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‘I
SECTION 1

INTRODUcTION

The Fiber Optic Technology Program is intended to introduce a new tcchnoIou~which now has demonstrab le advaiitag es in performance and cost . This document de-stribes the MITR E program during FY 77 , which was sponsored by the ElectronicS~ steill s Division of the ( ‘ .S. Air Force Systems (‘ommand, This document is organi/edas I’ollows , Section Il explains the program obj cc t ive~ of defining and demonstratinghmgh-payot ’t’ applications, Sect ion III ~nVL’ 5 a brief ’ f ’iher optics technology backgroundfor readers unfamil iar with the area. Section IV discusses the results of an analysis fordef ’ining near-term, high-payoff ’ applications of fiber optics to ground-based tacticalcommand and contro l comniunicat iopi systems , Section V describes in detail a fiberoptic demonstration syste m use d as a replacement f ’or mu lt iconductor metallic cablingcurrentl y emp loyed for radio rernoting and shelter interconnection in tactical deploy- ‘

ments. Section V I discus ses preliminary testing at an Air National Guard facility, andthe final system demonstra tion at the Boki Eagle 78 exercise on Eglin Reservation,Sect ion V II presents conclusio ns and recommendations ,
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SECT ION II

PROGRA M OBJE CT IVE

i lie t r ansi l l iss io n propert ies of  the f iber optic medium of Icr unique solutions to
ii1.mn~ pro~ ‘ins mi therent in s~ ire or RI t r~mnsmnission , These propert IL ’ S include electr i-
cal isolation and miiiiuuni t ~ to  lightning, I Nil’ , I Ml  .ind c ross ta l k ,  as s~ell is enhanced
s~’~ urit\ , s~ eight , power and ~ost sas ings. I ties~’ adva~itjg es of fiber opt c s  os ci cons en-
tion.il m e dia make a number of ’ potent ia l applications a t t r a c t is  e.

I he object is e of the I iber Opt ics I echnolog~ .‘Nppl mcati ons l’rog ramn ss :s to
define and de ii ioiist rate high-pa~ o f t  a p p l ic.m t Ions of fiber optic technolog~ to Air orce
groiirid-base~I tact cal coniinan d .iii~l co ntrol comnmu meat ion s\ stems , I o meet t his
ob iect is e . it s~ .is f i r s t  necess.m r\ to st tid ground-b ase d conimunicat iOU s~ s te in require—
nients and ident if~ applications ss Inch could best ex ploit t lie ads antages of the te c h—
no to cs ~ i i io i i c  applications cons idered ~ crc t he replacement of ’ exi st ing cable as well
.is iics ~ co m m and post ( inter— .mriil intras helter cabling applications . The most prom—
sing , I or near-term .mpp lm c , mt ion , wer e point ’to—p oiri t  l inks the future development of

f i ber optic t a ps  couplers precluded wor k on mutt iterm inal s~ si ell is in t h e  t line frame
ot this prot ect .

W i t  Ii in t he scope of t Ii is program , one .ipp licat ion iii part icul,ir. the r~’miio t mug ot ’
the ,-N~s I R( ’ -~ 

“ t i  oposc . l t tc r radio terinin,il - s~ as c hosen for a t ’k’ld ~Icnionstrat to r i.
1)ti r ing t I l L ’ reni.iinder of the t’is~ ,iI e.i r the fiber optic link s~ .is designed, f a br icate d
.i tiL l t c t  eLI Ses era I id c,i’ i eta t ing to the constru ct ion of optica l source raL ’ L.iges and
connectors 5% crc nit plernent ~’~i and es ilu ,mted . I’hie effort culni m ated lU a successfu l
de i r ionstr at ion of the fiber optic I R(’ - ’’ lin k at the j oint-ser v ice Bold 1 .iizk exercise
f ield on I’ g u n  Rese rsa t ion in I lorid.i . 4. ~L’tobL ’r. I’) ” , This demonstration has stimu-
lated mans fresh ~Ic,i~ for t im f ure .ipp lica lions and ex ploitation of ’ the fiber opt ics
a lterna t is e.
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SECTION III

TECHNO LOGY BACKGROUND

l’he first serious consideration of glass fibers for medium- and long—distance
information transfe r came from Standard Telecommunications Laboratories in England .
At that time . 1968 . typical fiber losses were more than 1 000 dB/km . hut it was slag-
gested that much lower losses could be achieved with purer materials. There followed
several ef ’f ’orts in England . ( ;erm~n~ Japan an d the United States to purity glass an d
work out t’iher transmission prol’Ilenis The breakthrough occurred in 1970 , when
(‘orning Glass Works an n o u n c e d achievement of fiber losses under 20 dB/ km in single—
mode f’ibers ,

FIBER OPTIC CABLES

Since 1970 there has been rapid progress in the development of low-loss f’ibers
( figure II Optical fibers are flow corti rnerciaf ly available in cable f ’or m at losses o f
6 dB/km with 400 Mh z—km bandwidth , Recent laboratory research has reported fibers
with losses less than 0 ,5 il13 ‘k it i  and 3000 MHz—km bandwidth ,

REDUCTION OF FIBER LOSS
i00~ 1000

E t OSSES ARE LOWES T ACHIEVED
AND DO NOT INCLUDE

______________________________________________________ 
REFI U 

• 
I(t [  COMM

YEAR soci ET y MAC.

__________________________________________________________________ MAR 19 ~8
PQ I3

Figure I. Fiber Loss Achieved in Recent Years
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In early fibers, the main cause of attenuation was absorption of the signal due to
meta llic impurities and water in the form of the oxygen-hydrogen radical. When the
metallic impurities are reduced below one part per billion , Rayleigh scattering becomes
the dominant source of loss at lower wavelengths , and infrared absorption in the glass
itself establishes limits at the longer wavelengths.

The attenuation of a typical commercial fiber (ITT type 1-103) is shown in
fi gure 2. Currently available light sources and photodetectors operate in the region of
the first attenuation minimum from about 0.8 to 0.9 microns. Here the loss is about
S dB/km , There is even less attenuation beyond the OH radical absorption peak: for
example , 3 dB/km at 1. 1 micron.

Y:

~~~~~~~~~~~~~~~~!LL /~~~~~~~~

ABS ORpTI ON
SCATTERING ~~~~~ / IR BAND EDGE

32

c i ___________________________________________________________

4 5 6 7 B 9 0 I I  2 1.3 14 15 16 17 l B

WAV ELENGTH ~~N

Figure 2. Fiber Loss Vs. Wavelength

The exceptionally low-loss experimental fiber shown in figure 2 has an attenu-
ation of only 0.5 dB/ km at 1.2 microns. Many efforts are underway to extend the
operating points of current sources and detectors so as to take advantage of the attenu-
ation minima at the longer wavelengths. The low attenuation of currently available

• optical fibers (6 dB/km) permits very long cable runs between repeaters , on the order
of 8 km ( 5 miles). The resulting reduction in the required number of repeaters has
attractiv e economic advantages for long-haul applications as well as reliability enhance-
merits.

11
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The bandwidth of an optical I’ibcr can be viewed most snuply as a humid ion
of ’ the variation in transit times of t he many propagating light rays . ‘l’he less the sar i—
atum, the greater the bandwidth, lii the ‘‘ste p—index ’’ ty pe ot ’ fiber , w hose core is oh’
constant refractive index , lighf rays pro pagate  by total  internal reflect ion at the inter-
face with the cladding material ( figure 3) -  At the interlace , I he index of refract ion
changes abruptly to a lesser value. ‘l’lme result is a conlpa ratI%’ i’l~ Wi(k ’ variation in fl it ’
propagattoti times of t h e  light rays due to  their tl iltering path lengi Its , and a co nsequent
“smearing ’ or distort ion of a,iv signal carried by the rays. With practical core dia iiteters
in the order ot 50 to 60 microns the dit ’t’ere mices in propagat ion times , called modal
dispersion , limit t lie ha ndw idt ii of such t’ibers to apl)t’OX iinately 20 to 40 MIt,. in a
kilometer lengt h,

— . - 000 ,. ~~~~~~~ 0’ ~~~~ - . .

Figure 3. Light Ray Propagation in An Optical Fiber

The “graded-index ’’ type of ’ t ’iber was designed to correct for this effect , hts
refract ive index decreases continuously with radial distance from the fiber axis , Light
propagation is sustained by retraction: a continua l bending oh’ the ray toward thìe axis.
Light travels faster at tIre outer extremities of t he core , reducing differences in arrival
time , and lessening dispersion. Tb is type of ’ fiber has handwklt lis of ’ 200 to 600 Mlii.
in a kilometer length.

(‘onsiderab le progress has been made in ruggedizirig t i~ er optic cable. As
demonstrated by Ml’l’RL in a roadway tes t ,  current cab le desit,~s al low tells of thou-
sands of ve hicles to roll over ruggedi,ed cables without fracturing tile l’ibers.

Figure 4 compares typica l commercially available fiber optic cables (a two- and
six—f iber version by iT t’ ) and two types of’ meta llic cable (26—pair amid dual coax~ pres-
ent ly used for ground—based tactical communications.

12
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AOVANTAGE S OF FIBE R OPTIC CABLES

26 PAIR
COPPER CABLE DUAL

FIBER CABLE$ ( Irr ) COAX

SMAU. SIZE : I~2-~’1 ~~~~~~~ !H~~~~~ ~~~~~~~~~~LIGHTWEIGHT 81/1000 ft 221/1000 ft 2081/1000 ft 601/1000 ft
BANDWIDTH (5M1) 45 Mb/s 140 Mb~ .05 MHz 19 Mb/s(CAPACtTY) 672 VOICE CH. 2016 VOICE CM. 12 VOICE CM. 768 VOICE CM,
REPEATER SPACIP~ 5 MILES 5 MILES N/A 

~‘4 MIL E(ATTENUATION) 10 dB/MILE 10 dB/MILE 112 dB/M ILE
PRESENT COST $1.83 $4 .50 4-35’ 8 -33PER FOOT $ .98 ?
• NO GROUND LOOP, LIGHTNING OR EMP PROBLEMS
• EXTENDED DEPLOYMENT RANGE
• POTENTIALLY COST EFFECTIVE

Figure 4. Adv antages of Fiber Optic Cables

The cost of the fiber medium is continually decreasing, while the performance
parameters are improv ing. Examining the cost projections of one manuf’acturer , Corning
(figure 5) , one can see that the near-future emphasis is on lowering cost through better
manufacturing techniques and economies of scale. As a rough rule of thumb , the cost
of a finished cable can be estimated as twice the cost of the total number of fibers
contained.

SPLICES AND CONNECTORS

Maximum transfer of light between the ends of two fibers in a splice or connec-
tor demands highly accurate alignment. Assuming that there is an excellent end finish
on the mating fibers , there are three types of alignment offset which contribute to the“insertion loss” of the splice or connector (figure b): lateral displacement of the fiber

13
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Figure S. (‘orning Single Fiber Price Projections

a \ t ’s which is the most critIcal offse t ) , t’iher end separation , and angular m1l i~~ihigm1Ine I1t .

l’hc latter two depend on the numerical aperture of the fiber higher apertures produce
higher losses. In addition , there are end ref lect ions which typically introduce a 0.4-dEl
loss. Fhese rct lect i~ mis may be eli m inated by using an optical matching substance whose
refractive index closely matches that ol’ the f iber core.

Fiber splices can be used to repair damaged anti broken cables. (‘ommonly
used splicing techniques include the “V” groove and its variat ions (figure 7). A sharply
form ed V . or corner , holds and aligns the prepared fibers, which are butted under
slight pressure. A drop oh index matching adhesive secures the joint. Losses around
0.2 d B are typical.

Another technique is the “three—rod’’ splice (t ’igure 8). The fibers are inserted
into t he interstice of three i~araIle I rods that touch tangentially, A low-viscosity adhe-
sive is applied , and by capi llary action uniformly bonds all elements.

In the fusion or “hot splice ’’ tec hnique , t he t’ihers are butted and welded to-
get her with a flame or electric arc. Losses of 0,25 dEl are easily achieved with the fusion
tiiethod ,

14 
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0 2  o 5 0 4  06

AXIAL DISPLACEMEM ENT RATI O (8/ 0 )

0

END SEPARATION R A T I O ( r / D )

ANGLE a

Figure 6. Loss Mechan isms in Fiber Splices and Connectors
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GROOVED

~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~A R (
F I B E R

F igure 7. (.roove Splice and ~‘ar iations

Wh ereas t im e splice is a permanent joint , ,i connector is a demnountahlt ’ joint.
which is required tor the deplo~ ment of ground—based tact ical s~ st emir s  A t the outset
of ’ I Ii is programli . no sii h a  He low—co st , low—l oss single fIber cou mmector ~ as ~i% - a ilable,
Ml IRI therefore the~eloped a connector * , which hi ,is be em m successfuhl used in i t s  re—
scaR hi and applicat u’ns to dale. ~lt ) mc r&’i’cntlv I he co m mn~’cIor picture has ilnprovt ’d. wit Im
new , promhims ing t Ies It~ ’ S .1% aI I.IhIe trom u several m ua m m ut I t t  IIR’tS . lime connector prohlenì
h1 .is gt’nt’ralt’d ,i w id e range oh design solutions . somne of which arc illustrated in t’igure ~

) .

LX’s&’rihcd in dc iam l iii st ’ t I  izni ‘S

I o 

— . _ _s,__ ’  
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HEAT- SHRINK TUB ING 

STRI PPED FIBER

ALIGNM ENT ROD

ALIGNM ENT RODS

- FERRULE

HEAT- SHRINK
TU BING

- H EAT- SHRINK 
\
\ 
\_  JACKETED FIBER

TUBING
k— EX POSED BARE FIB ER

Figure 8. Three Rod Splice

CONCENTRIC SLEEVE ALIGNMENT ROD ELASTOMERIC GROOVE

_ _ _ _ _  

-

ITT WATCH JEWEL AMP HENOL 906 -
~~ 

-

2dB ,$ IOO 2dB ,$ 30 AMP OSC SERIES
I ,4,B 8 F I BERS 2 dB , $ 5

DUAL FiB ER , 4OO~~~ NOW

_________  CONE ALIGNMENT

(JU ~fE~~~E-
T&B 2dB ,$ lOO MITR (/ (SD

HARRIS SYSTEMS ONLY DUAL THREE ROD BTL .5 dB , LOW COST
SEALECTRO : DEVELOPMENT I S  dB , $30 MACHINE MOLDED

1 , 2 , 6 FIBERS

Figure 9. Single Fiber Connector Technology Jan 78
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pcr I iber .It presc m il P

I lie .Illgmliiii ’m i t rod c o m i m mei t ors lot - a te the Iihi’rs i ll I m i t e t s t m t i~il gaps Iormil~’~t hs .1
tonliguralion ot al lgr m m mlc nt rods \ t’om nm hm e rt ul prod u~ I as .ii lahle Iro m mi \miiplit ’mio l uses
b u m  .ilignimit ’ m it I od~. %~ l i i i  .4 I Ihe m i i i  t he c t ’ I i lcm l ilt ’ \ t l  I RI connecto r use s .i dua l t h l r c i ’ —
rod ippro.ic%m

. ‘~lI-p1ast it t ’IIilet t o m s  li,is e been ~teseloped b~ \%1 P Imi~ - amid Bell l t ’k’phone
I .ibor .mtories In t im e  \ \lI ’ t om m nc c t or , an i’Lision mermc hto~k si ll - te n te r s  l i t ’ f ibers ~~ it l i tm i
\ ~ i Ot ’ 5  i’ s \s  ilO%% designed , t he tol lncc tom .it’ t0I i% miio~t ,htes 400— mimi cro n d ianletem t ibe m
lii is to r i  nec t om sells fo r .i I’ou t ~~~~ pet imiat ed Ni A \l P is work m u g  om i .1 s -a m i ,it ion ss Ii mcli
ill .Iccouiimliod,ite tim ~’ I ~~ - H i l t  ion f I b ers  imiore t s pitaht ~ used in lom mg—luu ( communl t, I—

io ml S~ st t ’ Ill s Ii t h i s  can be done, it ~ ill ma ke as .iil,ible a Ii ighl~ promising com im iett ot
cost t r ig is~o orders ot miiagnit ud~’ less thaii other precision miiec hanm~-.il designs t t s i t i~’
m eta llic colu po m mem its .

1’h~’ lIeu I ahor.Itories ~on nector ii St’s a com ic ,ih m e m m m mle m m t primici pli’. ~, 
‘omii’-s II.Ipcd

pltigs arc InIe¼ t mon- m olded .irou uid the f ib ers [lie plu gs arc .il igmicd s~ mt h a bit-on it
slees i’ lh is connector is not mios~ .i~~.i ilable i o the indu si ri.il or mim i l  m l a rs u ser

It Is our opinion t hat  the pri’si’m m t .ii- me t~ of to mim lec lo rs , eIt her in mii.in(II.i~’ Iui m c or
on the dr.is~ i ti~ ho.i rd , ill oser co m e t tic Lit -k ol .1 Sn it .1 Mi’ si m mg k’-t ’m ber con net to m - ~ hi I~~hi
s~ .is a niapor vu ped inment t ( ) s~ idcspre,ud l ist ’ ot f i ber opt It ti’c IinoIog~ .

Ll( HT SOU RCFS

1 ight so l l r t t ’s used For I mise r opt It toimuuU ut¼~u( Ions .urc t h e  ligh t  ens~i ting diode
( 1 I! ‘II or (Iii’ inj ection laser diode II I)). these .Irt ’ si’miiii -omidu~- tom des ices s~ host ’ light
out put is controlled h~ current d ris en t lirough I he ~l iodcs

Ihe reqlii rc mmm e mlt s for opt Ii’ ,Il sources use d in simig le- Iib’r Iechnotoc~ are s ei~dt’in.imidimig. lo mnaxnui,c link length ( th a t is to extend repeater 5P. i i l I i ~’ .1 S O l l i t i ’
should he as intense .15 the sta te of time art ,i 1105% 5 lii I,iti tick opt l t j  I po~ i’r eI ’f ’mc it’ll l~int o the “iher the emitting area of the source sliott Id he snia I let t lt.i m i t lie t ibet ¼- ore .u e,i
Moreover , the emitt ed ht’j mi m pattern of the so il iii ’ iiiti ~t be se rs d iret t ional to l i t  ~ it b u n
I he acc ept .i m mci ’ comic of t he t lbt ’t I o mu ininmiie immat e ria l it msp e rsmo mi s~ it 11111 the fiber
(diffe rent was- t’Iengt his t r.i~ i’Il l ug .it ii iI’It’rent s c lo imI Ii’s) t hi’ light output mmiv sI hi’ spt ’t
traU~ pure ; t h.ut ‘is . ii tequ itt ’s a narrow spi’ct ral kness mdth . I . 1 s t  i i%~ ,lu ’ i t t  t.ill t lines ,im e

IS
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required for high-capacity digital systems , while analog modulated systems require an
opt ical power output linearly related to the drive current over a wide dynamic range.

Injection laser diodes are well suited for use in digital (or pulsed) fiber optic
systems. They are made from gallium arsenide doped with aluminum. The laser pellets
are very small typically cubes 10 mils on a side and are mounted on transistor
heat sinks. The devices employ a stripe geometry , which confines the laser cavity region
to an active output area measuring about I x 10 microns. Emission through the narrow
slit output aperture produces a rather broad diffracted beam in the plane perpendicular
to the P-N junction (20° to 400 half-angle ). The beam in the plane parallel to the junc-
tion is much more narrowly confined 20 to 50 half-angle),

The beam of the ILD is far more directional than that of an LED, and typ ical
numerical aperture losses into flat-ended fibers measure about 6 dB. Current contin-
uous-wave laser diodes have a much higher power output (5 to 10 mW) than LEDs ,
and are very fast (rise time of less than I nsec). Finally, their spectra l linewidth is so
small that material dispersion in fibers is usually negligible.

One of t he early problems with the injection laser was its short lifetime. Con-
siderable effort has been devoted to extending the lifetime, and the material problems
are now reasonab ly well understood . Starting from a two-hour lifetime in 1970 (figure
10). lLDs now have extrapolated lifetimes of more than one million hours.

iM IM

GMIAz SLMICOMD4JCTOR LA SER

‘70 72 
- 

74 
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P9 6

Figure 10. Improvement in Laser Lifetime
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One problem with the injection laser source not found with the LED is its tem-
perature sensitivity. For example ( figure l i i  if the operating teni perature should fall
from 30° to 200 ( w ith the forward drive current constant , the optical power would
ruse drastically arid perhaps damage the facet of the laser pellet.

THERMAL CHARACTERISTICS

0’ I0’ 20’ 50’ 40’ 50

iiii z~~~~
MULTINODE ‘

~ - ~~~~~~~
“

~ 0~21 

~~~~~~~~~~~~~~~~~~~~~

PC 95
I i I

0 00 200 300 400
FOW A RD CURR ENT ( mA )

Figure I I .  ILD Output Power Vs. Drive Current

Remedies to the temperature dependence of the laser can be incorporated in the
transmitter circuitry. Optical f’eedback schemes use a photodetector located behind the
laser pellet to monitor the average optical power output. A feedback control circuit
regulates the drive current. This overcomes the low-temperature difficulty. In addition ,
a thermoelectric cooler can he used to control t he operating temperature of the pellet,
Commercia l injection laser transmitter Units with these temperature compensation
circuits are available.

A second problem , at least for linear modulation , is the multimode kink
( figure 11) in the characteristi c curve of the ILD. This not very important for pulsed ‘ - -

operation , but it prevents the device from being used for linear modulation due to
harmonic and intermodulation distortion resulting from the kink. Recent develop-
ments in injection laser technology, however , have produced single-mode lasers which
are free of multimode kinks up to several milliwatts of optical output power.

20
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PHO E O I ) E T L - . cR)RS

I lie iL -e e ls ers most t’oi i u m m io m l imi I ihi’r optic s~ ste nis use photodiodes to convert
incidem it light e muc rg~ to electr ica l current - r ue posi ti s-e-i ntr imus ic- negat ive (PIN) photo—
diode t figure 1 2 i  h as  .1 l.irgL’ in tr imi s ic (se r~ light Iv doped ) region located between p—
arid mi-doped semi iicumi ducti ng regions . I’Iiotori’. absorbe d in this regiom i create electron—

hole pa irs that .ire the n se parated h~ an electrical f ’meld produced hv au app lied reverse
hI .Is sol t ae e on t h e  diode I h i s  generates a current in the load circuit ,

-l4411. ~~
, 

0

OUTPUT

~_2_~
L
~lpk~ 11 ~~

PHOTON _____________

Figure 1 2. PIN Photodi ode

Hue el f  icmcnc ~ of the optica l photon—to—electron —hole conversion process is
specihed h~ (lie iluantuill ef f i t ’ienc~ of the photodiode. which measure s the as’erage
miumii hers oI ek ’ctrom us generated h v - .in incident photon: a quantuni eI’ficiencv n ear
oml e int h ic.it es ,i hirg hk ef tiL ’ienl diode Quantumii efficiencies of 0.8 . at a wavelength
of 0,9 mu it’ron~, .Ire t\ pical of P IN diodes.

Another photod iode pertorm ilance param eter characteriiimig the opt teal pos~ ’r
electrical current com iversiomi process is respons ivit v. This parameter gives the rat io of
output electrical current to incident optical power . measured in amperes w , It t  - Typical
res po mis is- it ies for PIN d iodes are aroun d 0.~ to O.( atul p wat t

I he ava l im ue he p hoto dmo de (,-\P l)) is designed for al)plicatiomls requiring greater
s e rus i t m v i t ~ - Because 1)1’ a strong electric field created by a large reverse bias voltage. the
A PI) t’s hihits mmitermi al ga in .  Primary electrons , generated by the incident light, are
accelerated by the strong field amid undergo ioniiimlg collisions with surrounding atoms .
t hus liberating more electrons.

Compared with the PIN diodes . the -%Pt)s require a considerably higher bias
voltage , Biases on the order of 300 to 400 volts are m’io~ unconimomi . The resulting
current gain . ho w e v e r , produces AI’l) responsivitues about an order of’ magnitude greater
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SECt ION IV

.
~PPLl (’~ TIONS A N A L Y S I S

-~N -tLY SISOBJ ECiI V l ’, A N I ) S(’OP L:
Air I- o rc e tact ical ( - ~ s~ ste iuus were evaluated s~ ith the obtL ’e t  ye of deter m in ing

spL’L il iL app lications iii s~hiich t h e  aLlsani ages ot f iber optics wo u ld he si gn i i t i L -a n t  () mul ~
iz roum ud—bas ed s~ s t L ’ ! l i S  were L’\.ulliiflcI,I . Ihe ariaI~ SIS ss ,is fu rther constrained b~ the
requ i i reniu e rut lor ~her iuor istr . i t io mf ini the muear term wi l h i ln I \ ’ 7  l)ue to th re lack of a
commiuerc iallv .i~ it l ible f ib e r optic coupler t ip) , t hts near— I c m i  requ ireule ~1 t L’lt ifl 11,1 t e ¼ l
r i l u l t lp l e— .tcc L’ss lmi iu l t i t ~’ rri i i r ial I s~ s tem .urc l it t ecture app lications. Ilk’ ar ial~ s i s

f r c fc r r e d to iii ut i o t h ier  Lhocuilh ’nt I t l l e rc to r L Lu l t ice I l i r i ted on po int—to — poui l t  links .
s~ Ii ichi appear to he iiiost pr~~t i I  sing Ill I i t t  i~t I e \ ploit at lou -

APPLICATIONS W I T H I N  T HE TACTICAL A I R  (‘ONTROL SYSTEM

Th ue Control  arid Reporting (c m uk ’ r t ( ’R(’ ) is the senior elenienit of the lietical
A Ir  I- orce s surve illamlL’c amid control s~ stci ii - Ihie central hub oh the cou iiruuu nicatioii s

complex for a t~ pica l (R(  - dep loyment ( figure 1 4 1 us (lie AN S ( - ~ 2 technical contro l
center ~lctaIlic ( 1—p a tr c,ib hes connected to this shelter ( figure I ~ I cL r r \  comn mu nica—
tiouis to ses cii i h pes of radio S i l l s  I lie cable conies ii i len g t h s  of 2 ~0 or I 00() f e e t .
w i th  1 he mmuua phu ro dit ic connec uor out L’.uc h ei iu,h . ,ur d ss elgius 2U~ pouinihs per I i)0() feet -

Wh ile t h e  cab le has an . u t t L ’ i l l , it ion of on ly 7 ihl3 nile l -~~ d13 kuii ) af so ice f requen-
cIes , t here c i i i  he considerable siu~ria l it tenuat ton due to degraded connector contac t
impedance. [hiis ty ptcal l~ limits th ue serie s connection of 250—toot lengths to t h r e e  or
four sect t o ils in tandem - i ti special sit lUltiOlls , usually no more than t ss o 1 000—loot
sections are con nected in tandem -

Radio Remotin g

For reasons of component availa bil ity and tinie cot ust rain ts . the s~ ste in ch uosen i
- 
- 

to tmp le miuen t in I- \ 77 was flue I’R( -9 7 troposcatter radio retilot ing link -

The 1’SC— (12 (ccliii teal control com umum licat ions central a mud the l’R( _
~I radio

term tr ial are co m ivent tonall y interconnected as shown in f’igure I ft Iv picall y . three
separate parallel links are established , two carrying voice and the third b r  teIet~ pe
information. [he soice ch annels are 4—wire circuits and each 2(1—pair cable usuall~
carries 12  channels. I s m ug i n i h  It iplexed fiber optic limik . all 501CC and telet~ pe in-
tormat ion cart be tra n sferre d on -a two—fiber cable -

_ _ _
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I”igure I tt I’x isliiug IS(’- 2 IR(’ -97 Iuu(ercoiunectioii

Ihicic .tie ses c m ,t I othe r i l icet ut ises for using fiber optics in t h i s  application.
Ihic weight reduict toni is quite sig n mf ’icant As depicted in figure 4. a ty p ical  t wo— f ’iher

cab le ss ei g hts ~ potimui,Is per 1 000 feet cotuipared to 208 pou muds for the 2(1-pair cable.
Ihu e l o in it ss i’tghil amid s o Iutmm i~’ rcdute t t omi s~out ld reliese transport requirements and ease
dep lovmi it ’m i l lor rapid setup Bold h-agk’ ‘8 , a ty p ical I’ield exercis e , required sonic
250 ,Ot)() hee l of 2( 1—p aui c.u ble - Ihiu s pu its a coiusiderat-i k strai n ott air hit ’t operations
t h iirt ce m u ( ‘—I 3(1 .t i rc ra lt loads are needed to I railsporl 250 .00() fee t of t’ahle, For ground
Ii au isporla t tori , Iii is qu.int ml oh ~‘ahIc requires twelse 2 I 2 ton i trucks . L’achu acconumo—
d.itmmug a load oh approvtiiiatelv 20 .000 fe e t of cab le.

I osv loss fiber optic table permits deploy mule mit oh long rt’peaterless lim uks , so that
f lie rad to t L ’ f t i i  im ial ~‘an be m e  rii o led to t’otusiderjbly greater tI istanecs th~imi f lue I’ew
I houtsand heel possible ss r hi 21i-p.iir cable I - x t em u&Ied renuot ing permits flexibilit y of ’
dcplovmncnt ( for  ex.iuuuple , It u l ifop s - i  m u g  of ’ t lie radiol , and b widely separat ing the
cnn itt m u g  radio ~t m u Icninas I loin i lie ~‘~‘tut ral 

( ‘R( ‘ i’om uplex . reduces personnel exposure
to atu t u—r aduat tor i n ut issu es A RMs . Furthueriiuore , since optica l fibers .uit~ electrically
um isttla fing, comtim ti u nm ~’afmorrs ptobk ’nt i~ res ultim ig fr omn gm-ound loops, lightning, and
t’k’ctroni .tgnettc pulse tI ~1P) cuirr ~’n ls  ire all eliminated

25

_ _ _ _ _ _ _



I

Radar Remoting

Anot h er applicatioii identified , hut not inupleunenferl in F\ 77 , is (lie remuuot lug of
the A N/TPS—43E radar. I lu m s radar us co iuvemutionally intereon ,uected to the A N/ l’SQ-9 I
operations center by two tet u-con ductor trm a’sial cables ( fi gure 17)  One of flue cables
carries range and 1FF heacomu returns Iromut (lie radar to the center: t h e other carries eight
height bit s and a strobe , in parallel , ove r nine of t h e femu conductors. I’herc are also
separate nuulticonduc tor cables for mode control and coinmumiications, and a hcas- y
grounding wire

Iw o prohk’iiis are encountered wit h th is l’orm of radar cabling. First , the
separation be tween the radar and flue operat ions center is limited to 400 t’ee f h~ signal
att enuation in th e t n -a’s This poses a severe constraint omu dep loyment f lexib i l i ty , and
t h e  close prox uni ty  makes t h e  operatiom us cem uter vulnerable to damage Irom uu ARMs
homitig imu otu radar emissions. i’Iue second problem is t h e lucas v weight of this cabling.
approximately I 200 pounuds , and its impact omu transport requ irem ents , amid ease and
rapidity oh ’ dep loyuuuenit Furthernuore the tr iaxial cable is rather fragile wi th respect to
cnush resistance and k inking. 

tO COND. TRiAX - RANGE 51FF

Lo~
r
~sE ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~ 400 FT MAXIMUM ~~

Figure 17. Existing 3-I) Radar AN/TPS-43E
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Table I. Technology Comparison for Radar Remoting

Microwave Radar Link (GSQ-l20) : 10,000 lbs S800K

Fiber Optic Link Estim ated Costs:

cable , 8km (5 miles ) at S lO/ M S 80K
REC , XMIT, MUX , connectors 40K

Total SI 20K

Fiber Optic Link Weight

cab le, 8km at 80 lbs km = 640 lbs
electronics 200 lbs

Total 840 lbs

There are , of course , situations in w hich the microwave system is det ’initely
needed, such as transmission over large bodies of water or across uncontrolled territory .
A fiber optics remoting link is there fore not a replacement for, but rat her an attractive
adjunct or supplement to the GSQ- I 20 system. In particular , w here only modest
separations of one or two kilometers are necessary , even greater cost and weigh t re-
duct ions arc achieved , since both the cost and the weight of the fiber optic system areproport ional to link length. With the microwave system , however, the full cost is paidand the full weight must be carried, regardless of t he separation.
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SR1’ION V

I EM0 Ns I ’RAr I oN MO DEL UE SCRIII ’I ON

S \ S I L - M A RCIIITEUTURI:

lo illui st rate t lie ads am ita gcs am id le:is ibuhu t ~ of h’iber optic techunuology applied to
ground-based ( ‘3 s~ s f e i i i s , a demnom ist ra t ton m odel was developed . As originally con—
se is es l , t h e  sle mi iom ustr it tio n system 5% is designed to intercotinect the I’R(’— Q 7 radio amid
flue l S  

‘ - o 2 tec luiu ical c omut rol v,uu.

As .u i r i a t t e r  of expedte iuey . vintage I 2— c hu am unel tactical mult i plexers (AN!
ll)~~~2 ( I wer e borrowed f rom the Arm y and used at the em uds of flue lituk . The multi—
plexers dugit iied Ihit ’ I 1 amua log ehuatunel inputs using puilse code tuiodtt lation (PCM ) amid
I inue di s ms i o ui mn u tl t iplex m ug ll)M ) . Ihue elect romuic digital amid t imi n g outputs of h ue
mnu lf uplexer are co iuvc rtesl to opt it’j I pulses lo r  tramus missio uu on t h e  t’iher optic cable ,
At flit’ t i ’ s i ’ t 5  em the 0111 it’,Il pulses ire t-om us erte d back to electrical current by photo-
diodes I hue ~I ugu tal electron it st g iua l is t lie u shcu iu u It iple sed back into twelss’ analog
si~ ui,iIs amid t r u iush e rred to I lie lR( s ) ’  s - an f o r  r id to I rau u sn u iss iomu.

l:iguirt. I Q illtisl r.ut es Omit ’ end of flue cot lumuiuuicatlo ns link. l’achu oh thue twelve
chiam inels is satuipk’d at 8K s.iuiipls ’s sec . and cact i sam uuple is encoded into si~ bits. h’lue
P( ~sl out put oh the nuuutl t  up lcser is t huerelorc 12 x 8K samples/sec x (1 bits/saniuple =

57 1K huh sec I lie P(’M output dat a is in mio iu-ret urn—to— iero (NRZ) h’ormat, and f lue
saint’ (orm uiat is tisesh to m m utem usihy — iui o d u l: ihe blue continuo us—wave injectiom u laser diode
(It I)) sstu t rc c s

t h e  inult iplext ’r also transnuits I 50 nsec—wj de t inuinug marks at eaclu bit ituterval,
Ihuese t iming m u uarks are a lso comuv er t ed to opt ica l puilse s thuroughu au ILL ) .

I s~ o fibers were used b r  .in i orderw ire circuit. t h e  voice sigmial on th is order—
wire was I ramusn u itf ed by aiualog miuodul atiomu oh’ an ( Fl) A N/ ’ I’A— 34 1 te lephon es
wer e used ,is s’mu d im istrun iem uts hor (lie orderwire .
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Figure 19 . Optical (onverters

OPTICAL SOURCES

The I El)  source used for t h e  I’(’M data and timing chuam une ls wa s a laser diode
model L(’W -S (ta ble Ill tuuanut’actured by laser Diode Laboratories of’ Metuchen . N.J
It has nui nin ium iu total radiant power of 5mW with 3—d B intensity anugles at 20 and 270
in the plane parallel and perpendicular , respectivel y , to t h e  PN j umnction. T he percem utage
of tota l power as a tun ctionu of h alf—angle of ’ collection t’or th u s diode is shown in
fi gure 20. The st e p— i mu~lex optical f’iber used f or this svstet uu has a muunienical aperture oh’
0.25 . pro s - id m uu g an acceptance cone h alt—angl e of ’ 14,50 , From f lgt mre 20 one finds that
an accept -al ice comic of 14,50 will collect about 30’7- of t h e  total optical power tram
(hue source. I h i s  yields a numerical aperture loss of ’ 10 log 0.3 = 5.2 dB.

A uuetluod of ’ reducing this loss is to form a small lens omi thu~ input emuti of flue
‘‘pigtaih’’ fiber. The “pigtail’’ is a length of ’ t’iher optically aligned with (lit’ emnitting
area of ’ the source. To make the het is. (hue f’iber is f’jrst cleaved flat, A small tlamuue is
used to heat the end of the fiber and, as the glass begins to melt . the surface tensio n

forms a nearl y hem isp herical lemis . i’hue tensed pigtail typically increase s (1w ~OWCT

accepte d by flue f’iher by a factor 01’ I ,8 to 2 that is. gives a I t s  to 3 dB coupling
improvement over the flat-e n ded fiber,
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Table II. Characteristics of LCW-5 Injection Laser Diode

M m ,  Typ. Max.

Total radiant power (mW ) 5 7 10

Forward curreiu t (mA) ISO 250 350

Threshold curreuut (nuA) 100 200 300

Peak wavelength (nnu ) 800 820 880

so’ ; spectral width (mini) 2.5

Source size (m i ls) .01 x .5

Rise time (ps I 100

Operatiiug temperature ( °C) 0 27 65

. A L ~ £NGL I OF CO LL I C T ON - DtG ~~i1$ — [

Figure 20. Angular Emission Characteristic of LCW-5 ILD
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Ihus’ s n i rs  s’ ~~.Is k~ige tsss’muihls is ihlust r.m tcd in I Iguus’ Il Ihe llrep,its’sh I them is

s’euius’ii led mt u a t roug h tnt thu s ’ ails ml ~~ it hi t h e  sOUtss ’ t i mi ds ’r 
~~~~ 

s r  thus ’ .ti rs it us t h is I~ 1

Pslst ti~ flCsl 10 nu.mxu t num lu higlut o u I % hti i ~’ ,mi u d Is t h i e u u s’ri us’iits ’st hs l t h e  hic.it su ru k ur u ls ’t

this ’ pellet I igur s’ 22 is ,i ‘ ! l O t O s ’ u .iphi ol th is ’ sotu m ~s .tsss ’m u u hl s - I icu re 2 .~ shio~ ,t s l oss ’ t i ~
it’~~ oh t his ’ cotip lt iug meg no mu , amid this ’ ls’mu s slIi t hut ’ s ’mi d of thi s ’ tub e r 5 ,m n u hIs’ ‘semi

lhu ~’ sf i~’it.tl .imisl .itu.iloo ’ s i r s  m i s  ilso ’sI t o  i l t i Ss thus ’ ‘ o i u 5  s ’ s ,I Is ’ ~I~’s~ ril’s’sl iii

. ,ns r t l u er  t hs ’s um uu s ’ m u t

LAS E R PELLET

- 
LENSED FIBER

PIGTAIL ANVI L

010
+V .‘

D~~ TAL

I I LD
FET

Figure I I  . Injection I ~ust ’r Diode Sou rce
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Figure 22. Sour ce Package
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Figure 23. Source Package , Closeup
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OI’TICAL FIBER

t his’ optica l filler usesi iii th is s~ sts’rni sS ,is t~ pe 1 -1 0 1 , ruiam iuh act ure d il\ I l l
((its is .i mi ru ltimiiosls ’ s te) l i i ls ls ’\ I her cou us i s t  Ir1~ oh a sloped silic a core .inud ~i horost itcate
c lj dstitu g ~ pl.istic .aLkc t  is s’x tr t asi esl su m it o the fib er no provide ruuec huani ca l ,mm usl er .

ironmeni tal protes t Kin \ ross  5s~ t tonu ,ih is ’ S% of (he fiber, i t s  rs’hrac tis s’ index an ti
at t e n t i a t i o n l  prof iles ire shi t t ~ ii iii fu t u re 24 . t . r k c uu  u s !  I I  I prod u~ t literature. I fl

s o s ’ s i t i sa t t s un rs  b r  th i s  hiher t i c  _‘ i 5 ~~’ t I  iii t iNe I l l

OPlIC~~L I - lB I . K ( - ~BL l

1.1 ~~l s 1 l l C t 1 s (  o r iu t n ig  , a f t i h i . u t i u s u u  1 arid I I  I h it le r opt ic ab le ’s 5%s ’re es ,ahu.t tc d
fo r ru i~ u!~ sf rues ’s tru .a rst .isls~ ~~ t s s t ,at t i l t  ~1I I R I  Hs,’s l t s msl h.t s iItt~ . \ ‘s s his t s~ ru  m i  t i e t t i s  I s  -

his ’ f o u r  specim uier l’s I t s %  t ’  - i r is h si \  hil ler s s’rsiomls f rs~ i u u hsot lu mr i , iru ut .ict ta rs ’rs I ss s’m’ e I.aasl
r oss .in i ~isphialt di is L’ S% is 5% i t hu ~i I r. i t tic 5-oumite r Simple co u l t a t i u tits t i l t ’ s k .  s% ers ’ t ulasi s ’

ps’ rtodnsaIls I he ti l l s ’s 5% ers ’ cx poss’sh to ,a r r ,is cr _ at ’ s of ‘t ft )() c ars anti t ni ck s ~~~r ss s’c k

sI urrm ls! t his ’ si x -s¼ s’e k su t in muie r 1 te s t  ~ s t  moth I
h i s ’ S ue s or m ist I I I c.ibls’ co n s t r u c t i o n s d t l t s ’re si ‘ sas~n i i I i c .mm ut l~ It ~ u i n s  2u s I lit’

II I ex ternal st rem igt lu nienibs’r s~tbls ’ s’t uup lo~ s .i t u~hth ~ houtis h t i l~c r c o n ut , i t nu uu is ’ni( i t t

w hitch 1 his ’ ~jck ets ’si f ibers ,m re s’nihs’s is hs ’d w it  Ii m u  an cx rushed j1s1I~ urs’t hi-a nit ’ ~as ks’t I h u ts
is surrou miti~sl h~ hue lt~~il l~ l,imd Ks ’s l.a r’ ‘s t i  e t i t ~t hi m embers tnitl .t ru outer s’ xt rusted poi~ -

urethu at u e t . t s k e t

liii’ Sms ’~ or c ,ahl e List ’s .1 lsuoss’l~ bounsi t il l s’n c oiu tat nu m lns ’ilt an s~ huic hi the t ihs ’ t s  . m e
laid s~ nt hiin .i tube ot rmtc hu l.irgs’r s h t anims ’ ts ’r. Ibis ’ r~itionua Is’ for t h is cs lni s t r us t iOml  ss ,a s t o

ds’cou pie s’ xt enn u i I st ress on the cable froni (lie fmbs’r itse lf Ills’ c s t nt a ir u m u ch t ft the ’s .11 s’

t huen sutrrounusiesl h~ t~ o h ,t~ c rs of Ks’s l.ar~ sc par .ites h h~ .a (lslI\ uret hu~it ie shs’j th - t his’

s’ u i t  irs ’ structurs ’ is c o mita m ns ’si ss i t i tmn i  a pol~ s inus lchilo rmds ’ outer ,tc ke t

At (hue s’flsl of (hue roads% ~~ test (~ipprox imnatels 30 .00() s ehicis ’st  ill hit~s’rs ss it hum m i

both the two— ~mnd t h i s ’ six - f iber I fl c,ahls ’s rem,itrued continuous ..\ II Iihs ’rs .s’ \ t ’ s’pb I 550 ,

wit h in thue Siecor cab les had t ailed Ouc first Sit’~or fiber (Oils ’ ss ith um mu this ’ t ~ o-t i hs’r c.a hls’ 1
fatl s’sl ah ’ter 5t )() .5 t tic co nt n ’ s . The cs’s’omisl t ,a ihurs’ I s ,Iiils ’ s’abls’ Ocs ’Li nts’sI at .ippro’i—

matc lv I 500 coumut s . t3ec ,tuss’ of i t s  sipe rior pem io r il iamus ’s’ with rs ’s f l s ’ ct  to  crt isl u res ist  -

a ilce and durahilihs . t h uc I l l  cable ss .is chose n b r  tIle \1 lI’Rl’ sls’nuo iustr at toni ~\ s ts ’t ll
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Figure 24. Fiber Characteristics

35 

~~~~~~~- - ~~~~~ - - ~~~~~~~~~~~ _ _ _ _ _



- - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Table Ill. Nu iuui tual Speeiiis’a ions for ITT I -10 1 Fiber

Attenuatioiu ( J  0,85 microius I 2dB kiuu
~‘ I .06 tuuicro ius Sd B kin

Numerical a()CrtUr e 0.25

t)ispcrsion 10dB width 30uusec km
3dB width 1 Snsec km

Cure imudex I .4~
Core diameter S5ptuu

Cladding diameter I 25pm

Jacket 0,1). 600p m

Teiusile strength ( 1/ 2  meter gaugc SOOK psi

~li iu. t~ iud radius 0.5 cm

~ 

‘

~~~~~ ~~~;~~~~*i~ _ _ _

~~~~~~~~~~~ 

_ 
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-
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~~~~

Figure 25. Roadway Test
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ITT ’ S E X T E R N A L  STRENGTH
MEMBER DESIGN , 7 FI BERS,

P O L Y V I NY L C H L O R I DE  OUTER J A C K E T

K E V L A R  YARN
STRENGTH M E M B E 4 S

L4CQUER~ JACKETEDOPTICAL F I B E R  -, 
- 

- -

H A L A R  AN D P O L Y E S T E R  ,.—~~~~
C O N T A I M E N T  TUBE

H— - 6.5 mm

SIECOR STANDARD CABLE
D E S i G N  , 4 F I B E R S

1

40
• 1

Li
Figure 26. Fiber Optic Cable Constructions
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CONNECFORS

A t the outset of the pnogramul (lucre was onily one coniumercia lly available single—
t’iher connector t’or I 25—microm u -di amiuc ter fibers Its higha cost ( S200 per fibs’r) and Ii igh
insert ion loss I’orced MITRI- to invem it it s own connector.

Alignment i~ achieved in the MI1’RF connector by an extension of the familiar
three-rod ahignnuent principle discussesl in section III Th ree small rods are s ized so that
the fiber fits snugly into the interstice formed when the rods arc in ta n gential co m u t a c t

lo accomplis h this . t h e  diameter of the rosis ntust he apI) ro\ inuatelv (l .~ t imes the
diamets’r of ’ (lie f ’ iher.

After strippit ug. cleaning and cleavi ng t he fiber is inserted completely throug h
(lie ints ’rstit ial gap The cleaved end of the f’iber is placed uiea rlv flush wi t h  (lie end
faces of t he rods~ to prevent end abrasion , it is recessed about 25 iiutcro n~ lIre fiber
and rods are secured by app lying low-viscosity cement to t h e  ass e niu hlv - A protect ive
ferrule f its over the end of the assemb ly to prevent fiber breakage . I l u is  Unit, illustrated
in figure 27 . will be reh’erred to as an “insert ’’.

For a sim ig le-chanti ct connector , two inserts must be aligm aed. The ahignmem i t us
accomplished by enclosing t h e  inserts in another three-rod arrange m ent (fi gure 2~ i.
The th ree larger connector alignment rods are sized so that t h e inserts hit ex:ac t l v  within
the interstice. To do so. the comuu ucc tor alignment rot~ must be made atuprox ituia te l~
9.9 times the d iameter  of the inser t rods

The th ree larger conm uector alignmuient rods , held together with an 0—ring. are
used to guide the inserts to a hornimig position whic lu keeps the h’ibers aligne d . The
inserts may he gripped tigh tly by choosing thue connector aligmument rosi s slightly
undersized . Since the f’orces at the poim its of contact are radial , t h e y  tend to self—
center the fiber ,
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Since the small fiber alignment rods are 6.5 times larger in diameter than the
fiber , and the large connector alignment rods are 9.9 times the diameter of the fiber
alignment rods , the dimensional sensiti vity of the large rod s is almost 64 times less sen-
sitive than the tolerances required in fiber alignment , creating a desensitization factor.
This dimensional range is easily achievable using inexpensive drill blanks.

This arrangement can be extended to accommodate multiple-fiber cables by
using more connector alignment rods. A muftifiber connector for a standard six-fiber
cable is made with a closely-packed hexagonal arrangement of seven rods forming six
interstices — refer to figure 29. Tightening the ring nut uniformly squeezes the 0-ring in
the shell flanges , center ing the inse rts within the larg er alignment rods. A photograph of
a cutaway version of the connector is shown in figure 30.

ALIGNMENT RODS INSERT ASSEMBLY (6)

CABLE STRAIN
COMPRESSION 0 RING RELIEF CLAMP

Figure 29. MITRE/ESD Dual 3-Rod 6 Fiber Connector
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Figure 30. ESD/MITRE Chassis Mount Connector

Measurements were made on the insert ion loss of a single-channel version of ’ th is
connector. A contim iuous-wave gallium arsenide injection laser diode source was used.
The step-index fiber used in the measurements was nominally 125 na icromis in diameter
and had a numerical aperture of 0.25, Inserts were made with ñô-gauge (0.838 mm)
drill blanks, and connector alignment rods were P gauge (8.204 uram). The I’ree end
of the source pigtail was terminated in an insert. Six inserts were prepared on each
end of a six-f iber cable approximately 300 meters long. Power measurements  were
made with a radiometer at flue output of tire pigtail amid then after connect ing the
300-meter fiber. The known loss of the fiber was then subtracted to determine the
connector insertion loss.

Measurements were made for each of t he twelve inserts on the cable com t nected
to the pigtailed source. Each of the three possible insert orientations were measured .
yielding 36 loss measurements in all, Individual losses ranged fro m 0.8 to 2 4  dB.
with an average loss of 1 .5 dB and a standard deviation of 0.4 ill
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PHOTOD IODES

Silicon PIN pluotodiodes were used f’or the optical detectors . The phuotodiode
se lected for use in the demonstration system was EG&G nuodel SGD- lOOA (table IV )
In the receiver c ircuitry these diodes were operated nutsa a ‘l’exas Inst ninuents l ’ lXL l 52
transmmuupeslance anuphilier Details oh’ the digital and analog receiver circuits are givemi m u
anothuer documiieiut.

Table IV. Typ ical Spec ifi cations for SGl)-IOO A PIN Pluotodiode

Rise time 4 nsec

l)ark cti~ e’nt ( lOOv ~‘ 25°C) hO iuA

Capacitance (@ IOOv ) 4 pf

NEP io~
3 watts Jj~~

Active area 5 .1 mm 2

The photodiode pellet is housed im a -a Ta-S package . The pigtail assembly for flue
pluotodiode is illustrated in figure 3 1 . A drilled nuetal cap (‘itting over the photodiode
package serves to hold (hue fiber m u  ahignmiuem at with the ph otosensitive st trf ace ot’ thu~’diode.

hgure 32 is a photographu of the electro-optic transmitter / receiver unit used h’or
the demi ronstration system. The f’ront panel contains the six-fiber connector and the
electrica l input/output connectors (‘or t he orderwire (binding posts) and multiplexer
data and ti ling marks (BNC connectors). TIre fromit of ’ (hue ch assis drawer contaim is
power supplies. The back of the drawer contains six circuit card s (‘or data . tinuing amid
orderwire transm it (lef t three cards ) and receive (right three cards ), respect ively. (‘on-
nected to the chassis is a 1000-foot spool of ITT heavy-duty six-fiber cable.
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SYSTEM CAPABILITY

the optical receiver ss’m i si t i v i t v  ~~as exa muuim uesl - It was hound that the res’s’iv s ’d
da ta patt e rm u . as v iewes l omi an oscilloscope, was stable a an average received optical
Power oh 2~zW . hut began to exhibit j i t ter at lower levels i’he required receiv esf optical
power is tluere f’ore takemu to he 2pW ( - 2 7 ii Bm ru) .

I ( ‘W-S mi uj ec t iomu lass’ r sliOsls’s emi t a t~-pical peak tota l radi.imit power oh 0 . ~ m1i\ ~
(8 dhimir ). so t huat t lue average power euu uitted h~ t i us ’ source wI uem i miuodu lates l 1w .i ramudoiuu
NR/ d.mta pattern I s ’  slI~mu i

I’Iue loss miua rg mm u h’or fl ue link is t i l t ’ difference betwes ’mu t h e  average source ro~ er
aiud (lie requiresi power at thus ’ receiver Ilm is turns out to be 5—( - 2 ~ 

) 32 tIll. lb is loss p
muuust he budgs’ted amuuoiug all thus ’ sy stem losse s , uuclusliiig imu pt i t and output couphiiug.
f’iher cable attenuation amud comumrect o r losses

System losses were muueasuresl omi the de muuomustrat io mu iumods’l as follows:

Input coupling loss = 3.3 dil

Output coupling loss = 0.2 dli

(‘om umuector losses = 2 x I 5 = 3 d B

lo t al = ( .5 sILl

1’lue worst—case fiber atte nuatioi u mt u the cable was ~ d l lk  mu. l’iuus thu s’ pows’r- luuuits’st

length (L) is determu iituesl froiuu 32 u S  foE . which gi v s ’ s a  length of 1 4 3 km u u 2 .  ‘ nudes ) .

‘l’l’ is est imnate oh the power-him uuited lengtlu of (lie himuk is based on a PIN diode rs’-
ceiver whictu , (‘or si mruphicity amid ecomuom uuics . w as used i l l  t lue tkmi rsunstrat iomi nuodel
However , it is kmuowtu that (hue more sensitive avalanclue phuotosliosle (API)) could asid
approxim nately IS dii to the loss nuargim u . Ii the API) were used , the pows’r-hmn ui lesl 

- 
-

kngthu coulsh he imucrease d to (i8 kiur 4.2 mniks.

At t he modest tratus miu issio mu rate of 5 7o k b -s . dispe rsion ls’ngthi h u n t s  far exceed
power linuits.
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To facilitate field deployment , the multiplexers at each end of the fiber optic
link were terminated wit h short lengths of ’ 26-pair c-able and standard connector huock s .
The connectors we’re attached to (he entry panel of a TSC-62 technical control faciIit~
and term inated inside on (he patch panel. Except for the directional nature of the fiber
opt ic link, the demonstration system was treated during the tests as if’ it were a 2(-i-pair
cable,

The tests were designed to determine the ability of ’ t he f’iber optic link to handle
voice and several other types of quasi-analog signals normal ly generated . transmitted and
processed by an operational CRC. The signals under investigation during this test series

included dual-tone nnuhtipte-t ’requency (DTMF) and AC supervisory signals used in the
telephone switc hing syswni . low-baud-rate frequency-shift-keyed (FS K) signals used
for telefype communications , and lrigh—baud-ra e FSK signals used in digital comn iumum-
cat ions links The test loop is diagrammed in figure 34.

• F.O. LINK LOOP ED TO TSC-62 TEC H CONTROL FACILITY
• TRAFFIC VARIETY PATCHED THROUGH FO. SYST EM

I a9,T
~~~~~~EF  ‘i

Y?4~~~~~F J TSC-62 
I PATCH I

L TTY }. ..
~ 

PANEL 
{ 

FIBER OPTIC I ~ r
[ TADI L B}  1
I TROPO ). _*I -‘

Figure 34. Test Set-Up At Rhode IsLand Air National Guard
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Dual Tone and Voice Signals

These t e s t s  were to deternuine if the AN/TTC-30 switching system could
interpret dual-tone signaling and supervising inputs transmitted from a TA-34 I tele-
phone over the fiber optic data link. A (’ supervisory signaling was used.

Of particular concern was t h e signal distortion developed by the analog/digital
and digital analog comuverters used in the 6-bit pulse code modulation (PCM ) multi-
plexing system ( TD-352 ) associated with the t’iber optic link, it was felt that such dis- - -

tortion might be nram uif ’ested in supervisory signal rejection in the TTC-30 supervisory
control cards , or in misinterpretations of digits by the DTMF decoders.

This test was successt ’ul and no misinterp retations were observed. For each
channel of the system “off-hook” signals were received and correctly interpreted by
the switch. Each IJTMF digit was dialed and c o rrectly interpreted. The voice signature
of the speaker was clearly identified. 

-

Tetetype Signals

These tes ts  were designed to determine the quality of teletype signals passed
thiough the fiber optic link. Teletype characters are converted from DC current loop
to FSK signals in the TSC-62 van . The FSK signals were patched into the fiber optic
link. At the receiving end . the reconstructed FSK signal was converted into DC current
loop form to drive a ‘ITY printer.

The fixed test sequence “The quick brown fox jumps over a lazy dogs back
1234567890” was transmitted many times w ith no errors. The signal path was then
daisy-chained back and forth ten times through the fiber optic link and associated
multiplexers . No errors were recorded in the diagnostic test messages.

TADIL B Modem Signals

The purpose of this test was to measure the performance of the fiber optic
link in transmitting high-data-rate FSK signals. The HM -4l 18 computer in the TSQ-9 1
op erations center was used as the test data source and detector. Upon operator initia-
t ion, t he computer generated a continuous data stream based on a stored test message.
The data then passed through the automatic data link buffer to the TADIL-B modem.
The FSK signals developed by the TADIL-B modem were patched through the TSC-62
into the fiber optic link. The output of the link was patched back to the TADIL-B
modem and into the computer. The loop quality test , normally used to verify tropo
radio channel performance, was emphoyed to determine a figure of merit for the fiber -

optic link.
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CENTRAL

‘1

• VOICE TRANSMISSION

• T ELETYPE TRAFFIC

• TAD IL - B MODEM TRAFFIC

• DTMF SIGNALING & SUP ERVISION

1’ igure 35 Bold I- au~k’ L)emonstratiou -
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f u g iu r s ’ 3u liii ’ S t h i ( 1 1 , t s ’ s l i n i t .u l  t~~i1 tls ~i s ,un is Isi s- a t t ’d slig h tly toiss ,ird si l thi ~’ t s l 5 5 s’ t .

OT i s’ te r mi u m ria h s i t  this ’ tu h s ’r s ipt ic link ss .us it ic .its ’d iii tins ’ J . i i tus ’’ss ’. us hint, this ’ s~’ iru i~ir5uiI.i r
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Table V . Traffi c Log, Bold Eagle 78 Fiber Opt ics l)emourstration

18 Oct . 0900 Establish ed link , checked !w rformaurce

20 Oct. 091 5 Operational traffi c carried :
3 TTC-30 truiu ks
5 TA—34 I pliomies , po u r t  — t o— I ) Ouurt
2 KW-7 secure telet y pe

- 
- I test loire monitor

I fiber optic stat ion pluouw

20 Oct. 2 135 TD-352 Multiplexer malfunctio n

2 1 Oct. 1 600 Operational traffic carried :
hO TTC-30 t r u n k s
I test tone

— I fib er optic st ation phone

23 Oct. 0815 TD-352 Multi plexer malfunc tion

-

- 

- 
23 Oct. 1 11 5 Operational traffic carried :

4 TTC-30 trunks
2 TA-34 I I)hones . point-to-point
3 KW-7 securc teletype
I KY-65 secure voice
I test tone

I fiber optic station phone

26 Oct. 1 500 Operational traffic changed:

5 TTC-30 t run k s
2 TA-34 I phones , point-to-point
2 KW-7 secure teletype
I KY -3 secure voice
I test tone

• I fiber optic station ph one

28 Oct. 1415 Terminated demonstration

5 1
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Figure 37. Electromagnetic Iiuinuuitv of Fiber Optic Cable

in deplovnus’rit tec hniques used w ith conventiona l cahling ansi f iber optis’s are
sOu l pares! in f igure 3 ~~ . Deplovms’nt of a t h~ usatis1—too t 5~ OOl iii ri- pair metallic cable
us eg _ ’ tug ahout 300 pounds req uires t us tu nien and an -‘s- t r au i i e  shespook ’r. The sa m e
length oh fiber optic cable su t’in Ii’. only eight pounds ansi is depluvcs h us i tO l it t l e  eh ’I’ort.
I:vc ri m ore dra in:itic . t h e  liher optic cable 511055 ii in figure 3~ ha’s i i ito rtnat ion c:urrving
c , ip ic i ty  hnr a hiutot 70(1 vo ice channels at this tanc e s of st ’s eral kilom eters ’. If iulh~ cx-
plo itesl . thus f i ber cable coulth rep lace all tI re 2~ -pa ir cab les as seen in the grounsi racess - ;iv

I he ruecetl i ,esl t ihe r optic cable wi th stands t h e  ah iiss’ oh’ traff ic roll-over ’ . ( figure
3~

) ss i t  tout f i ber  hreaka sm e - I lls’ 2~ — pa ir cables must be protected wi th wooden hrislns ’s
f i t  prs ’v s ’n t vs ’i i ie ls ’ ~t rs ’ ss from sliu rt iitg the iiiefall ic conductors.

T h e  s’ :steiii d emonst rat ion g iven at tits ’ Bold 1-agle 78 exercise servesi to st 111111-
lat e Ii iu t i,ls’s c i -S. ir 1-orce user it lt ers - st - l)uring the shei nonstr at iOtl, t lie f iber opt ic ‘s\ ‘.1 cu r
sv :is inspecte d hv man senior cul f uc er s resiior isihle or grou ns u conini Uriicat j o tu s ’ lii
f’ig i i r s ’ 40 . \1 .ifo r General Robert Sadler , (‘om niander. .-\ ir 1:01cc (‘otulitun icat ion Ss’ i v iss ’ .
is ‘.een uuia king t lie first te lephom i .’ ca ll to t h e  Pentagon over a f ield s he pioys’sl f ihs’r opt ic
link - I his call was being transti iilted s ia  thIs ’ h ’ihe r  optic link to a tact ical  ‘sssi l c l i  and
here so i i t iectes l into .\I. 1 ( )V ( )N. The ds’t uonst rat ion us as l t i uh i i \  s t i s s s ’s’sl iil iii t~’s—

t a h hi sl ti rig tIre h’easm bi h i t v of t iher opt ic  ts’cIit ioIt i g~ f’or use in ground-hass’s h tac t ica l
corn Ill lillit.i t Oils
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SECFION VII

CONCLUSIONS AND RECOMMENDATIONS

TECHNO LOGY CONCLUSIONS

Bet’ore operational fiber opt ic systems can be implemented , a number of refine-
ments to the components are required: however , no new breakthroughs in the tech-
no logy are needed . Now is the opportune time to establish standards and specifications;
otherwise , system components will soon begin to proliferate and intensify the logistic
suppor t problem . It is ou r opinio n that specifications can be organized to allow for
future improvements in the technolcgy , that is, can be upward-compatible. This could
assure near-term implementation while minimizing obsolescence.

Fortunately, fiber optic cable is the most advanced component at this time.
Although it is at least as rugged as its metallic counterpart , and probably more so,
further evaluation with regard to low temperature , moisture and nuclear radiation
effects is required. Expendable cables could be deve loped for rapidly moving or
“leapfrogging” command centers . Test equipment such as optical time domain re-
flectometers need to be fully developed to locate breaks or poor connector joints.
Tools for repair splices will be required. Cable structures must be defined for a variety
of applications (1 , 2 . 3 . and 7 conductors) so that connector manufacturers can design
their tooling to accommodate the fibers and terminate strength members.

Con nectors to withstand the military environment mus t be developed. A
2 dB insertion loss specification is well within current practice; however , t he connectors
must be hermaphroditic in nature , easily c leaned and field replaceable. A family of
shell sizes to accommodate the various numbers of fibers and also different glass fiber
diameters (1 25. 150 , 200, 300 and 400 microns) should be specified.

Source and detector devices must be ruggedized and packaged with short
pigtai ls for easy replacement. As the technology advances , the operating wavelength
should be extended to the 1.1 to 1.3 micr on range to maximize power budgets and
minimize pulse dispersion and nuclear dosage eft ’ccts. Integrated circuit gain controls
and chopper power supplies are needed to lower the cost (from a few thousand
dollars to a few hundred dollars) of optical transmitter and receiver modules.
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Adsh itiomrally. lower-loss (and hu ig hue r— pe r t ’or mn ance ) t ibers could be specified in
th e same cable co nfi gurati o ns. Furthermore , if dramatic connector improvements (cost
and perhormam ice) are made iir t h e  near t’u t u r e , t i re old connectors coulsl be cut of f  ansi
new ones installesl , thus ashding iifetimrre to t he expens ive cables in inventory . I ikewise .

• higher-performance sources and detectors could be used as replacements for earlier
versions . Th us we shuouls i be able to take advantage of existi ng tcciinohog~ and y e t
imiup lenrent iniprovemeirts as this ’~ hecomr ie available.

26 PAIR CABLE REPLACEMENT

Development Coircept

j Tire fiber optic system rr dep loyed at Bold 1-agis ’ 7 8 was successful ill demm iomustr at-
itug t h e  t’easibility oh’ ut ihiziiig h’iber optics in tact ical grouursh coiuin ruinicatiomrs. For
operational dep loym iremr t , huowever , certain em rh ia irceni en ts alt ’ nes ’ s’ss ’ar\ - l’o e f f ’iek’ur ly
use the available bandwidth of the fibers , s igmials must be multiplexed bet ’ore trai ls- —

mul is sion. In tire detu’uonst ratiomi miroslel t Iris h’uuuctio n was  performed by tire I ’I) - 3 52
uuiultip lexer. ‘l’Irese iurultip lexers . because of ’ their  age , were large ansi heavy, oh ’t’sett ing
f lue size airs! weig hif aslvantage s of heresl h~ h’iber optics.

State — o f—tI re—art imrteg rated circuit technology can alleviate this difficulty through
the developnremrt oh’ a mim r iaturuies h miiultiplexer . lii a retrotlt application of fiber optics
to 407 L equipment , an ideal location b r  the miniature m’uuultip lexer woulsi he wit lu im i the
standard 26—pair cable comu irector (figure 4 !) . TIn s would avoid any nioshj l is’at ions to
existing shelter comistruc tiom us. It is emrvi s ioires l thr a t a I 2—ch am unel multiplexer , composed
of ’ irybrid or LSI circuitry. along w ith light source and photodetector chips . would h’it in F

the 4.7” x I (i ’’ space wit h ii mu t h e comrmre ctor shuell (figure 42) . Source and sletector
pigtails would attach to tIre hiher Optic cable by a two—fiber connector on tire end of ’
tIre sh ell. In thi s nratrner t h e  irruitiplexer would fit on existing shelter cotunector panel
wa lls.

Monoiithric circuits whic lr convert voice signals to tIre digital eomrt inuousiy
variable slope delta (( ‘S. ’S I) ) t’orniat aireasl y exist (examples are t he Motorola X( ’34 IS
and Iharr is IIR— 32 10). A I 2—c hanm iel miniature multiplexer would require 12 such
chips. a long wit hr ti mrning/comiubim r imrg chips . aird source and detector circuits,

Deve lopment Ph ases

l ire deve lopmr re,ut opt iomrs/phrases of a fiber optic replacement for 26—pair cable
are illus trated in h’igure 43 alotug with tire associatesl Irardware devclopnrciuts treedes i .
requirements amr sl limitations .

- -
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figu re 41. 26-Pair Cable Connector

i2 CHANNEL MULTIPLEXER 4•~~ ’ 
‘1 

~

‘ 
-

HYBR 8 LSI CKT
WITH L . ~.R 8 PHOTODIODE - 

-

FIBER OPTiC CABLE

26 PAIR CONNECTOR

Figure 42. Miniature Multiplexer Concept
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DEVELOPMENTS REQU IREMEN TS

REQUIRED & RISKS ONE - TO-ONE • U P TO I KM & LIMITATIONS

MINIATURE
MULTIPLEXER ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ POWER FRO M SHELTER

SIZE ? NO POWER TRANSFER
TEMP ?

ONE-TO-ONE • SEVERAL KM

LASER FEEDBACK UP TO 8 KM
APO CONTROL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ WITHOUT REPEATERS
HERMAPHROOITE CONP4

MT8F ?
CONN LOSS P
TEMP ?. MANY-TO-ONE

MUX CONTROLL ER 

‘

Figure 43. 26 Pair Cable Rep lace mr re m nt Cou icept

The f irst Opt ion is ~i Otk’—t04)flt’ r eplacement, in which a twim i fiber cable us use si
to replace a 26—pair cabie up to a kilometer in length. ‘l’his co muh ’iguratiom r would

accommodate interconnection of shelters in relative close proxi m ity (t ec iiti ic ah co n trol.

switc hing, te letype centers. etc. ) . For these lemugt iis f lue simple LFD sources ansi PIN
photodiode detectors could he used . The main development ite ur u iii t h is phrase us the
miniaturized 1 2—channel multiplexer. ‘lire elevelopmenb risks are the s u e  of ’ the mniult i-
plexer. and i ts operation over military -specification temperature ranges. Power for the
multi pkx erftra m rsmi ttc r/ rec e iv c r module , required t’roni t h e  shelter , could possibly be

supplied tirrough unused pins in the connector on the shelter wa ll ( 12 four-wire circuits
require 48 pins, and the 26-pair connector has 52 pins). ~flue system is limited by (he

fact that no electrical power can be transmiuitted over fiber optics.

The second option is also a one-to-one replacement . but would be capable of’

deployment ranges of sevs’rai kilometers ansi could he applied to shistari t retliofing of
radio units such as the TRC-97 tropo. For such Iong~1ista nce links the umu lect ion lase r
diode source and avalanche photodiode receiver arc appropriate. These compon ents

require further refinements for bias control as a function oh’ temperature . L)evelop-
ment of a how-loss , low-cost hermaphroditic connector is also required. l inks up to
8 km without repeaters sh ould be possible.
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h i ts ’ tiiur d sIs’~ s’ Iopiiicm it opt iou mni o s t effect mseI ~ exp loits t i n s ’ bat udw idt Ii capacity
of fiber 5)1)1 i t s  I ls’re a ml i .im i v - to- ~ mne configuration is proposs’sl. Ihigluer-level multiplex—
l ung comnuhu nes I N cliatunels hor t r ,um n smnis s to t l  our a two—hiber cable. lor s’xauinple. comllbin—
ung t en  I -s’h~unm ieh t umri ts of 32 Kb s ( \ ‘Sl ) would require a data rate of approxi mnnately
-~ . 5 NIb Ihis 1 ~ ps’ oh link ssouls h he u~e~t for h i i gl r— t ra h f ic— deius i tv routes . h’or s’x a inr phs’.
bet ws’emr a tec hrnical s-om i t  ml an - - uis h sw it cli ing ceirter. I)s’velop muretrt of the group
uru lt m pls’ \s’r s’oti hsl sI irect l~ holhos ~ hro uti  s i t  he r  I lie tirst or secoirsh opt iou .

lhu us cable rs’p la cem ti e mn t progr auu l m i rust also asls lrt ’ss suc lu questions .15

• (‘.un mu ti lt ipls x ers he m ni, uste to fit wi t  m imi tIne st .umrslars i cable connect or a mist
hs’ qui .u ii hied hor muIita r~ tuse ?

• \Vhi~ut • urs ’ th is ’ t u s k s  ~usssu ~ i.tt ~’ h  ss u t h i  huig iu anubmetit ts’mlipera tures’’

\~ iu. u t us t ins~ bs’st tue t hiosh hor pow eri mrg t lie miru It iplext ’rs ’

• Su i ts ’ t ire f i bers san i lo t  t ra uis t i i  it power. m o w  will s’omiunuoui hatter
im ist nu ilieti I poss s’ r be pros ished ,’

this et ’fort shoulsi .uhso sit ’s s’ Isup t hs ’sig t r gui ids’luur e s to emisure 1 m a t  fiber optic 407 1 rs’trofit
svstem ui s wou ld he so mirpatib le ss it hi IR I— I M eq uipt uem it - 

‘1

CONCLUS ION

I his ’ \~I s s s ’5s of this ’ l ibe l opt us ’ s~ stem l i  demomistr at mo m at l3oIsl i-agls’ “5 i~ro~ s’sclearly t h at fihs’r optic techuimoIo g~ i~ no longs’r a laborator~ curiosit~ - l:ibs.r opt i t S

are T15’SS m u r wm s lesp rs’asl use mir i uus ltt strm al ,i mi d com iiu iis’rs’ial apphms ’at ions. lirs’ tec limr o hog~
nees is onI~ r e tu u em u s ’ m u t t o r  Li St ’ ss - i t  hui uu t ins ’ mm lii a m~ s’mrs- iromrm irs ’mnt - It is res’oiuiuiis’nds’d
t hat I hle cable replaceii is’irt programrr sh ustuiss s ’sh Iis’re be iruit uate d iIiiiil eshia ts’l\ 50 .is to

imusu re rapist unt ros ltu ct io m r of th us tec iuui ohog~ to  this ’ field .
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