic Water Blocking 
Compounds 

In another series of experiments sllicone compounds 
and organic water blocking agents were exposed to: 

1) SO?, Relative Humidity tt Room Temperature 
2) 752 Relative Humidity at Room Temperature 
1) 95% Relative Humidity at Room Temperature 
I) Ambient Conditions at 70°C 

A total of 6 cable filling materials were used, 3 
sllicone compounds and i organic compounds.  None of 
the materials generated a measurable amount of 
hydrogen under any of the conditions after 1 day and 
7 days exposure. 

IV.  Con cj. usions 

Slll'one materials which do not contain 
silicon-hydride bonds do not form large amounts of 
hydrogen when exposed to high humidity.  Sllicone 
elastomers which do contain silicon-hydride bonds 
form large amounts of hydrogen under the same 
conditions.  The excess silicon-hydride which 
remains after cure is the source of this hydrogen 
and when this species is removed by reacting it 
completely the generation of hydrogen ceases. 

Sllicone elastomers which cure by mechanisms other 
than silicon-hydride addition to oleflns are more 
appropriate for applications like the coating of 
optical fibers which are very sensitive to hydrogen. 
The best candidate is  a sllicone elastomer which 
cures rapidly by exposure to UV radiation.  The 
standard RTV elastomers cure too slowly.  Another 
approach would be to completely remove any residual 
silicon-hydride species from the thermally curing 
sillcones after cure or formulate such elastomers so 
that they do not contain an excess of 
silicon-hydride.  However, the safest approach Is to 
avoid the problem completely by using sllicone 
elastomers which do not contain silicone-hydride. 

V.  Experimental 

Samp 1 a  Preparation and Handling 

All elastomers were cured using the recommended 
ratio of curing agent to base polymer and the 
recommended cure conditions. 

chromatography using a gas Chromatograph equipped 
with a thermal conductivity detector and a 1/8" x 
8' stainless steel column containing 5 X 60/80 
mesh molecular sieves.  Nitrogen was used as the 
carrier gas.  The peak heights of the elutants 
were measured and compared with known standards. 

The viscous compounds and cable filling materials 
were added to 1 oz. vials and staled with rubber 
septums.  Sampling of the gases in the head space 
were performed In the same manner as the 
elastomers. 

Calibration 

Kxternal calibration was used to determine the 
response factor of hydrogen in each series of 
samples. 

A well characterized sllicone polymer containing 
approximately 2 micrograms (Ugm) of hydrogen per 
gram was used as the standard.  This standard was 
weighed into a 00 size gelatin capsule, then 
placed inside a 000 size capsule.  The double 
jacketed capsule was placed in a 50 ml serum 
bottle containing 15 mis of aqueous alcoholic 
potassium hydroxide and immediately sealed.  Four 
to five mis of the headspace gas was removed with 
a syringe to allow for expansion of the hydrogen 
gas.  The bottle was inverted to prevent hydrogen 
from diffusing through the rubber septum.  After 
the capsule dissolved the bottle was placed in an 
oven at 60°C for 30 minutes.  When the bottle had 
cooled to room temperature, nitrogen was bled Into 
bottle until It was at atmospheric pressure.  The 
gas In the headspace was removed and measured as 
described above. A response i actor was calculated 
based on the volume of the headspace, the amount 
of silicon-hydride present and the height of the 
hydrogen peak In the gas chromatogram. 
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Elast ome r 

A 
1 Day 
7 Days 

B 
1 Day 
7 Days 

C 
1 Day 
7 Days 

D 
I Day 
7 Days 

Table I 

Hydrogen Generation of Sllicone-Hydrlde Addition Cure Elastomers 

Micrograms of Hydrogen Evolved per Gram of Sample 

50%  RH 
Room Temp. 

<0.008 
0.060 

0.058 
0.072 

<0.010 
0.090 

75% RH 
Room Temp. 

0.084 
0.084 

0.28 
0.062 

2.24 
1.18 

0.14 
0.068 

2.64 
2.10 

SOI RH 
70''C 

0.66 
1.26 

0.56 
1.04 

0.52 
0.78 

9.52 
5.84 

95% RH 
70^ 

0.72 
1.40 

0.82 
0,70 

0.62 
1.02 

12.58 
10.44 

Elastomer Type 

C - Thermal Cure 
(Si-H Addition) 

I - 1 Part RTV 
(Condensation) 

F - 2 Part RTV 
(Condensation) 

C - UV Cure 

Table II 

Hydrogen Generation of Different Elastomers Exposed to 95% RH 

Mirrograms of Hydrogen Evolved per Gram of Sample 

24 hrs. 48 hrs. 

0.114 

<0.004 

<0.004 

72 hrs. 

0.036 

<0.006 

■• 

• ■:■ 

Condition 

As Cured 

After 1 hr Autoclave 
1750C 

After 5 hrs Autoclave 

♦After Si-H Addition 

Table III 

Hydrogen Generation of an SI-H Elastomer After Autoclavlng 

Micrograms of Hydrogen Evolved per Gram of Sample 

24 hrs at 
95% RH 

0.054 

0.030 

96 hrs at 
95% RH 

0.172 

0.048 

<0.0046 

6.28 

<0.005 
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SUMMARY 
This paper discusses tests required to assure both operation and 

survival of fiber optic cable m various environments It covers various 
qualification testing associated with the fibers and cable structures 
These tests include temperature cycling, tensile loading, flexing, flam- 
mability and impact resistance for optical fiber and cable The results 
of these tests are presented in some detail Also discussed is the 
nature of the test procedures The data show that extensive testing 
of various properties is essential to assure satisfactory operation 

INTRODUCTION 
Fiber optic cables must survive a variety of adverse conditions and 

continue to transmit a certain level optical signal A series of en- 
vironmental, mechanical ana optical tests for qualification ve typically 
employed to assure the cable meets operating requirements. Currently 
there exist over 50 different tests that can be specified for cable 
qualification However, for most cables the real world conditions before 
and after installation never approach the test levels required during 
the qualification 

One exception is temperature exposure where what may appear 
as satisfactory qualification testing can be misleading since cables 
can experience more severe environments For example, cables 
designed for indoor applications may be transported by unprassunz- 
ed cargo aircraft where the temperature drops to -550C or they may 
be stored in desert warehouses with temperatures of over 60°C 
(140oF) Such unforeseen temperature conditions are a common 
occurrence. 

Qualification testing, in addition to assuring that the cable meets 
suitable operating requirements, is often used as the criterion for cable 
selection Consequently, the results ot such testing can be critical to 
cable marketability 

This paper describes temperature testing for both the fiber and 
cable The results indicate that certain fiber and cable require exten- 

sive testing to assure that irreversible adverse effects do not affect 
their operation. Flammability is also described with suggested methods 
for screening cables before performing extensive flame tests. Basic 
mechanical tests are also discussed with emphasis on variations 
resulting from the test methods employed. 

FIBER QUALIFICATION 
At present there exist over 30 specific tests for optical fibers. Pro- 

bably the most critical test is optical transmission over a required 
temperature range, because of the physical effect elevated 
temperatures can have on plastic material dimensions. 

Today the most stable and widely used fibers are of graded glass 
core and glass cladding construction. The glass portion of these fibers 
has an extremely large temperature range. However, the fiber must 
have a protective outer plastic coating. This results in limiting the 
operating temperature range. 

While all glass fibers are protected by their outer coating, it is still 
typical to have less than 0.3 dB/km attenuation change over the -60° 
to 850C range. Testing for such performance involves placing the fiber 
in a chamber where the temperature can be suitably controlled. As 
part of this test It is necessary to assure that the fiber will remain free 
from mechanical stress and will not be affected by sharp bends, frost 
or other temperature-induced external factors. 

Plastic clad silica fibers (PCS) are more susceptible to temperature 
since the refractive index of plastic which is used to contain and guide 
the optical radiation changes with temperature. For cladding materials 
such as common silicones, the refractive index increases with lower 
temperatures, thereby causing the fiber to lose its optical transmis- 
sion properties at some point below freezing. Heat can also affect the 
plastic refractive index or darken the plastic by producing absorption 
centers. 

Due to such conditions it becomes extremely important to exten- 
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Figure 1      Temperature cycling test for two optical fibers from different 
production lots 
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Figure 2    Temperature cycling of a 3e6m fiber sample 

sively test these fibers Figure 1 shows a typical -40 to +80oC cycl- 
ing test and the associated transmission for two optical fibers of the 
same construction, but from different manufacturing lots. After the s:xth 
cycle Fiber No 1 starts to exhibit an increased attenuation; this in- 
creases to above 10 dB/km for all temperatures thereafter 

Delayed responses like the foregoing are common when resulting 
from changes in the plastic cladding Figure 2 shows a similar result 
for another fiber where only two cycles were required to obtain a mark- 
ed change in transmission Usually this indicates that heat aging is 
affecting the fiber This can be more readily identified by directly heat 
aging the fiber as in the test results presented in Figure 3 Here two 
fibers were held at 80oC and 100oC while being compared to a 
reference fiber at room temperature The test showed the aging period 
results in decreased transmission w» Wi returned to room temperature. 

Such variations have been found with all types of fibers due to 
various coating defects or incomplete curing of the coating materials. 
Most important to the resulting cable is that the testing must expose 
the fibers to conditions that will simulate worse case lifetime condi- 
tions For this reason, both temperature cycling and long term 
temperature testing is necessary 

CABLE TEMPERATURE TESTING 
Successful temperature qualification of the fiber does not guarantee 

its performance in a cable structure. Cables can exert forces on fibers 
that result in fiber bending or elongation which increases the optical 
attenuation The mechanism generating these forces at various 
temperatures depends on the specific cable 

Loose buffer tube or slotted core cables are generally affected by 
extremely low temperatures where an excess of fiber results in 
microbendmo. Tight buffer cables can have an equivalent effect when 
the fiber is contained by materials which become more rigid as the 
temperature decreases 

Other effects such as high temperature sh'inkage of the plastics 
can also change the cable's length with respect to the optical f^v,rs. 
Because of these factors both temperature rycling and extended 
storage temperature tests are required In addit.on, temperature shock 
tests should also be employed to assure that no structural slippage 
effects are possible. 

Temperature cycling tests are a critical indicator of cable perfor- 
mance Any shifting of the fiber attenuation values from cycle to cy- 
cle indicates some physical change Figure 4 presents the testing for 
a cable where there is a continual degradation in performance over 
the first four cycles For this cable it appears that each cycle to + 80°C 
results in shrinkage that causes the optical attenuation at cold 
temperatures to increase For such a cable, a storage temperature 
test at 80°C for 240 hours should effectively indicate any problems 

In addition to simple monitoring of the optical attenuation it is also 
possible to determine if localized regions are responsible for any in- 
creases This can be caused by regions in loose buffer tube cables 
where the amount of excess fiber varies. A similar condition exists 
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3.    Heat aging effect on the optical transmission of a fiber sam- 
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Figure 4    Optical cable temperature testing while monitoring 
transmission. 

fiber 

in tight buffer constructions if the fiber letoff tensions vary during cabl- 
ing For both cable types the effect is evident when exposing the cable 
to a low temperature near the point where increased attenuation is 
exhibited 

The method of observation is to employ an optical time domain 
reflectometer (OTDR) for attenuation measurements. Photographs of 
the OTDR traces from two experimental cables, one with uniform and 
the other with nonuniform excess fiber distribution, are shown in Figure 
5 The upper scope photo is for the normal uniform fiber, indicating 
a less than 3 dB/km attenuation for the 2.1 km fiber length at -450C 
The lower photo is for a fiber which has regions of excess length caus- 
ing an increased slope and correspondingly higher attenuation In this 
case, the 2 1 km fiber has a total attenuation on the order of 12 dB, 
but regions with the original 3 dB/km attenuation also exist. 

Uniform fiber distribution is critical since the amount of fiber excess 
can quickly affect the attenuation. This results from the nonlinear in- 
crease in attenuation with the percent of fiber excess as indicated in 
Table 1 for a loose buffer tube construction. While the values given 
are for 1 km fiber length, the change in fiber excess from 0.2 to 0 3% 
results m almost four times increase in attenuation Consequently, 
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localized regions where higher excess values exist can cause maior 
changes in performance. 

Table 1   Optical Attenuation Variation with Fiber Excess 

Percent Effect 
Fiber Excess 

00 
01 
02 
03 

Increase in 
Optical Attenuation 

0 0 dB/km 
03 
40 

15.0 

Figure 5 Photographs of OTDR measurements for a uniform fiber 
(top) and a fiber with regions of excess length (bottom) at 
-450C 
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Figure 6    Cable elongation due to tensile loading for different braid 
angles (PPI) 

Tensile testing is possible using short lengths with an Inslron unit 
The unit shown in Figure 7 has the cable wound around mandrels for 
clamping This test generally provides accurate results for cables under 
4mm O D . but for larger cables the breaks appear at the mandrels. 
The reason for such breakage is that the tension is not uniformly 
distributed across all the strength members at the curve on the 
mandrel. 

■ 

Figure 7    Tensile testing of cables using a short gage length 

TENSILE STRENGTH 
Cable tensile strength can usually be predicted with a high degree 

of accuracy by calculating the elongation force for the strength 
members needed to produce a predetermined maximum elongation 
of the optical fibers While 'jnsile loading may not alter transmission 
it must be considered for ir,;tallation and potential long term effects 

When employing strength members such as braided Kevlar*. the 
braid structure can result in different elongation performance. Figure 
6 shows a 40% elongation variation when using different Kevlar strand 
lay angles (picks per inch. PPI), Such variations in design must be 
considered for suitable cable properties. 

■Registered Trademark of E.I. DuPont 

Large diameter cable tension testing is better done on equipment 
where longer distances and large sheaves are employed Here the 
cables may be pulled by Kellems grips Tests on this equipment have 
yielded results which confirm the loading expected by Kevlar strength 
members. 

In addition to monitoring the fiber transmission it is also possible 
to measure the actual fiber elongation This assures that the attenua- 
tion increase is due to the cable elongation and not from crushing at 
the regions being gripped. The monitoring system consists of 
modulating an optical emitter at a frequency such as 57 MHz and 
detecting the fiber output with an electro-optic interfaced vector phase 
voltmeter An electrical refe'ence signal is supplied by the emitter unit 
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Figure 8    Tensile testing with a 20 4 meter sample length of loose 
butter tube cable 
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c  Shift in phase angle due to cable elongation 

to the voltmeter and any shift in phase can be related to a change 
in the fiber propagation length. The propagation length in the fiber 
increases as the fiber is stretched due to tensile loading inside the 
cable. 

Figure 8 presents test results for a multifiber loose buffer tube cable 
construction where a 20.4m length was placed under load. Initially 
the cable elongation was plotted with respect to the pulling tension 
showing the expected linear relationship. During this test, both fibers' 
optical attenuation increases after approximately 0.5% elongation as 
shown in Figure 8b Confirmation of this elongation is demonstrated 
by a corresponding change in the modulated signal phase angle seen 
in the data on Figure öc. This confirms that after an initial elongation 
of 0.5% the fibers begin to experience tensile loading arid extend in 
length Such testing is extremely valuable in assuring adequate cable 
strength and performance. 

FLAMMABILITY 
Cables for indoor applications are currently designed to pass various 

flammability requirements such as UL VW-1, IEEE-383 70,000 BTU/hr. 
and UL-910 (Steiner Tunnel Test). The ability of a cable to pass a given 
test depends on its construction and materials. 

The VW-I or vertical flame test is the easiest to perform since the 
samples are typically mounted in a laboratory hood while exposed to 
repeated applications of a burner. Criteria for passage are failure to 
burn upward to a flag and no dripping of burning material. 

When performing this test the outer jacket generally plays a major 
role m causing the flame to extinguish and in the prevention of burn- 
ing droplets For this reason, it is necessary to assure that samples 
with the minimum and maximum jacket wall thickness are tested. 

The 70.000 BTU/hr flame test is more complex in that sufficient cable 
must be employed to cover an 8 foot long, 12 inch wide ladder. A 10 
inch wide burner and a large enclosure are required. During the test 
considerable cable is generally consumed by the burner flame. 

Due to the cost associated witn this test, it is possible to prescreen 
cable samples by burning a group of 18 inch long samples in a ver- 
tical position. Table 2 presents the results for 5 cables of 3mm OD 
with similar core materials and different jackets. By measuring the 
flame heights, jacket damage and flame propagation time during ap- 
plication of the burner, it is possible to evaluate these cables for the 
possibility of passing IEEE-383. 

Table 2 
Screening for 70,000 BTU/hr Flame Test 

Sample 
Flame 
Height 
(in) 

Jacket 
Damage 
(in) 

Flame 
Propagation 
Time 
(Min.) 

10 
11 

7 
7 J:5 

12 
12.5 

7.5 
80 

1.5 
1.5 

14 
14 

10 
10 

2 
25 

15 

20 

125 

15 

35 

25 

This screening test was then followed by an actual 70,000 BTU/hr 
test in which samples A and B passed, while C, D and E failed. Use 
of the screening technique permits a rapid and considerably less costly 
evaluation of cable designs 

The UL-910, Steiner Tunnel Test requires still more extensive 
facilities. Here a special duct-type tunnel structure is required with ap- 
proximately 250 meters of cable per test Passage of the test requires 
both low flame propagation and low smoke. 

At present there is no simple screening method for the UL 910 Test. 
Table 3, however, indicates the variation between a cable composed 
of PVC inner members with an outer fluorocarbon jacket and a totdlly 
fluorocarbon cable Based on these data and tests with a radiant heat 
chamber described by C.J Arroyo, which measures smoke emission 
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and thermal flux in the sample, there is some potential to provide in- 
itial screening methods ' 

Table 3 
Stemer Tunnel Test Results on a 

Two-Fiber Optic Cable 

Sample 
Jacket 
Material 

Flame 
Spread 

Peak 
Optical 
Density 

Average 
Optical 
Density 

A PVC inner and 
fluorocarbon 
outer 

195 1.34 0 30 

B Fluorocarbon 
inner and 
outer 

1 5 0 02 0.01 

As was previously menvoned. the ability of a particular cable style 
to successfully pass any of these tests is a function of the construc- 
tion and amount of materials employed Consequently, it is critical that 
the quantity of material and dimensional tolerances are considered 
so that samples with the same volumes of plastics are tested. 

MECHANICAL TESTING 
Tests for a cable's survival under mechanical forces are critical to 

its lifetime and operation The ability to pass crush, impact and bend 
tests depends on the cable's physical ruggedness These tests also 
must be carefully performed to assure accurate results 

Crush tests on multifiber cables can often be misleading when a 
short length plate is employed Figures 9 ardlOshow the range of 
forces possible to induce the various levels of attenuation 
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Figure 9    Crush testing a six fiber cable with a 4 inch long plate 

By extending the plate length to 4 in , the crush load variation range 
is considerably reduced since the fiber under test is more likely to ex- 
perience a portion of the loading Thus the range for a 3 dB induced 
attenuation has changed from 150 to 10.000 lb/in with the 1 in. plate 
to only 125 to 300 lb/in with a 4 in. long plate However, in both cases 
the minimum load is in the 125 lb/In range This means that careful 
testing of cables with a 1 inch plate is usually satisfactory providing 
the cable is suitably orientated 

An alternative to this test is to monitor transmission of all fibers and 
thereby establish the worst case condition This means a far more com- 
plex experimental apparatus 

Impact testing is similar to crush testing when dealing with multifiber 
cables: for the results will vary with the fiber being monitored Once 
again a number of tests with different cable rotational orientations is 
required to arrive at realistic results. 

Although cable flex and twist bend tests produce results which de- 
pend on the fiber monitored, other effects can vary the results Here 
it is important to assure that no cable slippage occurs One method 
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;re 10. Crush testing a 6 fiber cable with a 1 inch long plate. 
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to prevent this is to mark the cable jacket. The jacket should also be 
examined to assure that there is no internal bunching; this is a sign 
that fiber damage may result. 

After bending and flexing, the cable jacket can be removed to 
establish inner damage or movement of the various members. A cable 
which had major shifting of the Kevlar braid is shown in Figure 11. 
Its braid had an initial excessive lay length that caused movement of 
the strands This situation can be corrected by increasing the number 
of picks per inch during the braiding operation. 

CONCLUSION 
Complete evaluation of fiber optc. ^ables requires not only testing 

a wide variety of parameters but also depends on the methods and 
number of tests employed. To assure consistent performance over 
the operating range and after storage at various temperatures it is 
necessary to perform a number of test cycles across these ranges 
Flammability and mechanical tests require a representative sample 
and monitoring of the correct fiber. While a limited number of typical 
qualification tests have been discussed in this paper, the principles 
set forth apply to many other similar measurements when dealing with 
cable constructions. 
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Figure 11   Cable with displaced Kevlar braid after flex testing. 
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Prevention of Hydrogen Gas   Induced   Loss   in Optical 

Fibers by  Proper   Ltghtguide Cable Design 

D.   L.   Philen  and   C.   H.   Gartside,   TTI 
ATM Bell   Laboratories 

2000 Northeast   Expressway 
Norcross,   Ga.   30071 

ABSTRACT 

Hydrogen gas generated by aging or corrosion 
of lightgulde cable materials may enter the 
optical fibers causing an increase in attenuation. 
The mechanism for this loss increase is explained, 
and it is shown that the key to avoiding this 
problem is the proper selection of materials and 
construction techniques  in the cable design. 

INTRODUCTION 

It is now widely recognized that molecules 
such as hydrogen can diffuse into optical fibers 
[1-3]. An optical fiber that has been saturated 
in an atmosphere of hydrogen will show a broad 
loss increase of about 6 dB/km at l.^^ microns, 
and 0.2 dB/km at 1,31 microns due to absorption by 
molecular hydrogen [4,5]. This loss increase is 
reversed when the nydrogen atmosphere is removed 
and the absorbed hydrogen outdiffuses. However, 
hydrogen gas that has diffused into the fiber may 
also chemically react with constituents of thr 
fiber. This can result in a permanent loss 
increase at 1.38 microns (Si-OH), 1.11 microns 
(Ge-OH), and 1.6 microns (P-OH). The sensitivity 
of fibers to these loss increases has also beer 
linked to high levels of phosphorus in the fiberr 
[6]. Fibers that contain abnormally high levels 
of phosphorus (8%) tend to react with hydrogen at 
elevated temperatures to produce permanent IOSJ 

increases. The I,HI and 1.6 micron absorption 
bands overlap in the long wavelength region to 
cause unacceptable loss increases at 1.55 microns 
[7,8]. Both temporary and permanent loss 
increases can be prevented through careful cable 
design resulting in negligible hydrogen gas 
generation. 

CABLE  DESIGN 

For both multimode and single mode fibers, 
ATAT Technologies manufactures lightgulde cables 
based on two design concepts - ribbon and stranded 
fiber type cables. As illustrated in Figure 1, 
lightgulde ribbon cables are based on packaging 12 
fibers between two adhesive backed polyester tapes 
tfj, 

HIGH   DLNSITV POLYETHYLENE  OUTER SHEATH 

SHEATH STRENGTH MEMBERS 

POLYESTER TAPE 

LIGHTGUIDE 
RIBBON STACK 

FILLING COMPOUND 

FIGURE  1    LIGHTGUIDE RIBBON CABLE 

Up to 12 ribbons may be stacked into a 
rectangular array for fiber counts as high as l^l 
per cable. After twisting the ribbons, a loose 
plastic     tube  is extruded  over  the  core.     Finally, 

a steel reinforced high density polyethylene 
sheath is applied over the core tube. The steel 
wires are applied helically in a cross-ply 
construction, yielding a torque balanced cable. 
Metal layers in a polyethylene oversheath may be 
used to provide protection against rodent and 
lightning damage (RL sheath). The cable is 
available with factory installed array connectors 
allowing for rapid mass splicing for both 
multimode and single mode fibers [10]. Individual 
fiber    splicing     is     also       possible. Multimode 
systems are available with operating wavelengths 
of 820nm and 1300nm. The single mode systems are 
available with an operating wavelength of 1310nm 
with upgrade capability at   1550nm. 
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The stranded cable designs are based on a 
stranded-fiber unit type construction [11,1?]. 
The unit consists of fibers helically stranded 
around a fiberglass strength member contained 
within a plastic tube. The tube is filled with a 
soft filling compound, providing a water-blocked 
design and fiber buffering from miorobending. 
Cables are manufactured with units containing 
between M and 16 fibers and one, three, and six 
units per cable core to give fiber counts ranging 
from 14 to 96 per cable. A variety of sheath 
designs are available to meet various field 
conditions. These include: low friction steel 
reinforced sheaths for duct installations, non- 
metallic reinforced sheaths and sheaths 
incorporating corrugated copper and stainless 
steel layers, providing lightning and rodent 
protection. 

Figure 2 shows a single unit cable 
accommodating up to 16 fibers. The polyethylene 
sheath Is reinforced with two layers of steel 
wires and also contains a bonded flat copper or 
ciluminum layer for lightning protection. While 
the standard production of this design uses 
copper, acceptable performance using aluminum has 
si ro    been    demonstrated,     as  shown   in  this pap^r. 
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In figure 3, a three unit construction containing 
between 18 to 48 fibers is illustrated. This 
cable contains    corrugated    copper    and     stainless 
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In evaluating the potential for hydrogen 
induced loss, the materials used in Lhese designs 
field testing over a period of three years was 
carried  out on ribbon cable. 

MATERIAL TESTING 

One possible source of hydrogen production Is 
the decomposition of materials during cable aging. 
Since the effects of material decomposition are 
not usually apparent until after many years have 
elapsed, there is an obvious need for proper 
accelerated aging tests. Accelerated aging can be 
accomplished by monitoring the hydrogen evolved 
from cable materials at high temperatures. 
Testing should also be performed on the complete 
cable samples since synergistlc effects may 
produce hydrogen even though the individual 
materials do not. The temperature level of 
testing must also be chosen carefully since 
reactions that proceed at high temperatures such 
as 200 degrees Celsius, are often times 
insignificant under normal operating temperatures. 
Based on such high temperature tests, many 
desirable and acceptable materials could be 
needlessly excluded. Instead, the complete cable 
structure should be examined at several 
temperatures In the region of 75 to 200 degrees 
Celsius. By use of an Arrhenius plot ( log of 
rate vs. 1/Temp ), a rate of hydrogen production 
at the expected operating temperature may be 
obtained. One may then calculate a hydrogen 
pressure expected  at the end  of the cable life. 

The materials used in AT4T Technologies 
cables as well as possible alternate materials 
have been tested and the equilibrium partial 
pressure (in atm of hydrogen) at 10 degrees C 
after 20 years has been estimated. The estimates 
are listed in Table 1. These estimates are bascj 
on an A-rhenius plot and the conservative 
assumption that no hydrogen diffuses out of the 
cable. That is, a worst case, totally sealed 
system. Based on the results of Table 1, the 
partial pressure of hydrogen in the cable caused 
by material decomposition is negligible. However, 
the data clearly shows that silicone should not be 
used as a fiber coating since in these tests, It 
produce«! several orders of magnitude more hydrogen 
than any other material. For the cables shown in 
Figures 2 and 3, despite detectable amounts of 
hydrogen being evolved at 200 degrees Celsius, 
hydrogen        generation at typical service 
teiperatures sucri as UO degrees, would produce a 
negligible accumulated hydrogen pressure - less 
than 0.0001 atmospheres after 20 years. (Even 
though local temperatures may reach 75 degrees 
under some conditions, the time weighted average 
of such exposure   is  UO  degrees   Celsius.) 

-LJ. 
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PRESS.   HYPROGEN   (atm) 
at  ttO deRrees antl  20 years 

i 

Fibpr  Coatinp 
Siliconp» 
Nylon« 
Urethane  Acrylate 
De sollte" 

strength   Member 
Glass/EpoKy 
Steel 

Strength Member  Puffer 
SEBS 
Hytrel 

Tube and  Sheath Materials 
MC 
HDPE 
LDPE 

Filllnc,  Compound 
Flex-Re'.   MS] 

Complete RL Cable 

5.5 
6 xin-u 
2.6  Xl(l-Q 

<1.3  X10-9 

<3.6  X10-8 
H/A 

<1.e  X10-8 
5.6  110-] 

<5.2 X10-6 
<3.8 X10-'' 
<1.7  X10-7 

5.6 X10-5 

• Materials  KOT used   in  ATAT TerhnoloRies Cables. 

•• De.iDltie:   Traoe name of Desoto,   Inc. 

LABORATORY CABLE TESTING 

This experiment shows that cables containing 
aluminum and steel can potentially generate 
hydrogen due to corrosion. Whether they do or 
not, however, is dependent on cable design. For 
example, the single-unit cable shown in Figure 2 
contains aluminum and steel. However, the 
aluminum in this cable is flat and bonded on both 
sides to polyethylene. The aluminun is also 
coated with a protective polymer layer to prevent 
bare metal from contacting the steel, but the 
design must also allow for possible defects cr 
failure of the polymer coating. Thus, even though 
steel wires are in contact with the aluminum, 
water cannot migrate easily into the interface 
since the aluminum is bonded to the polyethylene. 
With a water pressure of 90 psi, one week was 
required to force water 50 meters through the 
cable. However, the water traveled along thf 
inner steel wires that are not in contact with the 
aluminum. After six months of testing, this cable 
structure has shown no signs of hydrogen 
production. Therefore, while steel and aluminum 
result in hydrogen generation in the first case, 
this cable has acceptable performance because its 
inherent design characteristics prevent the water 
from bridging the steel and aluminim, and 
suhsequent corrosion. 

• 

- - ■ ■ 

In addition to material decomposition, 
hydrogen gas may also be produced by 
electrochemical corrosion of metals comprising the 
cable structure. For the stranded fiber cable 
designs illustrated in Figures 2 and 3, the effect 
of corrosion was investigated through testing at 
an elevated temperature. In the three unit cable, 
the area between the copper and steel was flooded 
with slightly acid sea water as a corrosive 
mediin. The cable was maintained at a constant 
temperature of 40 degrees C. and the loss was 
monitored as a function of wavelength for the 
characteristic hydrogen signature at 1.21 microns. 
An identical cable with aluminum substituted for 
copper was similarly tested. Within ten days, the 
aluminum-steel cable showed a significant hydrogen 
peak at I.M microns. This peak continued to 
increaie for about 10 days when it reached 6 
dB/km. The peak did not increase any further, 
indicating that the cajale was saturated with one 
atmosphere of hydrogen. The copper-steel cable, 
however, has shown no loss increase whatsoever 
after six months of testing under identical 
conditions. These results agree with predictions 
based on the electrochemical potential differences 
of the two metals involved. Once the source of 
hydrogen is removed, the increased loss returns to 
normal. The time constant for the return depends 
on the diffusion rate of the hydrogen out of the 
cable. 

FIELD TESTING 

A ribbon based cable was installed under 
actual field conditions in Chester, New Jersey, in 
the Fall of 1980. In one section of the 
experimental route, the cable was buried directly 
in a swamp, immersing the cable in water. The 
experimental tnultimode fibers in this cable 
contained high levels of phosphorus (9%) and 
theoretically should have exhibited an increased 
sensitivity to hydrogen induced loss effects. 
(Standard production multimode fibers contain only 
1% phosphorus.) However, the cable sheath was of 
the steel reinforced cross-ply design without an 
aluminim layer and should not have been a source 
of hydrogen production. Figure 1 shows that the 
loss of the fibers is the same as the initial 
loss, when measured three years later. The 
apparent increase at 1.05 microns is due to a 
different spectral filter being used in the later 
tests. There is absolutely no indication of any 
increase at the hydrogen peak of 1.21 microns. 
This confirms the hypothesis that the only 
practical solution to hydrogen induced loss 
problems is a cable design that is not susceptible 
to hydrogen production, and that with such a 
lesign the inclusion of phosphorus in the fiber is 
not deleterious. 

■■■ 
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CONCLUSIONS 

Since hydrogen gas may cause both permanent 
and temporary loss increases in various spectral 
regions, the only solution to both problems is to 
avoid the possibility of hydrogen production 
within the cable. Hydrogen production from both 
corrosion and thermal decomposition sources must 
be minimized through careful material selection 
and cable construction. For both mechanisms, 
cables can be designed that will produce 
negligible quantities of hydrogen, and will 
therefore be free of any hydrogen induced loss 
increases. 
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I A PRODUCT ASSURANCK PROGRAM FOR FIBER OPTICS 
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Dofensc Electronics Supply Center 
Dayton, Ohio 45444 

Abstract 

As a basis   for qualification  to military  fiber 
optics  specifications,   manufacturers will  be 
required   to establish,   implement  and maintain 
■ Product  Assurance  Program,     This program 
must  demonstrate and  assure   the design, 
materials,   production.   Inspection and  testing 
of  fiber  optic devices  are  adequately 
controlled  to  sustain operation  in a military 
environment.     Discussion  of   the  program 
requirements will  be   in  the   following areas: 

*Hinagement   Responsibility  for Quality 
♦Product  Assurance  Program 
♦Organization 
♦Design,   Processing,   Manufacturing,  Testing 

and  Calibration  Procedures 
♦Records   to  be  Maintained 
♦Self  Audits 
♦Process Control 

Introduction 

In  the  past  two years,   the  emergence of  fiber 
optics   from  the  laboratory   Into military  usage 
has  been accelerating.     This   is evidenced  by 
the  scheduled  release  of  the  following 
military   fiber optic   specifications  requiring 
qualifications,   by early  1985: 

♦DoD-D-24620 -  Detector,   Fiber Optic 
♦DoD-C-24621  - Couplers,   Fiber Optic 
♦DoD-S-24622  -  Sources,   Fiber Optic 
♦DoD-S-24623  -  Splices,   Fiber  Optic 
♦DoD-D-KKKKK - Connector,   Hermaphroditic 
Fiber  Optic 

♦DoD-C-83522 - Connector,   FSMA,   Fiber Optic 
♦DoD-C-85045/2 -  /5 Cable,   Fiber Optic 
(dated   1980). 

The military fiber optics industry Is 
relatively new.  Now is an opportune time to 
Incorporate operating procedures which will 
'nsure usage of effective process control 
t?chniques.  Our experience has shown that 
these techniques are necessary to Insure 
system performance resulting in the production 
of reliable, high quality fiber optic 
components for use in military systems. 

The Defense Electronics Supply Center (DESC) 
Is now using a Standard Operating Procedure 
(SOP) for Fiber Optic Product Assurance during 
its qualification process.  The military 
services are also currently working on a new 
military standard for a Product Assurance Plan 
that incorporates this SOP,  Fiber Optic 
communication systems are by their very :»ature 
a series of components which span relatively 
long distances.  These systems will be 
deployed In hostile environments which are 
subject to many extremes that will damage 
components not specifically designed and 
carefully manufactured to ensure they meet all 
applicable design and system performance 
criteria. 

Basic reliability theory illustrates that any 
system (Fiber Optic) which has a single series 
of components is highly susceptible to any 
"ONE" of the components failing.  For example. 
If one compares the reliability (I.e., 
probabilities of performance for a specified 
time) of several systems that contain 
components with varied component probabilities 
for 10,000 hours he would find the results as 
shown In Table I,  This table assumes only 10 
components in series which is a conservative 
number of components. 

Table I 
Probability of each 
serial  component 
lasting  10,000 hrs. 

Resulting  10 component 
system  probability of 
operating  10,000 hrs. 

.95 

.96 

.97 

.98 

.99 

.999 

.9999 

.598 

.665 

.737 

.820 

.904 

.990 

.999 

This table dramatically Illustrates the 
positive impact on system reliability that can 
result from increasing the average component 
life probability by only a few percent.  When 
the cost of making field repairs and mission 
down time are considered, the quality approach 
detailed in this paper is essential for 
military systems. 
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Management Responsibility for Quality 

Before any quality program can succeed, the 
total commitment of top management is a 
necessity.  For too long, the quality 
departments of many manufacturers have been in 
conflict with the production and sales 
departments over whether products passed 
quality requirements.  Even worse there have 
been conflicts in the company over whether the 
products should be submitted to all of the 
needed testing. 

Experience has shown that companies with an 
absolute commitment to quality will 
consistently produce the better products. 
That commitment always translates into a 
quality policy that dictates products will not 
be shipped without the specific knowledge that 
all quality requirements have been met. 

In a quality oriented company one will find a 
dedication to; 

*100% Conformance to military speclticatlon 
requirements 

»Determination of performance and reliability 

A company quality policy must evolve that 
recognizes that remaining competitive will 
require continual vigilance for quality and 
improvement in products.  This product 
improvement can take the form of building a 
better mousetrap or it can be from corrective 
actions.  Corrective actions will be addressed 
later in this paper.  In order to succeed, top 
management must make all employees aware of 
his or her contribution to quality. 

THE REAL TEST OF QUALITY POLICY IS ITS 
APPLICATION DURING EVERYDAY PRODUCTION 
PRESSURES. 

Product Assurance Program 

Our qualification procedures require a 
manufacturer to develop a Product Assurance 
Program.  This program must be documented and 
approved by our qualification personnel.  The 
product assurance document may be part of 
manufacturer's quality manual or it may be a 
separate document. 

In either case the document used for a 
military fiber optics product must describe 
how a company Implements and maintains a 
Product Ass. irance Program. 

The following list contains examples of 
categories that must be Included and approved 
by the Qualifying Authority: 

•Process control 
»Material inspection and Control 
»Product traceability 
»Self-audit requirements 
»Organization structure and lines of 

authority 
»Calibration of equipment 

»Test facilities 
»Identity and performance requirements for 

distributors 
»Procurement and production control 

documentation 
»Training 
»Failure analysis and corrective action plan 
»Failure reporting and records 
»Handling and packaging procedures 

The Product Assurance Document is the 
day-to-day operating document used to describe 
the procedures that In total will insure that 
the company does it right the first time. 
Having a written iroduct Assurance Plan 
implemented by the Quality Department and 
considered mandatory for training of employees 
will insure an operating standard that 
employees will follow.  This is provided 
management commitment is transmitted to the 
line operator. 

Organization 

A formal organizational structure clearly 
delineating the lines of authority Is 
essential to insure communication and 
authority for actions taken in everyday 
operations. This is usually accomplished by 
having procedures posted at each position on 
the line. 

For the Product Assurance Program, It will be 
required that a company document the lines of 
authority for the quality and production 
organizations. These organizations must have 
separate, direct and equal lines of authority 
originating from the Plant Manager or Higher 
Authority. 

Design, Processing, Production Test 
and Calibration Procedures 

In order to establish a quality conformance 
plan much preplanning is necessary. The 
procedures necessary for Insuring that the 
quality goals are being met Interlocks the 
items In this section. 

Design; 

Some of the questions which must be answered 
in order to develop and construct a high 
quality Fiber Optics system are: 

»In what environments must the fiber optic 
component operate? How long? 

»What is the expected life? Corollary: what 
is the expected failure rate? 

»What materials are necessary? Are 
materials easily obtained in volume? 

»Capital equipment costs? 
»Safety requirements? 
»Is the design producible with an acceptable 

yield? 

All of these items and many more must be 
addressed by the company using their 

■■ 
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engineering expertise to design the components 
and by testing of the materials of the final 
design to prove Its potential.  The successful 
Interface of their design and the firm control 
of materials utilized are paramount to 
development of a reliable design. 

The Quality Department must document how raw 
materials are inspected and how the quality is 
specified and Insured through incoming 
inspection control procedures.  Items such as 
segregation of discrepant materials, sampling, 
analysis of problems in materials disposition 
and any subsequent necessary notification to 
quality, production and vendors must be 
documented and available to Government 
Qualification personnel. 

Processing: 

Prior to processing a controlling system must 
have at least:  in-process specifications, 
production travelers, engineering change 
control, traceabllity of materials, formal 
Instructions for operators, scheduling 
department, and preventatlve malnteaance 
procedures. A proper Product Assurance Plan 
will address these and other items that the 
manufacturer believes are essential for 
control.  The Quality Department must insure 
procedures are documented and followed. 

Production; 

The actual production personnel must mesh what 
must sometimes seem like endless detailed 
Instructions into a product with a high yield, 
high quality-and of course with no mistakes' 
This might be accomplished by the proper mix 
of good supervision, quality control down to 
line operators, training and feedback through 
statistical quality control methods. 
In-process inspection (tollgate) by quality 
personnel is usually found in use by quality 
manufacturers because of the obvious quick 
response to any process deviations that are 
developing. 

IF QUALITY IS EMPHASIZED 
QUANTITY WILL FOLLOW... 

Test and Calibration Procedures 

The two Items are obviously linked together. 
Testing products to military specifications or 
contracts must be done with precisely 
calibrated equipment.  Fiber optics 
specifications require that conventional 
equipment must be periodically calibrated to 
MIL-STD-45662. 

MIL-STD-A5662 requires traceabllity to the 
National Bureau of Standards for primary 
calibration standards.  Optical testing 
equipment is more difficult because known 
standards for some measurements are not easily 
obtainable or have not been formally 

established.  The testing of fiber optic 

components may take many forms and until 
somewhat uniform resting is Implemented across 
the industry it may be somewhat difficult to 
control.  This makes it essential that a 
manufacturer obtain suitability for the 
equivalence of tests. 

The materials utilized should be tested before 
production to Insure that at the earliest 
possible moment defects can be rejected. 
During production, various 100 percent screens 
may take place to stress components and 
Identify defective parts.  Examples of this 
would be processing of fiber optic cable for 
Dielectric Withstanding Voltage (DWV) during 
reel takeup or 100 percent burn-in for fiber 
optic detectors and sources. Many types of 
environmental tests are also utilized to 
stress fiber optic components to identify and 
weed out early failures of weak components. 

A manufacturer should insure that the quality 
department is checking all testing being 
performed by the production department via a 
roving inspector and tollgate quality control 
personnel for points where critical tests are 
conducted. 

Records to be Maintained 

The use of correct up-to-date records signed 
by a responsible company official should be 
emphasized by the program plan and taught by 
the company In their training classes.  It is 
essential that a responsible company official 
sign off on all lots released for shipment. 
This is a mandatory requirement. A company 
will find it very difficult to convince our 
auditors that they performed required 
operations and testing if the records are 
deficient. 

Examples of the Records that we will require: 

♦Failure analysis (both in house and field 
failures) 

♦Certificates of compliance for raw 
materials. 

♦Corrective actions for failures showing 
first lot affected. 
•Production travellers must show inspection 

tollgates & material traceabllity. 
♦Marketing agreement with authorized 

distributors. 
♦Calibration 

Standards certificates of traceabllity to 
NBS. 

Recall records 
Maintenance records 
Out-of-tolerance equipment record 

♦ALL MILITARY TESTING (electrical, optical, 
environmental, Group A, B, C etc.) 

♦Training 
♦Process changes 
♦Process control (e.g., statistical methods 

such as x and R charts) 
♦Inspection stamp assignment (If used) 

'     ':" 
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Self-Audit Is incorporated. 

. 

Assuring that these practices are being 
carried out requires a periodic check.  We 
believe the self-audit to be a viable plan for 
accomplishing this task.  The Product 
Assurance Program .should Include all areas 
where failure to self-audit could allow faulty 
products to escape and be shipped. 

The self-audit requirement will be mandatory 
for all manufacturers qualifying to the fiber 
optics program.  The audit must be 
accomplis'ied by trained quality personnel 
appointed by the quality director. 

Independence of the auditor from pr^Juculon 
constraints must be a primary consideration. 
In order to facilitate a complete self-audit a 
checklist system compatable tJ our audit 
requirements should be utilized for the 
self-audit areas.  At least the following 
areas shall be audited and any others 
considered necessary by the manufacturer to 
insure quality: 

Calibration 
Training Effectiveness 
Assembly Operation 
Failure Analysis 
Electrical & Optical testing 
Document Control 
Test Methods for Military Items 
Design Change Control 
Environmental Control 
Incoming Inspection 
Corrective Actions Effectiveness 
Inventory Control and Product 
Traceability 

Final Test 

Any deficiencies found must be documented and 
corrective actions agreed to by the quality 
director or material review board prior to 
implementation. All audit reports must be 
filed, monitored by the Quality Department, 
and available to subsequent audits by our 
auditors.  The frequency of self-audits shall 
be no longer than one year and records of such 
maintained for three years. 

Process Contr^V 

The control of a process will take many 
forms. Whatever form it takes it must at 
least ensure that a company must control 
"critical" production processes. 

Today the diversity of techniques available 
for statistical quality control make it 
possible for trained quality personnel to 
tailor a program to meet any process 
situation. Most techniques have process 
control charts utilized which will determine 
if: 

'Variations are "random" or chance. 

"Variations are "assignable" e.g., operator 
error, dies wearing, material defective, etc. 
Whatever the techniques used a company must 
have quality improvement goals that the entire 
quality assurance program will realize. Just 
inspection to separate good from bad parts Is 
only half the Job. A company must be serious 
about finding and eliminating all types of 
defects. 

Without good control techniques to eliminate 
error, manufacturers will find it more 
difficult in the future to meet customers' use 
of newer methods of lot acceptance sampling. 
Lot acceptance sampling techniques of 
companies' products are getting tighter every 
year. The industry standards are now 
generally In parts per million (PPM). 

Semiconductor manufacturers are now 
advertising quality levels of 99.75% or better 
average outgoing quality.^- This translates 
to 2300 parts defective in a million.' They 
have found process control is essential since 
each manufacturing step may produce an 
"irreversible change" ■ which could produce 
a scrapped lot if control Isn't maintained. 
The goals of a company should be to try and 
continually reduce their outgoing defect 
rate. 

National Semiconductor Corporation began In 
1978 to decrease their outgoing electrical 
defect rate from 10,000 parts per million. 
National has reduced their average outgoing 
failure rate to 150 PPM and their corporate 
goal is 10P PPM in 1985.3 

The ultimate corporate quality goal should be 
to have a quality system so well respected 
they can have their products shipped directly 
to stock without incoming inspection for 
electrical parameters. 

Conclusion 

■ ■ 

Process control must start with new material 
inspection with traceability to the production 
lot.  This would be Interfaced with a 
combination of statistical quality control 
sampling procedures along with control 
techniques such as x and R charts and 100% 
inpection.  Utilizing 100% inspection should 
only be done at critical steps for a specified 
time. It should be done where a factor could 
affect safety or when a new process or change 

In determining the effect of a Product 
Assurance Plan on quality a company must 
determine what it can live with for an 
outgoing quality level in terms of coots and 
personnel. Then the requirements of a 
military specification or other customer 
documents must be studied to determine If that 
company does conform to all requirements of 
quality and reliability. 
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One  Idea we have  tried  to emphasize is  that 
quality Is everyone's  business In a company 
but  the motivation, leadership and support 
must  come  from the  top.     Without   this support, 
quality will be sporadic at best and declining 
at worse. 

Fli^lly,  I  leave  you with  some words written 
by  Philip B. Crosby4:     "In 1961,   I created 
the concept of Zero Defects.    It said we had 
to lay out a clear statement of what we wanted 
people to do.    We didn't want grade level like 
In schools and we didn't  want  "quality levels" 
like  In statistics.     What  wp wanted was  to do 
the   Job right  the  first  time.'" 

References: 

1 Larry C.  Glunipero,  "Statistical 
Quality Control;     It Worked In Japan," 
Electronic  Buyers News,  12  Dec.  1983,  p.   27. 

2 Nancy A.  Karabatos,  "Quality in 
Semiconductor Manufacturing," Quality Magazine, 
Aug.  84,  p.  91. "' 

3 Ibid.,  p.  21. 

4 Philip B.  Crosby,   "Quality Without 
Tears-The Art of Hassle-free Management," 
Quality Magazine,  June 1984,  p.   76. 

: i 

• 

Brian McNicholl is Chief of the Passive 
Devices Branch In the Qualifications Division 
of the Engineering Directorate at the Defense 
Electronics Supply Center. He received his 
Bachelor of Electrical Engineering degree from 
Michigan Technological University in 1970. 
Mr. McNicholl is studying for a master's 
degree in Logistics Management from Central 
Michigan University. 

Robert E. Depp, a native of Selma, Ohio, 
received his bachelor's degree in physics from 
Central State University in 1969, and was 
awarded the Master of Science degree in 
Logistics Management, in 1973 from the School 
of Systems and Logistics, Air Force Institute 
of Technology.  He is currently employed at 
the Defense Electronics Supply Center in 
Dayton, Ohio. He has served as a project 
engineer for electron tubes and as the Chief 
of Parts Control Branch B and as Chief of the 
Assignee Activity in the Standardization 
Division. He is currently Chief of the 
Qualifications Division.  He is a member of 
SOLE #5395, and also belongs to the Institute 
of Electrical and Electronic Engineers (IEEE). 

John Raye graduated from Miami University in 
1972 with a Bachelor Science in Industrial 
Technology.  Mr. Raye worked at Beiden Wire 
and Cable before Joining the Defense 
Electronics Supply C'nter in 1974. Mr. Rayt 
is presently working t DKSC as an Electronics 
Engineer Group Leader for Qualification of 
Fiber Optic Devices» in the Directorate of 
Engineering. 

■ 

International Wire & Cable Symposium Proceedings 1984   423 

,\.   •. 
• • - ■  .  • • " .  • 

- . ■ . • •- . ■ 
■    • -    . - . .    .      ■ . • .       •.■■.-.•.-.•.•..-.•      ,•.--•.•.-.•.•.•.■.•-       . - .       •     •    ■ «    . - . 

■.■'.-     .•".•■.'■.'".■■.-■.■-■.'■.'"."-  -• V.■--'■"• v'. ■.-■.- ■.•".-■•'.•   -       • .   h'■• VJ 



CABLE DESIGN TO MINiMIZE HYDROGEN-INDUCED ATTENUATION INCREASES IN OPTICAL FIBER 

K. Abe, R. Lowe and E. Thomson 

Northern Telecom Optical Systems Division 
Kanata, Ontario, Canada 

ABSTRACT ACCELERATED FIBER TESTING IN H, ENVIRONMENT 

Extensive investigations of H2-induced fiber atten- 
uation increases have been performed for several 
single mode fiber material designs under a variety 
of environmental conditions.  The observations made 
in this study indicate that the H2-induced atten- 
uation increase can appear in most of the currently 
available fibers regardless of the material compo- 
sition and that the effect is enhanced when the 
fiber is stressed.  Based upon these conclusions, 
the emphasis of our efforts has been placed on 
cable design modifications which minimize the H2 
effect.  Firstly, the loose cable structure was 
designed to minimize the stress in the cabled 
fiber under any foreseeable installation condi- 
tions.  Secondly, the H2 concentration in the 
cable was suppressed to below 0.005% by eliminating 
cable components which could generate Hj at 
elevated temperatures and/or under humid condi- 
tions.  An activation energy analysis based on the 
saturation levels of the Hj-induced attenuation 
increases predicts that with a cable of this 
design, the expected maximum attenuation increase 
would be less than 0.01 dB/km at 80oC at 1550nm. 

INTRODUCTION 

Recently, numerous reports have been published 
regarding the effects of environmental hydrogen on 
the transmission properties of optical fibers. 
These effects have been shown to be due to a com- 
bination of the presence of interstitial hydrogen 
[1] which is a reversible phenomenon, the perma- 
nent conversion of hydrogen to hydroxyl in the 
glnss [2], and a wavelength dependent loss increase 
also associated with the diffusion of hydrogen into 
the fiber [3].  Most of these results have concen- 
trated on effects relating to multimode rather than 
single mode fibers.  The purpose of this paper is 
firstly, to report on the temperature dependence 
of the transmission loss for single mode fibers 
containing diffeient core dopant materials in order 
to estimate the long term losses for these fibers 
under realistic conditions of temperature and hy- 
drogen gas concentration.  Secondly, this work 
describes cable design modifications that minimize 
the H2 effect on cabled fiber. 

Experimental 

Most of the single mode fibers used in these 
experiments were of a depressed-index cladding 
design fabricated by the MCVD technique and 
coated with a silicone resin.  The cladding 
consisted of a phosphorus and fluorine doped 
silica.  The fiber cores contained silica co- 
doped with either P(0.3 atm.%)/Ce(l.2%) or 
F(0.2%/Ge(2.5%).  To evaluate the performance 
of the fibers in a hydrogen environment, the 
samples were placed in an air-tight chamber and 
heated to temperatures in the range of 80oC to 
200°C under a pressure of 1 atm in 100% hydro- 
gen.  The spectral attenuation of each sample 
was recorded periodically between 1000 and 
1600nm during the tests which lasted from 400 
to 1000 hours. The loss evolution of a P/Ge 
doped-core fiber heated at 1750C in 1 atm. 
hydrogen is shown in Fig. 1.  There are several 
important points to note.  First, there is no 
evidence of loss contributions due to intersti- 
tial hydrogen, the effects of which would be 
apparent from the growth of the peak at 1240nm. 
This can be explained by noting that the chamber 
is purged with N2 prior to each measurement.  At 
this temperature the H2 can then very quickly 
diffuse out of the fiber.  Second, the formation 
of SiOH, GeOH and POH centers are clearly 
indicated by the growth of peaks at 1385, 1420 
and approximately 1600nm, respectively.  Third, 
a previously reported [3] wavelength-dependent 
loss contributes substantially to the overall 
attenuation of this fiber type.  Finally, the 
loss increase saturates after some 300-400 hours 
of treatment.  In contrast to this. Fig. 2 
shows the results for a F/Ge doped core fiber 
(no phosphorus) heat-treated in hydrogen at the 
same temperature.  Notice that by far, the dom- 
inant loss component in this fiber is a much 
larger wavelength dependent loss.  Tests con- 
ducted on fibers of similar composition in the 
absence of H2 fall to show this loss phenomenon. 
Also, as expected, this fiber dees not exhibit 
the effects attributable to the POH.  Similar 
observations were made at 150° and 200oC.  At 
80° and 120°C, residual contributions from 
molecular hydrogen can be seen. 
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Discussion 

For P/Ge doped fibtT, the loss increases at 
1300nm were plotted as a function of time and 
the results are shown in Fig. 3 for 125°, 150°, 
175° and 200°C.  The saturation of the incre- 
mental loss described above is clearly evident 
for those fibers exposed to temperatures above 
125°C. The saturation levels measured at 
various temperatures were fit to the following 
equation. 

(Aa)max ■ (Aa)oe 
■Ea/RT 

The activation energy (Ea) determined in this 
method was 5.6 kcal/Mol. which is substantially 
lower than previously reported values of 
approximately 15 kcal/Mol. [2] which were 
determined from the loss increases prior to 
the saturation.  Similar analysis for F/Ge 
doped fiber resulted in the activation energy 
of 7.7 kcal/Mol. 

During the course of the investigations inclu- 
ding fiber samples with other types of material 
design, strong evidences were discovered indi- 
cating that the H2 induced loss increase is 
associated with Ce in the core and also stress 
induced in the core either externally or inter- 
nally due to differential thermal expansion 
properties of the core/cladding material. 

Fig. 4 shows spectral attenuations before and 
after the heat treatment in H, when a fiber, 
which consists of silica cladding and Ge doped 
core, was stressed by applying winding tension. 

Conclusion 

(1) Assuming that the H2 induced loss increase 
is proportional to the square root of the Hj 
concentration [2,4], the maximum attenuation 
increase expected at 80°C at 1550nm is approx- 
imately 0.01 dB/km when the H2 concentration 
in the cable is 0.005%.  This estimate is based 
upon the activation energy analysis described 
above for P/Ge doped fiber.  Furthermore, only 
the irreversible loss increases are incorporated 
in this estimate. 

(2) Reversible loss increases associated with 
interstitial H2 were not investigated exten- 
sively in this study. However, existing reports 
indicate that the effect does not depend upon 
material compositions of fiber and is not a 
concern as long as the H2 concentration is 
below 10% because the maximum H2 solubility in 
silica is proportional to the H2 concentration 
in the environment, and the typical loss in- 
crease at 1300nm due to interstitial Hj is re- 
ported to be approximately 0.2 dB/km at 100% H2 
1 atm. pressure [3]. 

(3) Fibers are more susceptible to H2 under 
stress and with the higher Ge concentration. 
The depressed-index cladding design allows us 
to use less Ge as compared with matched-index 
design. 

(4) High P concentration in the core causes 
substantial attenuation increases at 1550nm 
region.  However, the activation energy 
analysis monitoring the attenuation increases 
at 1550nm indicates that the effect is not worse 
than P free fiber as long as the P concentration 
is below approximately 0.3 atm. %.  This con- 
clusion is consistent with the previous report 
[SI. 

11. CABLE DESIGN TO MINIMIZE EFFECTS OF H, 

Based upon the conclusions of the accelerated 
fiber testing in H2 environment, it is evident 
that the following cable design criteria are 
essential to achieve a long term reliability for 
installed cable:  (i)  Minimize Hj concentration 
in the table; (ii) Minimize the permanent stress 
in cabled fiber.  A loose structure cable such 
as the example shown in Fig. 5 together with 
installation methods to minimize fiber stress 
unde. any field condition readily satisfy the 
criterion (ii).  In order to meet the criterion 
(i), all the cable components for the cable 
structure shown in Fig. 5 are separately tested 
in terms of their H2 emission.  Sample material 
was placed in a glass container, heating the 
sample at 75°C over 24 hours.  The H2 concentra- 
tion of the atmosphere within the container was 
measured using gas chromatography.  Sensitivity 
of th" detection method was 0.001%.  The test 
results are summarized in Table 1.  Note that 
the measured H2 concentration was normalized to 
a unit cable length.  The test results indicate 
that major sources of H2 are silicone coating 
for fiber, galvanized steel strength-member and 
aluminum sheath.  Actual cable samples of this 
material design were tested in terms of H2 con- 
centration in the cable and the spectral atten- 
uation was measured while the sample cables 
were heated at 750C over 4 days.  Approximately 
5% of H2 was detected from gas extracted from 
the inside of the cable.  Fig. 6 indicates a 
slight increase of the attenuation peak at 
1240nm indicating existence of interstitial H2 
molecules.  However, there was no permanent 
increase in the attenuation over the test 
period.  This interpretation was confirmed by 
the recovery of the 1240nm peak to the original 
level, which is attributable to SiOH instead of 
Hj, after the cable was purged with He over 3 
days at 750C. 

Based upon these observations, the silicone 
coating, the strength member, and aluminum 
sheath were replaced with UV acrylate coating, 
stainless-steel strength member and steel 
sheath.  A combination of the new materials was 
placed in a glass container simulating the 
modified cable material design and H2 emission 
was measured öfter heat treatment at 750C over 
25 hours.  The H2 level was below the detection 
limit of 0.001%.  Based upon this test result, 
an actual cable sample was made and the tests 
on the cable were repeated at 750C.  After 
approximately 1 month of the heat treatment, no 
H2 or attenuation increase were detected. 
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It  should  be   further  noted   that  field-installed 
cables  with a  material  design  not   Incorporating 
the modifications discussed   in  this   paper were 
investigated   in  terms  of   their attenuation 
changes  at   ISOOnm.     The  original cable  attenu- 
ations  measured   in  the  factory were   compared 
with  the  field measurement  which  took,  place 
approximately  one half  year   later  (after one 
summer).     The   results  shown   in Table   2  do not 
show any   indication  of  changes. 

Conclus ion 

Kven  though  the  mechanism of   the H2  effect  on 
fiber   is  still   not well enough  understood  to 
allow  reliable   prediction of   fiber  life  time, 
it  is evident   that  the  following precautions   in 
cable  design are essential   to ensure   longevity 
of  cabled  fiber:     (1)  Minimize  stress   in cabled 
fiber.     A  loose  structure cable design  to- 
gether  with appropriate   installation  methods 
will  ensure ■  negligible  level  of  residual 
stress;     (2)   Knowing   that   the   interstitial  H2 
effect   is not   related with  material  composition 
of  fiber,   it   is  essential  to  minimize   H2  con- 
centration ca^le  regardless  of   the  type of 
fiber.     For  the  particular  type of  cable dis- 
cussed   in  this  paper,   it was   demonstrated  that 
UK- concentration in the cable can be 
suppressed to below 0.001/f, by simply replacing 
a few H2  generating cable components with 
alternative materials.  Currently, consistency 
of H2 generating characteristics of new 
materials has not been fully investigated. 
Furthermore, the H2 generation depends to 
some degree upon the preparation method of the 
sample such as the way the metal component was 
cut simulating sheath damage, etc.  Consider- 
ing these uncertainties, a maximum H2 concen- 
tration of 0.0052 was used for lifetime 
estlmat ion. 
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Table 1. Hj From Cable Components 

X* 

Al-PE (in air) 0.1 

Al-PE (wet) 9.5 

Calvanized St. strand 0,5 

Silicone coated fiber 0.3-0.9 

Acrylate coated fiber 0.002-0,01 

St.-St. strand Dry and Wet <0.001 

RPS (Ni/plastic coated St.) 0.02 

PE Core + PE sheath <0.02 

Powder Dry, Wet <0.002 

PIC pair <0.001 

Al-peth/RPS lubricant <0.001 

Binder and mylar wrap <0.001 

Ink <0.002 

Combination of materials <0.001 
simulation stealpeth 
Dryfil cable with acrylate 
coated fibers and St.-St. 
strength member 

•:•.:■: 

c--'4 

■ 

* H2 concentration was measured after 
heating the sample at 750C over 25 hrs. 
The measured concentration was 
normalized to the volume of a 6 slot 
cable with 50 fibers. 
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Table 2. 1.3 um Attenuation of Field - Installed Cables 
:■:: 

I Cable 'tl   (Aerial, Al + Steel-sheaths, 2.9 km) 

Fiber f Field Measurement*, 
(dB/km) 

1 0,42 

10 0.48 

20 0.46 

28 0.47 

37 0.51 

44 0.43 

Factory Measui eraent*, 
(dB/km) 

0.47 

n.4ft 

0.46 

0.49 

0.47 

0.40 

Difference 
(dB/km) 

-0.05 

0.02 

0.00 

-0.02 

0.04 

0.03 
•••- 

Av.  0.00 

Cable  If2   (Aerial,   Al + Steel-sheaths,   2.8  km) 

Average difference  for  5 fibers: 0.02 

Cable "3 (Duct, Al-sheath, 2.3 km) 

Average difference for 6 fibers: -0.02 

* The field measurements were performed approximately one-half 
year (one summer) after the field installation. The 
attenuations were compared with the factory measurements which 
were performed just before shipping of the cables. 

1000 1?ÜÜ 1400 

wavelength (nm) 

1600 1000 1?00 

wavelength (nm) 

1400 1600 

Fig.   1       Loss  evolution  for a P/Ge  doped  core 
fiber exposed  to  1  atm.   of  hydrogen 
at   175°C:     a;  0 hrs;  b;   82 hrs., 
c;   223 hrs.,   d;  460 hrs. 

Fig.   2       Loss  evolution  for  a  F/Ce  doped  core 
liber  exposed  to   1  atm.   of hydrogen 
at   1750C:   0 hrs.,   b;  65 hrs.,  c; 
221  hrs.,   d;  671  hrs. 
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Fig. 3  Incremental loss at 1300 nm as a 
function of time for a P/Ge dopt d 
core fiber in hydrogen:  a; 200V, 
b; 1750C, c; IbO'C,  d; 1250C. 

Fig. 5  Cable structure 

1000 

Fig. 4 

12Q0 

wavelength (nm) 

1400 

Spectral attenuation for a Ge 
doped core fiber under stress: 
before and after exposure to 
hydrogen at  200oC over 262 hrs. 

TbUO 
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Fig.   6 

1000 1200 

wavelength (nm) 

1400 1600 

Spectral attenuation of a fiber in 
a cable without the material design 
modification, before and after 
heating at 750C, 4 days. 
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