
•y 1— -^^mmmmmi ■ in in 

in 

§ 

AIRCRAFT NAVIGATION AND 
COMMUNICATIONS INTERFERENCE MITIGATION 

(SANGUINE System) 

Final Report 
(11 December 1969 to 10 March 197!) 

March 1971 

by 

Reuben Goldman 
Alfred Eckersley 

William W. Cooley 

Prepared Under Contract N00039-70-C-1513 

for 

Naval Electronic Systems Command 
Department of the Navy 
Washington. D.C. 20360 

(NavelexPME 117-21) 

a. 
CD 

by 

Commercial Airplane Group 
Seattle, Washington s 

DTIC 
ELECTE] 

JUN 3    1982 | 

1. 

JMSTOIBTJTIONJ^T^^ 

Approved for public release} 
Distribution  Unlimited 

82     04    28    067 

•' 



 ——— mmm ~ —— 

FOREWORD 

This  research—ELF Effects on Avionics—was performed by The Boeing 
Conpany,  Comnercial Airplane Group, Electrodynamics Technolocy, under Department 
of the Navy contract II0OO39-70-C-1513.  The program was administered hy the 
Department of the Navy,  Naval Electronics Systems Commend,  V7ashington, D.C.  The 
naval officer directing the technical aspects  of the study was Commander W.  K. 
Hartell   (Navelex,  M 117-211») •  Ccanmander Kartell reports to Captain F. L.   Brand, 
head of the overall Environmental Compatibility Assurance Program  (ECAP)  of the 
SANGUINE project,  of which this research is a part. 

This  report  recapitulates,  unifies, and emphasizes the salient results of 
the subject study as reported in a comprehensive test plan and 12 monthly reports. 
The research was  performed hetween December 11, ip6?,  and March 10,  1971 •  For 
the first 8 months of the program—to August 15, 1970—research was conducted 
under the direction of R.  B. Schulz.  R. Goldman, principal  investigator throughout 
the program, acted as program manager subsequent to that date. 

Dr.  William W. Cooley, associate professor of electrical engineering at 
Seattle University,  served as consultant and theoretical analyst in the research. 
Alfred Eckersley,   research specialist with The Boeing Company, collaborated in 
the research from October 1, 1970 to its completion and in the preparation of 
this report. 
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AcnmuDaMBRB 

Many Boeing engineers have contributed to this program. The research reported 
herein involved tests on  numerous avionics  systems of highly specialized function 
and of sophisticated design. Uneineers knovledgeaWe in a given avionics system pro- 
vided technical assistance—often over extended periods—so that research could be 
performed under realistic  conditions.  Further,  they assisted in the interpreta- 
tion of laboratory results to ensure that all events requiring mitigation were 
disclosed. 

Appreciation is gratefully extended to the management and engineering personnel 
of the FAA Air Route Traffic Control Center at Auburn, Washington, for permission 
to make field measurenents  in the main control room and to perfom tests on 
elements of avionics ground control equipment. Mr. Len Westbo,  engineer in charge 
of radar equipment maintenance,  provided invaluable technical guidance and advice 
in the performance of SAlIGUIIIE-related tests on traffic control equipment and in 
the interpretation of test results. 

The continued direction, critique and advice of naval and IITRI personnel 
throughout the performance of this study are gratefully acknowledged. Dr.  Don A. 
Miller and Mr. M. Abronavage were the IITRI engineers directly responsible for 
the technical aspects of this study and for monitoring and approving its direction 
and content. 

Lastly,  deep appreciation is expressed to Wayne C.  Colley,  electronic technician 
throughout this study, for his industry and innovativeness in devising and con- 
structing test adjuncts and in planning test setups. 

1 

I 
I 
D 
D 

D 
D 
D 
(] 

• "'•iJlSs  '■• 



  —————— 

coirrrar's 

Page 

1.0    DITRODUCTI01I     1 

2.0    LABORATORY PROCEDURES     3 

2.1 Statement of Problem    3 
2.2 Test Kquipnent     3 

2.2.1 Aircraft Avionics Location     3 
2.2.2 Test Field Generation Devices     5 
2.2.3 Strip-Line    7 
2.2.14    Test Coil    T 

2.3 Laboratory Investigation    8 

2.3.1 Test Plan   8 
2.3.2 Test Procedures: Strip-Line and Magnetic Coil   8 
2.3.3 Voltage Injection Tests   9 

3.0 SUMMARY OF TEST RESULTS   10 

3.1 Voltage Injection on Pover and Telephone Lines to 
Air Traffic Control Equipment   10 

3.1.1 Test Equipment and Procedures   11 
3.1.2 Test Descriptions and Results   11 
3.1.3 Air Route Surveillance Radar Display   13 
3.1.1* V1IF Communications Receiver   13 
3.1.5 Injection Into Telephone Circuit to Remote Air/- 

Oround Cownunications Site   I* 

3.2 Summary of Test Results   15 

1*.0 VOLTAGES HIDUCED XI AIRPLANE WIRING   27 

U.l Introduction  ,  27 
h.2    Boeing 7^7 Aircraft Wiring   27 
U.3 Induced Voltages   29 
k. k    Airframe Shielding   30 
U.5    Summation   31 

5.0 FIELDS AT AIRCRAFT ALTITUDE   3h 

- -  



T— 

COKTKHTS. —Concluded 

Page 

6.0    SUGCEPTIBILITY OF ELECTR01IIC DSBRJOB     ^1 

C .1    Introduction  hi 
6.?.    Recapitulation of Avionic Display Equipnent 

S'lsceptibility    kl 
6.3    GvsceptiMlity of Conmercial Test Equipnent    U 
6.11    Mer.hanisn of Susceptibility    Itl 
6.5 Shielding Effectiveness of CRT Shields     1*2 
6.6 Susceptibility Levels of Oscilloscopes     1*7 
6.7 Conclusions    itS 

7.0    COMPASS  SYSTEM     ty 

7.1 Introduction   ^9 
7.2 Recapitulation of Earlier Tests and General Background ... 1*9 
7.3 Impact of SAIiailIKE System on Navigation    50 
7.1*    Further Tests    52 

7.1*.l    Introduction   52 
7. '* .2   Flux Valve Operation    52 
7. 1*. 3   Test Configuration   51* 

7.5   Test Results   56 

7.5.1 Effects of Snail DC Fields on Overall System    56 
7.5.2 Effects of AC Fields on Overall System    57 

7.6    Conclusions     60 

8.0    GROinro EQUIPMENT EHVIROHItEHT MEAEUREMEIITS     6l 

9.0    RESULTS AIID RECOMf.IEirDATIOHS FOR C0ITTI1IUED RESEARCH     62 

9.1 Study Results     62 
9.2 Recommendations for Continued Research    63 

REFEREIICES     61* 

APPENDIX A   65 

APPENDIX B   71 

1 
1 
I 
1 
1 
I 

D 
I] 

D 
B 

D 

    



I 
FIGTIRES 

No. 

1 
2 
3 
1* 
5 
6 
T 
8 

9 

10 

11 
12 

13 
ll4 
15 

16 
17 

10 
IP 
20 
21 
99 

23 

Bl 
B2 

B3 
BU 
B5 
B6 

BTa 
BTb 

Page 

Electrical/Electronic Equipment Location  • 
Antenna Locations   5 
Interior of Power Oscillator   6 
T1*? Equipment Location  28 
Main Equipment Center   28 
Paths for OverfliRht of SANGUINE Array  3U 
Geometry for Array  35 
Fields at Altitude, lO-Element Array—1.5-Mi Spacing, 
TO Amp per Element  37 
Fields at Altitude, 10-Element Array—5-Mi Spacing, 
70 Amp per Element  37 
Fields at Altitude, 10-Element Array--!.5-Mi Spacing, 
50 Amp per Element  38 
Geometry for a Long Wire  39 
Transverse Variations of Field for Single Antenna Element 
20 Mi Long at Altitude  ho 
Tests on CRT Shields  J+S 
Mumetal Shield for 3WP1 CRT  Uk 
Sketch of Shield for Tektronix 5^9 CRO Shoving 
Major Openings  U5 
Attenuation of ELF H-Field hy 3WP1 CRT Shield  1*5 
ELF Magnetic Field Attenuation—Tektronix 5^9  CRO 
Tube Shield  h6 
Susceptibility of Cathode Ray OscillorscopeR  hf 
Flux Valve Principles   53 
Compass System Block Magrams  5^ 
Compass System Test Arrangement   55 
Compass System—Coupler, Angle Position Indicator, 
Control Panel, Compensator, and Inertial Navigation 
System Simulator   55 
Flux Valve in Test Coil—DC Field Applied   56 
Airplane Compass System—Oscillogram of Input to 
Isolation Amplifier Derived from Flux Valve Control 
Transformer   58 
Brake Temperature Monitoring System  71 
Test Setup for Brake Temperature Monitor (Wire-by-V7ire 
Voltage Injection Test)  ..71 
Window Heat Control Unit  72 
Cockpit Voice Recorder and Control Unit   72 
ADF Receiver in Test Coll  72 
Block Diagram of Test Setup: RNA-26C VltF Navigation 
Receiver (Bendix)   73 
Test Setup:  RNA-26C VKF Navigation Receiver  (Bendix)    71t 
Breakout Box for Wire-by-Wire Voltage  Injection 
(VRF Navigation Receiver)     7^ 

I 
VII 

 ^MfeM 



1 ■■        ■ ■■"    "^^l^^—  

I 

L 
1 

1 

1 

0 

Fißures.—Continued 

Ho. Page 

B8    Test Setup: MKA-28A Marker Receiver (Bendix)   75 
B9    Test Setup: 621 A.-3 ATC Transponder (Collins)   T^ 
BIO   621A-3 ATC Transponder Test Setup  77 
Bll   ALA-51A Radio Altimeter System  77 
B12   Test Setup: ALA-51A Radio Altimeter System (Bendix)   78 
B13   Test Setup: Distance Measuring Equipment   79 
BlU   Test Setup: Loran System 6nOT, Edo Commercial Corp  80 
B15   Test Setup: Loran Receiver 600T, Edo Commercial Corp  8l 
Bl()   Block Diagram of Test Setup: Weather Radar System, 

RDR-1E (Bendix)   82 
B17   Test Setup: Weather Radar (Coil), RDR-1E (Bendix)   83 
Bl8   Weather Radar System RDR-1E, Main Unit and Radar 

Control in Coil for Test   83 
BIP   Weather Radar System RDR-1E Radar Antenna   8U 
B20   Test Setup: Inertial Navigation System, Strip-Line 

Testing   81* 
B21   HIS Test Console   85 
B22   EIS Test Patch Box, Carousel IV   85 
B23   HIS Control/Display Unit and Mode Selector Unit, 

Carousel IV   86 
B2lt   Test Equipment for Bendix PB-20 Autopilot Computer 

(Airborne Computer Unit at Lover Left)   86 
B25   Control Panel, PB-20 Autopilot   87 
B26   Roll Control Channel for Sperry SP-77 Flight Control 

System   87 
B27a  P13-20 Autopilot Control Panel (in coil)   88 
B2Tb  Test Setup: Flight Recorder System   88 
B28   Automatic Test Equipment (T.R.A.C.E.) for Air Data 

Computer   88 
B29   Test Equipment Required to Exercise Air Data 

Computer   88 
B3n        Horizontal Display Cabinet, Radar Bright Display 

RBDE-U     89 
B31        Scan Converter Cabinet, Radar Bright Display RBDE-li     89 
B32        Rear of Common end Line Compensating Rack, Air Traffic 

Control Beacon  Interrogator,  ATCBI-2     QO 
B33        Rear of Racks Housing VHF and UHF Air-to-Ground 

Voice Comrmnication Receivers     90 
B3I4        Test Setup: ADF 511-*     91 
B35        Test Setup: VHF Navigation Receiver   (Equipment in 

Strip-Line Cavity)     92 
B36        Test Setup:  Wire-by-Wire Voltage Injection Test; 

Marker Receiver, MKA-28A (Bendix)     92 
B37        Marker Receiver and Test Breakout Box     93 
B38        Test  Setup and Breakout Box for Distance Measuring 

Equipment DME 860-2  (Collins)     93 

D 
D 
D 
W 
D 
1: 

D 

-   -   - 



—- 

I 

FIGUKES. —Concluded 

No. Page 

B39   Test Setup: Voltage Injection in Power Lines   9h 
Bho        Air Route Surveilance Radar Display   95 
Bltl   Power Line Voltage Injection, Air Route Surveillance 

Radar   95 
Blt2   Telephone Circuit Test Arrangenent   96 
Bl*3   FAA Equipment Feeding 1,000-Hz Test Signal into 

Transmit Line   97 
Bhh        Boeing Test Equipment Injecting Voltages Into Receive Line 

on FAA Side of Demarcation to Telephone Company Facilities.. 97 
Bl*5   Telephone-Type Level Measuring Equipment   98 
BU6        Received Signal on Monitor, With 60 Hz Superimposed   

on 1,000-Hz Test Signal (20 ms/cm; 200 mV/cm)   98 
Bl*7   Received Signal on Monitor, With 60 Hz Superimposed 

on 1,000-Hz Test Signal (700 mV, 60 Hz Injected)   98 

TABLES 

No. Page 

1 H-Field Exposure Tests—Strip-Line and Coil    17 
2 Wire-by-Wire Voltage Injection Tests—Resume and 

Results    23 
3 Induced Voltage (Volts per Gauss) in 7^7 Wire Runs 

for Internal Magnetic Field    33 
U Induced Voltage (Volts per Gauss) in 7^*7 Wire Runs 

for External Magnetic Field    33 



■7     ' "■' 1' ' ■ 

i.o ataoBDonoi 

This study is part of a comprehensive Environmental Compatibility Assurance 
Program (ECAP)of Project SANGUINE. Project SANGUINE is the code designation 
for a worldwide U.S. Forces communications capability from a single U.S.-based 
transmitter operating in the extremely-low-frequency (ELF) region. 

The ECAP program consists of the research and development required to 
ensure that an ELF communications system, as designed, installed, and operated, 
will be compatible with the environment. The total program includes three broad 
areas: biological and ecological research, facilities construction, and opera- 
tion planning and interference mitigation development. This document describes 
research in the latter area—the mitigation of disclosed susceptibilities in 
aircraft navigation and communications equipment, airborne or ground based, caused 
by the SANGUINE system. (Studies related to the mitigation of interference to 
commercial power lines and conmunications media—TV, radio, telephone—are being 
performed by other research groups.) 

Accordingly, test devices were constructed to generate uniform, controllable 
fields in the frequency range of hO  to 150 Hz, the bounds within which the 
SANGUINE operating frequency will be selcicted. (The discrete frequencies of 
1*2, 56, and 60 llz  are precluded; the firbt two are telephone ringinc-circuit 
frequencies.) Field strengths were continuously variable to 10+ gauss, an order 
of magnitude above the nominal l-gauss "worst-case" criterion given by SANGUINE 
system design personnel. 

Representative avionics subsystems were individually subjected to the test 
fields and their normal functions exercised. Elements of subsystems were inter- 
connected with wire types (coaxial, shielded, twisted pairs, etc.) and with 
cable configurations similar to actual installations. Field strengths were 
increased, and the lowest level producing a malfunction or anomaly—if any—in 
the functioning of a given piece of equipment was noted. Thresholds of avionics 
susceptibility to a SANGUINE system field were thus established. The most suscep- 
tible items disclosed were the flux valve of the compass system and cathode-ray 
tube (CRT) indicators used in such systems as Loran and weather radar. Extensive 
mitigation investigations were conducted on these items; results and a mitigation 
critique on each item are given herein. 

Discrete test frequencies were frequency-shifted +5 hz at a nominal rate of 
5 Hz per second to simulate one possible SANGUINE system transmission condition 
and to observe effects on equipment under test. 

Additionally, variable ELF voltages were injected in series with the indi- 
vidual leads comprising interconnection cables, and consequent effects on equipment 
function were observed. This test simulates, under worst-case conditions (since 
effects of fuselage shielding and lead twisting are thus negated), voltages 
induced in avionics cabling in the influence of SANGUINE system-related fields. 
Results of these tests provided further insight into the performance of an avionics 
system in an ELF field and helped ensure the disclosure of anomalous events requiring 
mitigation. 
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Theoretical studies vere nnde of field strengths about several possible 
BMRXim system antenna configurations encoripassing a range of aircraft altitudes. 

Calculations were made of induced voltages  in interconnecting cables in 
typical large transport airplanes such as the Boeing 7^7. These calculations 
were based on actual wiring configurations and equipnent locations.  It 'was also 
necessary to use theoretical concepts  (verified in part by laboratory testing 
on a snail model) regarding induced voltages in circuits  formed by wires at 
varying distances from their structure returns.  An additional consideration was 
the shielding provided by the fuselage;  values measured with 60-Hz ambients, for 
Boeing 727 and 7^7 airplanes, were in good agreement with results obtained from 
standard formulas in the literature. 

The studies discussed above permitted calculating margins by which on-board 
avionics equipment is protected agairst  "worst-case" MMUZHI system fields. 

In a sense, this research is a pioneering investigative effort on the 
electromagnetic compatibility  (EMC) aspects of avionics vis-a-vis EIiF fields. 
The QIC discipline is well defined, with its own professional group publication, 
annual symposia, a voluminous literature, and established procedures; but in 
most cases lower frequencies of interest have been about l'* khz, many octaves 
above the frequencies of interest in this study.  Special studies on EIIP and on 
spectral content of lightning and sferics and their effects on electronics have 
considered frequencies  down to about 1 Hz; but virtually nothing exists in current 
literature on UlC effects on avionics of frequencies under 150 Hz. 

A further reason for lack of requirements for ELF susceptibility in commer- 
cial avionics  is that the minimum frequency normally present in the airplane 
installation is the i+00-Hz power frequency. 

A bibliography of documents pertinent to this study is provided in appendix A. 
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2.0 LABORATORY PROCEDURES 

2.1 aCAIEMEHT OF PROBLEM 

The BAMUm system concept is that of an extremely low frequency (ELF) 
cormunication System operating at a selected frequency between ^0 and 150 Hz. 
Electromagnetic waves at these frequencies are very long (j x 10° m at 100 Hz) 
and require long antennas for efficient transmission. However, ELF waves have 
certain properties that make them desirable for communicating with submerged 
submarines on a worldwide basis. 

To attain the desired antenna length with the most economical use of real 
estate, it is envisioned that the antenna conductors will be arranged in a buried 
grid covering an area possibly ao large as 79000 square miles. Aircraft flying 
close to or overflying the antenna grid will be traversing a region of maximum 
field induction, and the function of on-board electronics—avionics—may be 
affected by interaction with this field. Similar considerations apply to ground 
control equipment of airfields within or adjacent to the antenna grid. 

It is the purpose of this study to ascertain the effects of SAIIGUINE 
system field on avionics and ground-based control equipment and to devise 
mitigative procedures for disclosed malfunctions due to interactions with this 
field. 

Field strengths will, of course, be functions of the antenna configuration 
and antenna currents (design details are still under consideration) but for 
purposes of this study, it is assumed that the worst-case magnetic field strength, 
at the earth's surface directly above the SAIirrUINE system antenna, will be about 
1.0 gauss (although actual design values are presently about an order of magnitude 
lower). This field should diminish, very roughly, inversely with distance above 
the earth, so that aircraft overflying the SAIIGUINE system antenna at normal cruise 
levels will encounter a SANOUIIIE field much smaller (<0.01 gauss) than the earth's 
magnetic field. However, to ensure that no safety-of-flight conditions are \iolated, 
this interference mitigation study has been performed to obtain avionics suscepti- 
bility levels. This information will have wide application in subsequent avionic 
design. Further discussion of these considerations is in sections 1+.0 and 5.0. 

;.2 TEST EQTIIPMEHT 

2.2.1 Aircraft Avionics Location 

The main avionics equipment and antenna locations are shown for a 7^7» which 
is typical of late-generation Jet aircraft (figs. 1 and 2). normally, the equip- 
ment and installation have fulfilled all electromagnetic compatibility (EMC) 
requirements as indicated in applicable military, FAA, or airplane company docu- 
ments. However, these requirements do not require extensive testing in the hO- 
to 150-Hz region. 

Hot all the equipment shown in figures 1 and 2 was tested for susceptibility 
to SAHGUIHE system frequencies in this study; conversely, tests were performed 
on some equipment not identified in the equipment breakdown in the figures. 
Identification and a tabulation of equipment tested is given in section 3.0. 
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Aircraft avionic equipnent nay evidence susceptibility to a CAIIOUINE system 
field through two nechanisns:   either by direct exposure of equipnent  (black boxes) 
to the field and consequent  induction of WP*I in associated circuitry, or by 
naßnetic induction of voltaees into loop circuits consisting of the interconnecting 
wiring and possibly a structure return. These induced voltages are impressed in series 
with the equipnent teminals   (conducted interference).  Gince tine-varying,  low- 
frequency nagnetic fields—due to the UciQ-llz power system—are already present in 
aircraft wiring, use of such expedients as twisted pairs   (rather than structure 
return) is connon for interface wiring of sensitive systems,  to neet established 
susceptibility requirenents.   Standard MO practice,  therefore, mitigates some 
potential SMGUIIIE system-related problens. 
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A factor that decreases the vulnerability of cables and equipnent to anbient 
fields—SANGUINE systen related or other—is the shielding effect of the airplane 
fuselage   (despite its numerous openings  and discontinuities). Measurenents made 
on quiescent airplanes  (Boeing models 727 and 7^7) in "noisy" locations,  comparing 
the 6o-Hz industrial field ambient just outside a fuselage to that inside 
shov field attenuations averaging 20 dB.  Results of calculations made of shielding 
by a metal cylinder, using typical diameter,  skin thickness, and conductivity for 
an aluminum alloy fuselage, corroborate these attenuation magnitudes  (see 
sees.  1*.0 and 5.0). 

2.2.2 Test Field Generation Devices 

A considerable effort vas expended early in the research to develop means 
for generating uniform, high-level magnetic  fields in the 1+0- to 150-Hz region 
for avionics equipnent susceptibility studies. An imediate difficulty was the 
lack of a lov-frequency current source of sufficient value to generate the 
desired magnetic fields in a strip-line cavity or within a coil large enough to 
accommodate the avionics chassis and control elements to be tested. Accordingly, 
a high power audio-oscillator was constructed. Estentially it is a class AB2, 
250-watt amplifier driven by a Wien bridge oscillator, utilizing negative 
feedback for low output impedance and constant voltage. Amplifier output consists 

 1 J 



of two Einac type hCX-2^0B vacuum tubes.  This unit served dependably and with 
consistent output characterf.stics throughout the study.  Ficure 3 shows  an interior 
view of this unit.   (Prior to the construction of this power audio-oscillator, 
a 2,000-watt audio enplifier de^-gned for  shaker-pot application was used.  It was 
a fully solid-state device—Unholtz-Dickie—but proved too vulnerable to the 
themal stresses  induced by rapidly varying loads, as evidenced by the frequent 
opening of groups of the "fast-blow" fuses required for transistor protection.) 

Although the output impedance of the oscillator amplifier was low, mismatch 
between it  and the coil or strip-line that were constructed for this  study caused 
the output voltage to decrease markedly;  the output waveform was greatly dis- 
torted from a pure sinusoid. Accordingly,   it was necessary to construct a 
transformer to act as an impedance matching device between oscillator and test 
field generators. A transformer core of generous iron cross section  (3.5 in. x 
2.5 in.) was  adapted for this purpose.  The primary and secondary windings were 
empirically determined for best match between the oscillator-amplifier and the 
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Figure 3. Interior of Power Oscillator 
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strip-line and coil, respectively. A dual secondary was used; the secondary for 
the strip-line consisted of a 2-in.-wide,  200-nil-thick copper strap loosely 
looped fibout the transformer core. The secondary provided clean sinusoidal cur- 
rent  (as observed on an oscilloscope) up to 500 amp. Uniform magnetic fields up 
to  10   G^uss over the frequency range of ko to 150 Hz were produced within the 
stip-line "cavity" and could he maintained indefinitely. 

The secondary suitable for energizing the test coll consisted of four loose 
turns of No.   00 wire.  Comparable, clean sine-wave currents, up to 50 amp, were 
available for the coil, producing interior fields up to 20 gauss. 

2.2.3 Strip-Line 

The strip-line used in this study consists of a lA-in.-thick sheet of 
aluminum, backed with 1/2-in. plywood for rigidity, for the upper plate.  Its 
dimensions are 10  ft long by 2 ft wide.  The copper surface or ground plane of 
the work bench acts as the return or second plate.  One end of the upper plate 
is electrically connected to the work bench by an accordion-pleated copper sheet 
(50 mils) extending the full width of the upper plate and continuously soldered 
to a heavy copper bar so that full-surface short-circuit contact is maintained. 
(The transmission line then functions, at low frequency, as a single-turn coil.) 
The "pleats" permit varying plate separationi  a similar flexible arrangement 
exists at the input end. All connections are arranged to minimize overall strip- 
line resistance.  The 10-ft cavity length permits immersion of correspondingly 
long cable lengths  in the test field. Details of typical test setups can be 
seen in several of the photographs in appendix B. 

2.2.1+ Test Coil 

The test coil is an open cylindrical coil form with a cubic aspect ratio; 
i.e., diameter ■ length = 2h  in. All screws and fasteners are of brass. 
Twenty-four turns of Ho. 2 wire were wound on the coil and spaced empirically 
to result in the most uniform interior field. At maximum available current (50 
amp), uniform field strengths up to 20 gauss were produced in the frequency range 
of hO  to 150 Hz. Dimensions were selected to accommodate a full ATR* enclosure in 
three orientations of the coil uxis with respect to the field. Larger enclosures 
were placed immediately against the coil face. Pull interior field strength per- 
sisted to 5 or 6 in. beyond the coil face (by actual measurement). Field strengths 
within the strip-line cavity or the test coil were measured with an RFL gaussmeter, 
model 1930. Several probes were available and the probe most suited for ELF mag- 
netic fie^d measurements was used. Rough comparative measurements were made with 
a Perfection Mica Company AC field evaluator (calibrated for use with a precision 
mi Hivoltmeter.) These instruments were kept in current calibration by the Boeing 
Calibration and Certification Laboratories, as was all laboratory equipment used 
throughout this study. 

*0ne ATR (Air Transport Radio unit case) chassis has dimensions: W = 10.125 in. 
L = 19.5625 in., H = 7.625 in. 
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2.3 LABORATORY IIJVESTIGATIOII 

2.3.1 Test Plan 

A conplete test plan vas generated at the outset of this study and forvarded 
to the contract technical officers for critique and approval. Essentially, it 
vas based on established MO procedures and practices long in use in the aircraft 
industry, modified to the frequency range and innediate requirements unique to 
this research. 

In brief,  the test plan defined the manner in which selected elements of 
avionics—particularly those deemed safety-of-fllght items by usage and FAA 
dofinition—would be subjected to increasing magnetic fields in the '»0- to 150-Hz 
region, while functioning in their normal manner.  Thresholds of susceptibility 
would be determined at discrete frequencies  in the test range. This, of course, 
implies interconnection of a complete subsystem for test, with all proper input 
voltages, control devices, and output impedance terminations.  Interconnecting 
cables and connector configurations   (connector designation, wire type and size, 
power cable proximity, etc.) were similar to those used in an installation,  as 
determined from aircraft wiring diagrams. 

2.3.2 Test Procedures:  Strip-Line and Magnetic Coll 

In the laboratory, actual test setups  for given subsystems varied from 
equipment to equipment, depending on the equipment function, mode of operation, 
and form of output.  Criteria of malfunction also depended on the form of output— 
from essentially subjective evaluation, if the output was an audio signal  (cockpit 
voice recorder,  PA system,  etc.), to a maximum specified deviation on an output 
indicator or CRT in the cockpit  (ILS, VOR, weather radar, etc.). For the sub- 
jective evaluations, a degree of objective corroboration was obtained by observ- 
ing  (and photographing,  for record) the output waveforms on an oscilloscope. 
Resultant distortion due to the superimposition of or modulation by the test field, 
at a given level  and frequency, was visually observed on a real-time basis 
and compared with "no-field" conditions.  The magnitude (in microvolts) of the 
induced voltages   (^0 to 150 Hz) appearing in the equipment output was 
measured on a Fairchild UIC-IO interference analyzer  (essentially a tunable 
microvoltmeter). 

The general test procedure was as  follows: A given avionics subsystem was 
set up (with required sensors,  loads,  or stimuli  for meaningful exercise) and 
its normal function checked.  Elements of the subsystem—chassis, control heads, 
indicators,  lengths of cable, etc.—were placed in the strip-line cavity, 
individually and in various combinations.  At a given frequency, the test field 
within the cavity was slowly varied from zero to maxintun attainable  (>5 gauss 
for the strip-line). The field intensity  (in gauss) at which a malfunction or 
operating anomaly occurred was noted.  This procedure was repeated at each discrete 
test frequency of 1*0,  50, 75, 90, 100, 133.3,  and 150 Hz  (133.3 Hz was chosen 
as one of the test frequencies because its third harmonic is -'(OO Hz, a common 
power frequency on aircraft). The test was  repented for three orthogonal 
orientations of the main subsystem chassis with respect to the field.   (Whenever 
system output or system characteristics permitted the entire test range—1*0-150 
Hz—was slowly swept at maximum field strengths.) 
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If no malfunctions occurred during the strip-line test, the equipment 
comprising the subsystem, in several groupings and orientations, was placed in 
the test coil vhere fields of greater strength (>10 gauss) were available. 
The tests, as described above, were repeated. (Thresholds of susceptibility- 
above 10 gauss in the SAIIGUIIJE system frequency domain are of no significance 
for this investigation.) 

The test fields generated in the strip-line cavity and coil interior were 
not steady-state sine waves at each selected test frequency, but were frequency 
shifted +_5 Hz about each test frequency at a 5--Hz/sec rate. This more meaning- 
fully simulates a possible GAIIGUI1IE system field and explores the modulating 
effect of the varying field on the subsystem under test. 

I  I 
I 

2.3.3 Voltage Injection Tests 

To determine the effects of the SANGUINE system induction field on inter- 
connecting cables and power leads, additional tests were performed. Each lead 
emanating from em element of a subsystem under test was individually subjected 
to simulated interference in the SANGUINE system range of test frequencies. This 
was accomplished by a direct series injection of ELF voltages in each lead. Equipment 
function was monitored while the magnitude of this voltage was gradually increased. 
Values at which anomalies occurred were recorded. These voltage values may be 
translated into SANGUINE system induction field strengths required to generate 
equivalent voltages, since all pertinent system parameters (i.e., lead lengths, 
circuit impedances, etc.) that enter into the calculation are determinable. 
(See section h.) 

To perform these voltage-injection tests, it was necessary to construct 
"breakout", or access, boxes accommodating the power and signal leads. Each lead 
was capable of being "opened" within the breakout box constructed and the 
desired voltage injected in series. The voltage generator for this purpose was a 
Hewlett-Packard audio generator, model 205 AG. An isolation and impedance-matching 
transformer, specially constructed for this purpose, was interposed between the 
audio generator and the lead under test. 

The voltage developed by this means in each lead was dependent on the 
circuit impedance associated with that lead. Often, a "safe" upper limit was 
predicated on precautions givun in the equipment handbook or on results of an 
analysis of the circuit elements involved. In any event, voltages above 10 volts 
were not imposed on leads, lest associated circuits be damaged. (Most of the 
equipment tested was obtained from Boeing stores, and, after suitable quality 
control and functional check, was returned to stores after test. None of the 
equipment tested suffered any impairment or damage as a result of these tests.) 

I 
I 
I 
I 

 ^_ 

   -  -     - - 



1 

3.0 SUMMARY OF MEST RESULTS 

The test procedures briefly described in the preceding section were perfomed 
on a nunber of itens of equipment or subsystems—avionic and ground based. The 
latter were installed at the regional FAA Air Traffic Control Center, Auburn, 
Washington. 

For each item of equipment tested, the full test details, test item descrip- 
tion, exact test setup, list of test equipment, description of simulated inputs, 
dummy loads, test result recording, etc. , were given in the monthly report corre- 
sponding to the time interval in which the test was made. Block diagrams of the 
test setups and photographs of the elements comprising a given subsystem under 
test accompanied each test description. Also given were wiring diagrams of all 
interface connections so that results of wire-by--wire voltage injection tests could 
be readily interpreted. Given in tables 1 and 2 is a ta^vlar resume of the equip- 
ment tested and significant test results. Several repies ntative photographs of 
equipment and block diagrams of test setups are given in appendix B to illustrate 
the use of the strip-line and test coil and to show typical breakout boxes 
required for the wlre-by-wire injection tests. 

The equipment tested represents an eclectic sampling of latest avionics. The 
first systems tested were selected because of their relative simplicity of design 
and function. At the outset of the study, test procedures and test adjuncts 
required verification of applicability and were subject to refinement. Selection 
of sophisticated, multi-element subsystems for test would have obscured and 
complicated these requirements early on the "learning curve." Experience and 
insights into ELF testing gained in these early tests permitted more rapid progress 
later in the program. Not all avionics systems requiring test were investigated; 
time available did not permit their inclusion. Fortunately, only the flux valve 
(flux gate), a compass system component, evidenced susceptibility at sufficiently 
low levels of test field intensity (< 0.1 gauss) to require "mitigation" investi- 
gation. This effort is described in secti-.n 6.0. 

Table 1 is a resume of the tests performed by exposing the test items to 
ELF magnetic fields; frequency-shifted as noted previously. 

Table 2 is a similar resume of the "wire-by--wire" voltage injection tests. 
Again, diagrams identifying all leads tested were given in the pertinent monthly 
report. 

For both tables, only the salient test parameters and test results are 
given. Reference may be made to the specified monthly report for complete test 
details. 

3.1 VOLTAGE HIJECTIOH ON POWER AND TELEPHONE LINES TO AIR TRAFFIC CONTROL 
EQUIPMENT 

In addition to the ELF field tests summarized in tables 1 and 2, voltage 
injection tests were performed on power leads of standby and spare ground control 
equipment and on telephone lines at the FAA Air Route Traffic Control Center 
(ARTCC) at Auburn, Washington. The need for such tests was discussed with 
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center management and permission was granted—albeit reluctantly at the outset—to 
bring test equipment into the facility. Test procedures differed somewhat from 
those uaed in the test of avionics elements in Boeing laboratories. A description 
of these tests, performed at the Auburn ARTCC, is given below. 

Discussion with engineers responsible for maintenance of radar and communi- 
cation equipment at the center revealed that the proposed tests could be performed 
on equipment in the maintenance area and on operating equipment whose temporary 
removal from service would not disrupt the activities of the center. Equipment 
was chosen such that test signals injected would not couple, to any significant 
degree, into other power or telephone circuits. 

3.1.1 Test Equipment and Procedures 

Pouerline Injection—A simple technique was used as shown in figure B39. A common 
core links windings in series with the powerline of the unit under test—a monitor 
winding to which a voltmeter is connected and an injection winding is fed by an 
audio-oscillator. Frequency shifting was not used for these tests; the oscillator 
was slowly tuned between 1*0 and 150 Hz, and effects of injected signals were 
observed. 

The voltmeter indicates the open-circuit voltage injected into the power- 
line by the oscillator directly when the injection winding is 20 turns; and 
6.7 times the injected voltage when the injection winding has three turns. This 
indication is valid only when the power source is disconnected, since 60 Hz is 
induced in all windings when the power is on. The reason for using only three 
turns, rather than 20, on the RBDE-J» equipment (described below) is that its 
heavy ac power current requirement imposes a potentially destructive (>30 volt) 
60-Hz potential on the oscillator output terminals. 

The open-circuit injected test voltage is likely to divide in the same ratio 
as the 60-lIz impedance of power source, injection winding, and equipment terminals 
so that most of it appears at the RBDE-lt equipment terminals adding to the 115 
volts, C"1 Hz potential. 

An improved test arrangement can be constructed using two transformers 
in opposition and a dummy load impedance equal to that of the unit under test. 
This arrangement prevents exposure of the oscillator to 60-Hz line voltages, yet 
permits large injected voltage levels. Unfortunately, this test equipment was 
not available for use, although it has been subsequently constructed and tested 
for applicability. 

Telephone Line Injection—The same test arrangement shown in figure B39 was 
used in series with one side of the line. The voltmeter will indicate the open- 
circuit induced voltage when there is no telephone traffic. 
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3.1.2 Test Descriptions and Itesults 

Pouerline Injection on Horizontal Diaplay Cal^inet—The equipment tested was 
the horizontal display cabinet, model RDBE-^, manufactured by General Instrument 
Company (see fie. B30). This equipment, normally used by the air traffic 
controllers, derived its video input and synchronization fiom a coaxial Jack in 
the maintenance area; the signals originate from a remote radar. 

Equipment power was provided from a 115--volt line through a voltage 
regulator transformer, a unit of the model RDhL'-'t. This supplied regulated 
voltage to part of the unit vhile other parts used raw power. Injection was then 
performed on the powerline side, thereby affecting the entire unit. 

Vertical Jitter of the display resulted from voltage injection. The level 
at which this Jitter would be objectionable to air traffic controllers (who must 
view the display for long periods) was Judged by experienced FAA maintenance 
employees. 

\/hen 0.5 volt was injected into one side of the power input, over the 
frequency range of ho  to 150 Hz, objectionable Jitter was observed only when 
the frequency was in the immediate vicinity of 75 Hz. Test equipment power limi- 
tations prevented injecting greater voltages. 

The voltage injection procedure was repeated on the ground line of the equip- 
ment. In the maintenance area, where this test was performed, the ground pin of 
the wall outlet was the only connection from equipment to building ground; thus, 
the injected voltage did not cause circulation of SAHGUINL-frequency test 
currents in the entire ground system through low-impedance parallel paths. 

An injected level of only 30 mv in series with the ground connection caused 
objectionable vertical Jitter at ell  frequencies between ho  and 175 Hz. Frequencies 
were noted where increased vulnerability was evident. These were 55, 65» 75» 110, 
128, and 175 Hz. The minimum of susceptibility threshold of discernible Jitter was 
as low as 15 mv at these frequencies. The frame frequency of the display is 30 Hz, 
but is not derived from the powerline. It is thought that either internal synchro- 
nization circuits are particularly vulnerable to the listed frequencies or the 
visual effects are markedly more annoying when low-frequency beats occur. 

It is very likely that, if it had been permitted to inject significantly 
greater voltages on the powerlines. Jitter at these singular frequencies would 
have proven particularly annoying, and the entire range of frequencies would have 
produced Jitter. 

It was thus determined that the equipment is vulnerable to 0.5 volt, or 
more, injected in the powerline at a frequency of 75 Hz. It is also reasonable 
to conclude that the RBDE-1* unit would be susceptible to powerline injected 
voltages on the order of 1.0 volt over the range of 1(0 to 150 Hz. 
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The ext.rene vulnerability of the ground connection to injected voltage 
nay well not be a problem in an operational environment because of the multiple 
paths in the ground system. On the other hand, if there are large ground loops 
whose planes intercept a BAMUDQI system field, conceivably, significant voltage 
differences could occur between the equipment and the potential to which it 
should be referenced; more testing and analyses in this area are indicated. 

3.1.3 Air Route Surveillance Radar Display 

The unit tested is shown in figure Bl*0. The powerline on which voltages 
were injected serves the console cabinet CA UoQl,  which is a unit of the ARSR-1 
air route surveillance radar, manufactured by Raytheon. The equipment was 
formerly used by controllers but now is in the equipment area of the center, 
used to monitor the performance of the Galen, Oregon, radar. 

Figure Bkl  illustrates the injection of voltages into the power panel, 
where temporary disconnections were made on the equipment side of the circuit 
breakers. This equipment is powered fron wiring in cable trays, and its ground 
connections are nade through various structures rather than through its power 
cord. For this reason, the tests nade on the ground wire of the display unit 
discussed above could not be performed on this unit. 

Using the test arrangement of figure B39> with the powerline of the equip- 
ment under test routed througli the 20-turn winding, the oscillator was swept 
from I4O to 150 Hi while injecting a voltage of 5.0 volts nininun. llo visible 
degradation resulted on the display. 

The unit is not considered vulnerable to lAKUZU system signals induced 
on the powerlines. 

3.1.^ VhF Communications Receiver 

The receiver is a model RV-12, V1IF fixed--tuned communication receiver, 
manufactured by Lrco Laboratories. The antenna was temporarily disconnected and 
input supplied by a signal generator at a 20--microvolt level with 30^ modulation 
at 1,000 Hz. Output was monitored on an oscilloscope. The output power level 
(0.6 watt to 600 ohm) was also monitored on an output power meter. 

An injected level of 7>5 volts on either power lead was Just sufficient 
to cause noticeable envelope distortion (on oscilloscope) or modulation of the 
power meter reading over the frequency range ho  to 150 Hz. 

At specific frequencies, the following observations were made: 

Uo Hz—5^5 volts caused visible distortion 
kh Hz—5-0 volts caused visible distortion 

caused visible distortion 
caused large beat modulation 

52 HZ--T.5 volts 
58 Hz—1.5 volts 

120 Hz—7.5 volts were required to cause weak beat modulation 
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Since this was operational equipment, tine did not pemit investigation 
of the ohserved naxinum vulnerability to frequencies close to 6o Hz. However, 
the injection level at which it occurred is greater than the mitigation level 
contemplated (by another investigative group) for powerlines affected by a 
SAIIGUIHE system field. 

3.1.5 Injection into Telephone Circuit to Remote Air/Ground 
Communications Site 

The circuit tested carries two-way voice communication between pilots 
and controllers and connects the FAA-Auburn ARTCC with a site near Spokane, 
Washington. Transmitters and receivers at the site are remotely controlled 
by tones from Auburn. The land distance is approximately 300 miles; the 
telephone circuit runs as overhead lines for IT miles at the Spokane end. 
The block diagram of figure BU2  Indicates the significant elements in the test. 

FAA test equipment was used to insert a signal on the transmit line at 
the Auburn end, a 1,000-Hz tone of zero dM  (nominal impedance of FAA 
circuitry is 600 ohms). The same signal was received, attenuated ih  dB 
(l8-dB attenuation is tolerable performance), and injection of tht SANGUINE- 
frequency voltage with Boeing-furnished equipment was accomplishes i on the 
receive line. Again, the Boeing equipment was as shown in figure 339> with 
the 20-turn winding used. 

Figure Bl*3 Illustrates the PAA equipment feeding the outgoing line; 
figure liUU  shows the Boeing equx^ient on the FAA side of the demarcation line. 

A telephone-system-type level measuring equipment and an oscilloscope, shown 
in figure B^5, were used to monitor the received signals that could also be 
heard on the speaker of the telephone (controller's position) and speaker 
amplifier located In the maintenance area. This amplifier appears on the lower 
right of figure Bh3. 

The output monitored on the oscilloscope appeared as 100 Hz modulated 
strongly by 60 Hz, as shown in figure Bh6. 

Injection of 0.5 volt at ho  Hz at the point indicated on figure Ükk 
caused noticeable change (distortion) in tone output as well as distortion of 
the oscilloscope pattern and changes in the monitor indication. The oscillo- 
scope pattern was as shown in figure B^7, which was for 700 mv injected at 
UO  Hz. 

To summarize, with injection of 300 mv at 75 Hz, almost 100% modulation 
resulted. The following levels introduced unacceptable (subjective) distortion: 

• hO  to—TOO mv 
• 75 Hz—550 mv 
• 100 HZ--550 mv 
• 133 Hz—1+50 mv 
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An injected signal of 550 mv corresponds to -3 dBm if referred to 600 
ohr.s. Since the overall response of all telephone circuitry is intended to 
be united to the 300-lIz to 3-kHz range, signals such as 60 Hz  and the SANGUINE 
system frequencies would be classified as noise on the line. In this particular 
case, noise injected at, say, 75 to 100 Hz was 11 dB above the signal before 
it caused annoyance, because of the low-frequency rejection characteristics of 
the equipment. Another way to state the result of the test is that injected 
levels greater than that of the 1,000 Hz were needed to compete with the 60-Hz 
level existing on the line. 

The injected level for unacceptable distortion is much greater than the 
line-to-line mitigation levels established by Navy ECAP reports for telephone 
circuits exposed to SANGUINE system fields. (Since the injected levels refer to 
open circuit values, the levels injected across equipment terminating the tele- 
pone line are somewhat lower.) 

Undesired actuation of the transmitters and receivers would not be expected 
to result from SANGUINE system signals because the tone frequencies used are 
greater than 500 Hz. 

3.2 SUMMARY OF TEST RESULTS 

Analysis of total test results summarized in tables 1 and 2 establishes 
conclusively that none of the items tested, with two marginal exceptions noted 
below, is vulnerable, subject to the 1-gauss field strength criterion established 
by SANGUINE design engineers. In virtually all cases, margins of susceptibility— 
whether established by exposure of the equipment under test to an ELF test field 
or through injection of an ELF voltage in an individual lead—were at levels well 
above those established for SANGUINE system mitigation criteria. 

The two exceptions are the magnetic deflection CRT's used as indicators 
in sich systems as Loran and weather radar, and the flux valve (or flux gate) 
element of the Gyrosyn compass system. Each of these exceptions—by the very 
nature of its operation—is extremely vulnerable to externally incident magnetic 
fields. Each system bears an installation legend advising of this vulner- 
ability and cautioning against installation within the influence of external 
fields. (The weather radar bears the cautionary legend: "Before mounting 
permanently, determine, by actual operation, that no magnetic interference 
exists between the radar indicator and other aircraft instruments.") 

SANGUINE system-related ELF fields of a magnitude sufficiently great 
(>0.5 gauss) to distort an avionics CRT display to an unreadable degree would 
occur only in the immediate vicinity of the SANGUINE antenna. Characteristically, 
the devices mentioned are used predominantly either at cruise altitudes (weather 
radar) or over sea routes far from shore (Loran). It is extremely unlikely that 
a large airfield will be constructed within or close to the SANGUINE antenna 
grid. Hence, no mitigative modifications are indicated for these systems. At the 
very worst, their susceptibility will constitute a seldom-occurring, transient 
nuisance. Results of a shielding investigation for CRT's, aimed toward a possible 
resolution of this problem, are given in section 7.0. 
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A similar critique may be given for the flux valve. This device is mounted 
near a wing tip, isolated from all airplane magnetic fields. In use, internal 
coils interact with the earth's magnetic field to provid- navigation information. 
Hence, it is extremely susceptible to ambient, varying fields; indeed, its 
threshold of susceptibility is about an order of magnitude below that for the 
CRT's—about 0.05 gauss. A discussion of the theory of operation of the flux 
valve and results of an investigation of possible mitigation expedients are 
given in section 6.0. 

Another instance of apparent extreme vulnerability—low susceptibility 
threshold—was disclosed during tests on control equipment at the Auburn 
Air Route Traffic Control Center. Injecting ELF voltages at a level of only 
30 mv into the ground line of the horizontal display cabinet of the radar bright 
display caused objectionable display Jitter at all frequencies between Uo  and 
150 Hz. At certain discrete frequencies, enumerated in the test description. 
Jitter was pronounced at injected voltage values of only 15 mv. These tests were 
performed near the close of the study interval (December 1970) and at a sensitive 
area from security and function viewpoints. Tests performed were rather 
unsophisticated and preliminary; any subsequent tests, if such are required, 
would be implemented by more sophisticated test adjuncts and would be much more 
extensive in application. Further tests with newly developed susceptibility test 
devices would establish definite ground injection susceptibility thresholds. 

I 
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In any case, it is not likely that ground control equipment of the 
complexity of the radar bright display would be in the near field of influence 
of a SAHGUINE system. Further, an installation with multiple parallel ground 
paths, more typical in an operational installation, would not exhibit equivalent 
low levels of susceptibility. (The radar bright display equipment tested was 
in a "maintenance" or test area, and was not on-line; hence, the atypical 
ground configuration.) 

A serendipitous fallout of these tests is that they demonstrated to ARTCC 
management that such tests serve an important purpose and that their conduct 
will not necessarily dislocate or interfere with ongoing center functions. 
This rapport and understanding have now been established with both center 
management and engineering. 
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1*.0    VOLTAGLG  I1IDUCED III AIRPLA1IE WIRING 

li.l    HJTRODUCTIOII 

Avionics "black box" tests described in section 3 to detemine suscepti- 
bility levels to ELF voltages impressed on associated wiring in series with 
the norr.al inputs are sumarized in table 2. It is the purpose of this section 
to estinate the GATIGUIIir-systen-induced levels of voltaces  on typical airplane 
virinc when flying in regions of LLF Magnetic fields.  Conclu.nionr. nede for 
thin typical airplane are then extrapolated to conditions of a SAUGUL'IU systen 
environnent. 

For purposes of illustration,  calculations are made for a Boeing fhj, 
which not only has long wire runs because of its size, but also has relatively 
complex avionics.   (Much of the equipment listed in tables 1 and 2 is used on 
Boeing 7^*7 airplanes.)  Similar calculations for other airplanes can be made by 
the methods indicated.  General conclusions are drawn for other aircraft in 
section h.5. 

Induced voltages may be computed as the product of exposed area and time 
rate of change of field where, as  in most cases, wire runs are close to the skin 
throughout the airplane.  Modifications are needed for nonaluminum airframes 
because of the lower conductivity of materials such as titanium. 

The 71t7 is 231 ft long and has a wing span of 196 ft. Its body diameter 
is 23 ft at the center. Since structure imposes limitations on wire routing, 
wiring, in some parts of the aircraft is as much as 18 in.   from any metal, 

k.2    BOEING 7^7 AIRCRAFT WIRING 

Wiring interconnecting the several equipment centers,  illustrated in 
figure h,  can have large loop areas  exposed to the magnetic fields of a 
CANGUUIE antenna system. Most of the avionics equipment is located in the main 
equipment center approximately 12 ft aft of and 8 ft below the pilot's instru- 
ment panel. The controls and indicators are located in the cockpit. 

Figure 5 is a cutaway drawing of the equipment racks in the main equip- 
ment center, one deck below the passenger compartment.   (The station numbers 
shown refer to inches measured from an imaginary reference plane about 50 in. 
in front of the nose of the aircraft. This may seem somewhat ambiguous, but 
differences in body station numbers give exact separations in inches.) The main 
equipment center occupies 67 linear in. References to APW power and ac power in 
figure 5 pertain to circuit-breaker panels and not to generators; main generators 
are engine mounted,  and ac power when engines are off may be supplied from the 
auxiliary power unit  (APU) mounted near the empennage. 
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Voltages induced in the interconnection wiring by a SAIIGUINE system field 
can be used vith results of vire-by-wire laboratory tests to detemine where 
mitigation nay be required.  Although sensitive wiring is usually twisted, or 
twisted and shielded,  the computations  are based upon a single-wire inter- 
connection with a current return path through the aircraft  skin.  This computa- 
tion will lead to worst-case conditions;   for interconnections where interference 
exists,  a further determination can be made to include the reduction in induced 
voltage resulting from twisted pairs and shielding.   (It should be noted that 
no induced-voltage interference conditions exist, even for highest estimates of 
field strength.) 

Iu3    niDUCU) VOLTAGES 

The voltage induced in a large loop by a sinusoidal field is given by: 

V =  2Trf jj    B-nds 

loop 

For estimates in a complex wiring installation far from the SANGUINE 
system  (at least a few hundred feet away), uniform magnetic field strength 
may be postulated.  Since the airplane may have any orientation with respect to 
the field for a worst-case estimate, the total loop area and maximum field 
coupling are considered,  thus: 

^TTflk 

which, for 60-Hz frequency, becomes 

V = (3.502 X 10"J5)A volts/gauss 

where A is in square feet. 

Loop areas are computed on the basis of average wire separation from 
aircraft skin. When wire runs are close to skin relative to fuselage diameter, 
the area will be simply the separation times wire run length. When wires are 
run far from the skin and near the center of the aircraft, the situation is 
more complicated and the following discussion is necessary. 

For an external uniform magnetic field, the induced voltage in an idealized 
concentric-cylindrical coaxial system is zero because of symmetry. Therefore, 
induced voltages will be small when wiring is close to the geometric center of 
the airplane, even for a structural current return. It was postulated (in 
monthly report 9) that the induced voltage as a function of wire displacement 
from the center would vary from zero to a maximum and then go to zero again as 
the wire approached the outer structure. Tests conducted on a scaled model 
indicate that this is indeed true for wires near the center, but the experimental 
points do not approach zero for the wire near structure as they should and the 
model tests are inconclusive. Intuitively, the coaxial cylinder should behave 
like a two-wire transmission line, i.e., when the interior wire is near the 
outside shell the equivalent two-wire line should have a spacing equal to the 
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distance  fron wiring to structure;  and when the wire is near the center, the 
equivalent  line should be spaced with a separation distance equal to the distance 
of wiring to the center of the cylinder. An exact fomulation for a theoretical 
study of this problen,  presented in report 9» was not pursued to completion, since 
the experiment partially verifies this intuitive approach and it appears that 
adequate room for error exists in estimating the voltages  liberally. This point 
is emphasized since the largest voltage for an airplane cable given below 
resulted from wiring that runs 10 ft fron any netal  (over the passenger compart- 
ment) for a considerable portion of the total wire run. 

For each of the interconnection runs between major equipment centers 
illustrated in figure U, the exposed area has been computed using the separation 
from structure appropriate to each run. Wiring is often run close to the nearest 
structure,  and hence the total length is often longer than the sun of longi- 
tudinal and transverse distances.  Further,  each individual run may have differ- 
ing separations from structure along the run. These factors have been considered 
and the exposed areas are consistent with measurements made on T'*? installations. 
To present  data useful in determining mitigation criteria, two tables have been 
prepared.   Table 3 simply lists the induced voltage per gauss in each interconnection 
path for a 60-Hz  field internal to the aircraft;  for other frequencies and magnetic 
field values, the entries nay be nodified by direct proportion. The "Jhj aircraft 
has  about  22-dB shielding at 60 Hz,  determined experimentally and consistent with 
shielding  formulas,  as described below. Table k lists induced voltages per gauss, 
where the  induction field is external to the aircraft. 

k,k    AIRFRAMb; SHIELDING 

A theoretical determination of the shielding effectiveness of a long 
conducting cylinder, as a model of an airplane fuselage,  can be approached 
in two ways.  By using a "wave" approach the  shielding appears to be small, 
since the visual aircraft  shell thickness is a small fraction of a skin dept    at 
low frequency. As the diameter increases,  the fuselage approaches an infinite 
plane sheet, known to provide but little shielding at low frequencies. A "circuit" 
approach to this problem indicates that the shielding effectiveness of a long 
conducting cylindrical shell is 

|g|  =   |l + J at/62| 

where a is the diameter, t the shell thickness, and 6 the skin depth of penetra- 
tion of the shell material. From this expression, the shielding effectiveness 
of a large-diameter cylinder will be large. An experimental, program Justified 
the circuit approach to the problem. 

Representative values for a Boeing T'vT are a = 7 meters, t = 1.2 x 10 " 
meters (50-mil skin) and a 60-Hz electrical skin depth of 1.3 x 10-2 meters. 
The value of S is then 25 dB. 
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Tests were made on electrically quiescent Boeing T1»? and 737 airplanes to 
detemine 60-l!z naenetic shielding effectiveness. The airplanes were nade 
available for these tests at a tir.e when no ground or airplane power was being 
used, no connections were made to external utilities, and all doors could be 
closed. In this wey, 60-Hz ambient magnetic fields could be used as the "excita- 
tion" exterior to the airplane. 

Vertically and horizontally polarized components of these fields were 
measured with a Fairchild ÜIC-IO interference analyzer at several points around 
the exterior of the airplane. The range of these measuret1. values was approximately 
6 dB. A second set of measurements was then taken inside the airplane, as close 
as possible to the external measurement points. The polarisation of the internal 
fields was somewhat different from that of the external ones, but again the measure- 
ments were within a range of about 10 dB. The high values inside corresponded to 
high ambient values outside. (The latter represent the net effect of relatively 
distant power lines and local ground currents.) 

The average ratio of the vector fields, outside--to-inside, was 10.5, or 
approximately 20 dB for the 737. ("Vector" here means the rms of vertical and 
maximum horizontally polarized components at a given position.) For the 7't7, 
the corresponding figure was 22 dB, with a minimum value of 20 dB at one 
data point. The test procedure was the same for the two airplanes (which were 
at different airports). 

The fairly good agreement between test data (22 dB) and calculations for 
representative 7^7 body sections (25 dB) lends credence to the assumption 
that the theory for conducting cylinders is, at least approximately, applicable 
to an airframe. The greater the GAIIGUIIIE system operating frequency, the 
greater will be the shielding effectiveness of the airframe. Since the measured 
values were highly consistent In the fuselage, the ELF shielding value of 22 dB 
will be used as a basis for discussion of 7^7 wiring in of tills report. 

1». 5 bJMMATIOH 

A simple example indicates that the induced voltages due to GAIIGUIIIE 
system predicted Jield values are very small. For a worst-case value of 
GAIIGUIIIE system field strength at low altitude (30 mgauss assumed), a worst- 
case assumption of wire loop inside the 7^7 airplane (10-ft spacing from 
structure, 200 ft long), with a worst-case frequency of 150 Hz, and assuming 
that the airframe shielding is a worst case (20 dB, the lowest measured value 
at 6o Hz), the Induced voltage on the wiring is calculated as less than 60 mv. 
Ho airplane systems tested (table 1) were this susceptible. Therefore, no 
problems due to induced voltages in airplane wiring are foreseen when overflying 
the GAIIGUIIIE system site, provided that the 30 mgauss Is a correct estimate. 

The data presented in table 3 do not include airframe shielding and may 
be extrapolated to aircraft larger or smaller then the 7^*7 by uslnß a factor 
proportional to overall length. Gince smaller aircraft have shorter wire runs 
and less complicated internal structure to avoid, the exposed loop area reduces 
faster than the first jxwer of length (i.e., with a power between 1 and 2). 
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Gaieldinc effectiveness of the fuselage appears to follow that of au infinite 
cylinder. Hence, for the snail range of body sizes encountered, the airfrarae 
shielding for aluninun should vary directly with body dianeter; smaller aircraft 
would thus have less shielding. Titanium alloys and stainless steel, increasingly 
used in airplane manufacture, have electrical skin depths approxir.ately five 
times those of aluminum alloys. Thus, aircraft sections consisting of these 
materials will provide little shielding to low-frequency magnetic fields. 
Extrapolations to other aluninum-skin aircraft can be based en the data of 
table Bl. 

I. 

Table h  is representative of a typical large aircraft which, from the 
above discussion, probably has the largest induced voltages. It may therefore 
be concluded that there will be no significant voltages induced on viring 
on any airplane at cruise altitudes; indications are that even at u. usually 
low altitudes directly over a SA1IGUIIIE system antenna, effects of this type 
will be below the threshold levels for which mitigation would be required. 
Even if the SA1I0UI1IE fields should approach 1 gauss at aircraft altitude, 
very few items of equipment would require mitigation when aircraft shielding is 
present. 
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Table 3,  Induced Voltage (Volts per Gauss) in 747 Wire Runs for Internat Magnetic Field 

Run to 

Run from 

Forward 
... 

equipment Main Upper Center Aft APU 
center 

Forward   0.08 0.13 0.20 0.80 1.0 
equipment 
center 

Main - - 0.05 0.16 2.0 1.0 

Upper - - - 0.21 0.75 1.0 

Center - - - - 0.55 0.80 

Aft - - - - - 0.20 

Table 4.  Induced Voltage (Volts per Gauss) in 747 Wire Runs for External Magnetic Field 

Run to 

Run from 

Forward 
equipment Main Upper Center Aft APU 
center 

Forward _ 0.006 0.011 0.016 0.066 0.083 
equipment 
center 

Main - - 0.004 0.013 0.16 0.083 

Upper - - - 0.016 0.062 0.083 

Center - -   - 0.042 0.066 

Aft - - - - 0.016 
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5.0    FIELDS AT AIRCRAFT ALTITUDE 

An analysis was performed based on a static field model to provide a more 
realistic value,  for the magnetic flux density at aircraft altitudes, than the 
1-gauss worst case considered for laboratory testing.  Interest is centered here 
on field amplitudes and configurational   variations in the neighborhood of a 
GAIJGUHIE system antenna array.  The two paths considered,  illustrated in figure 6, 
ore representative and yield upper bounds  for magnetic field strengths.  One path is 
along the array,  equidistant from the ends of the elements,  and the other is 
transverse to the array parallel to a single element of the array.  Since 
worst-case values are sought, earth-return currents are neglected and the model 
consists of an array of co-phased elements  in free space. Although actual soil 
and rock conductivities will influence  field values at aircraft altitude, the 
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Figure 6. Paths for Overflight of SANGUINE Array 
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resultant effects will be to reduce the field values. Earth return currents have 
either vertical components vhich produce fields tending to zero at aircraft 
altitude—as will be subsequently clarified—-or horizontal conpcnents which 
oppose the fields of the plane array model. All of these qualifications could be 
removed with a more complete (and more complex) mathematical model. What is here 
attempted is to show that no significant avionics interactions are likely with 
fields cofaputed from a simple, first-order mathematical model yielding worst-case 
results. This will obviate the need to construct a completely rigorous model. For 
the simplified case, a two-dimensional model, as illustrated in figure 7, will 
suffice. 

o     o      o 

Figure 7. Geometry for Array 

Each element of an N-element array produces a magnetic field 

i      2irr. i » 1,  2,  3 N. 
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where/i is free space pemeability, I is the elenent current, and r^ is slant 
distance from the  ith elenent to the observation point. The field direction 
for each elenent  is perpendicular to the corresponding slant length rj. It 
requires a relatively sinple conputer progran to calculate the lengths and 
angles for an x, y observation point fron the geometric relations: 

(x 
\2 .     2 

Ö,   ■ arctan S - O 

The x and y field components 

£    Bi  COSÖi 
i=l 

i=l 

B    si.no. 

and finally the total 

(B/ * B 2)2 

x y 

For x and y in miles eacli element produces 

(^■IC)"7)! ioh 

2*{l,609)ri 
gauss/ampere 

A very limited trade study was performed using element currents of 50, 
CO,  and 70 amp and element spacings of 1.5 and 5 miles with several constant 
altitude flyover paths. Two cases are shown in figures 8 and 9 for 70--amp, 
10-element arrays on spacings of 1.5 Bud  5 miles, respectively. It should be 
noted that doubling the current will double the field values, so there is little 
value in varying this parameter except for a check on the computations. Vary- 
ing the element spacing while keeping the total number of elements constant 
affects the maximum field values observed, the closest spacing producing the 
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5,000 FT 

\ 
10,000 FT 

X _L -L 
1 10 11 23456789 

MILES FROM CENTER OF ARRAY 

FigureS. Fields at Altitude, WEIemetH Array-1.5Mi Spacing, 70 Amp per Element 

12 

10        15       20        25        30        35        40       45 
MILES FROM CENTER OF ARRAY 

FigureS. Fields at Altitude, WEIement Array-5-Mi Spacing, 70 Amp per Element 
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larßest niaxinun fields. Even for the 1.5-nile spacinc, 10-elenent array, the 
aaxlnun field at 2,000 ft altitude is less than 1 ragnuss. The addition of 
another orthoßonal array to fom the BMRRJUIB antenna grid will add a magnetic 
field vector at 90°, producing av^increase in magnetic field strength 
magnitude. 

Dearching for the worst case, the field over the end element in the 
10-element, 70-Bmp array was calculated for several very low altitudes: 50, 
200, and 500 ft. (See fig. 10.) Over this end element, all the elements 
produce additive field contributions, although small. One should note the 
higher peak values over the end element in figures 8 and 0. Near the center 
of the array, the directions of magnetic field contributions from the end 
elements are such that they tend to cancel. Thus the end element was chosen 
as representing the worst case. 

100, 
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Figure 10. Fields at Altitude, 10-Element Array-1.5Mi Spacing 50 Amp per 
Element (Showing Field Near End Element Only) 
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Go far, the field directly centered over the array has been considered. 
Transverse paths or passes off-center will have reduced field values. To see 
inantitatively how the field varies, the transverse path illustrated in 
figure 6 was considered passinc over a single element of the array. For this 
case, the field of a finite straight wire of length L, shown in figure 11, will 
serve as illustration. 

P(x,v) 

s 
S 

S ^ 
1 

1 
■» 1- \\       '1 

Figure 11. Geometry for a Long Wire 

At the observation point P(x,y) the field is perpendicular to the paper 
and given by 

I "■£— (slnof- sin/3 ) 

where \i  is permeability, I the current, and a and /3 are angles between the normal 
and projections from the ends of the wire; 

Q = arctan 

ß*  arctan j 2 

Note that directly over the center of the wire /3 = -a and 

M 
2*y 

sin o 

When y is small compared to L, the angle a» 90° >  ard the field is essen- 
tially that of an infinitely long wire. This is Justification for neglecting 
wire length in the previous curves.  For a 10-mile-long wire, the field at 
a 10-mile altitude will be 0.70T times that from an infinitely long wire. This 
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merely Indicates a 3-dB increase overestinate of the fields, and has been shown 
in figures 7 and 8 for u 50,000-ft overflight with snaller error at lower 
altitudes. 

However,  of principal concern are the transverse variations.  Figure 12 
shows the variation in nagnetic field fron the center of an elenent 20 miles 
long with transverse motion relative to the value at the center of an element. 
These curves clearly show that for the low altitudes of principal concern 
the fields previously presented may be considered sharply bounded,  i.e.,  con- 
fined to a region of roughly the arrny dimensions. 

1.0 

0.8 

0.6 

I 
mlm" 0.4 

0.2 

0 

I 

6 8 10       12        14       16        18 
MILES FROM CENTER OF ELEMENT 

Figure 12. Transverse Variations of Field for Single Antenna Element 20 Mi Long at Altitude 

Finally, note that the contribution of vertical currents will be like the 
transverse variations, with altitude replacing transverse distance. Hence, 
above the surface in the center of the array, the contribution of vertical 
currents will reduce rapidly with observation height. Deep horizontal currents 
will subtract from the values at altitude more than the vertical currents will 
add. At the antenna currents presently proposed for SANGUINE systems, it was 
not considered necessary to add significant figures to a problem area where little 
difficulty exists. Should several orders of magnitude more antenna current be 
considered, then further clarification should be undertaken, including earth- 
ionosphere cavity excitation factors. 
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6.0    SUSCEPTIBILITY OF ELECTROIIIC DISPLAYS 

6.1 HITRODUCTION 

It was discovered in this study that the flux valve, a part of the compass 
systen, was the nost susceptible avionics equipment. This topic is discussed 
in detail in section 7-0. Other susceptible itens were CRTs and sinilar itens 
such as scan converters. This section gives relevant material on these latter 
items, broadly categorized as electronic displays; tests were made on both 
airborne equipment and ground-based air traffic control equipment using these 
devices. 

It should be emphasized at the outset that a need for a mitigation prograjn 
on electronic displays is not foreseen because the worst-case estimate of the 
susceptibility level of airborne equipment to incident ELF fields is 0.5 to 
1 gauss. Not only can it be demonstrated that such levels are found only very 
close to the buried SAIIGUIIIK antenna, but it can also be reasoned that transport 
airplane equipment would not be exposed to such levels. This is because 20 dB 
of shielding is demonstrably attributable to the airplane body, and the mininum 
altitude over the antenna is sufficient to provide protection in itself. There- 
fore, any apparent residual problems would be with ground-based air traffic 
control equipment and there are two factors which dispose of this problem: 
(l) the fact that there are no such facilities within critical distances of the 
SAIIGUIIffi test site, and the expectation that in an operational system such a 
situation would not be permitted to arise, and (2) the current ability to oper- 
ate electronic test equipment, such as CRTs, at the SAIJGUINE test site (ref. l). 

6.2 RLCAPITULATIOH OF AVIOIIIC DISPLAY EQUIPTIEIIT SUSCEPTIBILITY 

As stated in section 3.0, the susceptibility level of (airborne) Loran 
displays was approximately 1 gauss, and of (airborne) weather radar indications, 
0.5 gauss; for types of radar terminal equipment found in an air route traffic 
control center, the minimum susceptibility level was on the order of 0.15 
gauss (see section 3.0). 

6.3 EQUIP11ENT 

Tests were made in Boeing laboratories on three models of Tektronix 
oscilloscopes. This equipment was available for a longer time than that referred 
to l.n 6.2; the problems are of the seme nature, and more detailed appraisals 
could be made. 

When subject to uniform incident ELF magnetic fields on their various axes, 
the worst-case level of field to cause susceptibility (selected as 0.1 en Jitter 
in the display) was found to be 0.8 gauss. Details of these tests are discussed 
below. 

6.U    MEC1IAIIISM OF SUSCEPTIBILITY 

The display Jitters in the presence of ELF magnetic fields because the 
electron beam is deflected in a direction at right angles to its direction of 
notion and to the Instantaneous direction of the field. 
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Most CRTs in commercial equipment are equipped with magnetic shields, so 
that the susceptibility to uniform,  larce-volume ULF fields  is  dependent on the 
efficiency of such shielding.  The shields are primarily intended to protect the 
display from magnetic field sources   (such as transformers, blower motors, etc.) 
inside the instrument and to give some protection against ELF  (pover frequency) 
fields in the environment where the equipment is used.   It is apparent, from 
the discussion below,  that the  effectiveness  of shields tends  to be limited by 
the need to provide holes in the shields to mal'.e connections to electrodes, as 
well as by the necessarily open ends at the base and face of the tube. 

6.5    SHILLDIIJG KFFECTIVEIILS? OF CRT SHIELDS 

1 
I 

The literature (such as refs. 2, 3, and U)  points out practical factors 
which tend to limit obtainable shielding effectiveness to values much less 
than those theoretically obtainable for closed volumes of material to which high 
permeability is attributed. Chief among these factors is the need for openings— 
at least at the base and faceplate of the tube. The magnetic al'Viys used in 
shield construction also characteristically have a shielding effectiveness 
dependent on the level of induction. (A level of maximum permeability exists 
somewhere between zero and saturation induction.) The literature emphasizes the 
need for careful annealing of some materials and details the cost factors for 
various shapes and materials. 

Since it was desirable to be able to explain results on units tested in 
this research as "black boxes," some experimental work was done on the insldes 
of "boxes," namely, two types of CRT shield. 

I 

1 
The test procedure was to place the test shield in appropriate orientation 

in the test coil (fig. 13), and to measure relative field strengths inside the 
shield, on the axes, with a magnetic field probe connected to the Fairchild 
U1C-10 interference analyner. The probe has 1,000 turns on an average winding 
diameter of 0.75 in., and a winding length of 0.75 in. It was mounted on a 
stick with a styrofoar. spacer to align it inside the shield. A reference value 
for the field was obtained in the test coil, with the probe calibrated against 
the gaussmeter and the shield removed. This latter strategy was required 
because the shield distorts the otherwise quite uniform field in the coil. 

Two items were tested—a shield removed from a 3WP1 CRT, and a shield 
(loaned by courtesy of Tektronix, Inc.) for a Tektronix 5^*9 cathode-ray 
oscilloscope. The mechanical characteristics are illustrated in sketches 
(figs, ill and 15), and test data for various orientations are given in figures 
iG  and 17. Frequency was not found to be significant to results to at least 
100 lis; the tests were made at 80 Hz. 

Characteristically, as in the literature, certain common characteristics 
are noted from data of figures lC  and 171 

• Attenuation is significantly better to transverse fields than to axial 
ones. (Axial field attenuation near the ends is negative.) 

• Attenuation is low near the end of the shields. 
• Attenuation (in all cases except transverse for the Tektronix shield) 

depends on induction. 
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1 

Figure 13. Tests on CRT Shields 

The first and last observations are related to the extent that saturation 
effects tend to linit axial attenuation. Transverse attenuation variation with 
induction is a function of the alloy properties, such that the Moly-Pemalloy 
did not exhibit sißnificant change fron !•- to lO-ßauss incident fields. 

A detailed look at the data shovs a characteristic dip in axial attenuation 
at hich fields between the ends in both cases. This is not attributable to 
"windows," but was found to be characteristic of tubes of any length of shielding 
material. Fortunately, axial attenuation is not generally required to be as high 
as transverse because such field components do not cause serious beam deflection. 

The Tektronix shield has a significant dip in attenuation in the Y direction 
about the slot (whose long direction is peripheral). The 1-in.-square window 
near the base has only marginal effects (comparing X and Y curves of figure 17), 
presumably because fringing around the open area at the tube base is the pre- 
dominant factor in determining shielding at Z < 3 in. It was noted during tests 
not only that the slot is a significant region of leakage, but also that there 
was some cross-polarization effect; an axial field external to the shield pro- 
duced a transverse component inside it at this point. 

Exploration of the effect of the seam areas on both shields (metal is over- 
lapped at least 0.S5 in. and spotwelded) showed that, to transverse fields, 
rather than leakage, a scarcely perceptible localised increase in attentxiation 
occurred which could be attributed to the double thickness. 
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•TWO I" SQUARE OPENINGS 
DIAMETRICALLY OPPOSITE 

M/2" 

[-•-3-1/4"-J 

■5-5/8" 

NOTE: MATERIAL 
IS0.025IN.MOLY- 
PERMALLOY. 

•SPOTWELDED 
SEAM, APPROX 
3/8" OVERLAP 

■ONE SLOT, 
0.75" WIDE 
APPROX 120" 

Figure 15. Sketch of Shield for Tektronix 549 CRO Showing Major Openings 
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Figure 16. Attenuation of ELF HField by 3WP1 CRT Shield 
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Figure 17. ELF Magnetic Field Attemiation-Tektronix 549 CRO Tube Shield 

For a quantitative explanation of the dnta,  first note that the frequently 
quoted fcmula for shieldinc effectiveness of a sei.ii--infinite cylinder with 
radius R and wall thickness T  (T« R),  is 

n _ MT 
" " 2R 

where /i is the relative pemeaMlity of the naterial. Insertion of T = 2 x 10 
R « 0.75 in. (neck area of 3UP1 shield), and assunlnfi M = 100,000 for Kunetal 
nakes B equal to 1300 or 62 dl3. This ir in reasonahle accord with the 55 dB of 
figure l6 for in gauss at " = 5 in. The 7 dB discrepancy Ml) he ascrihrd 
either to fringing effects around the end or an effective value for ß  which in 
lover that) 100,000 for transvei-sr excitation at thll induction. 

-?. 
in. 
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6.C-  BüscEPTraiiiirr T^VLLC OF OBCIIMWOPBG 

Four tj'pes of cathode-rc^ oscilloscopes (CROs) were exposed to fields fron 
the test coil which illuninated then fairly unifomly alone the X, Y, and Z axes. 
(See figure 18 for definitions.) The field incident on the CRO was measured with 
the gaussneter probe close to the oscilloscope cabinet. The CRO was operated with 
vertical deflection amplifiers desensitized and tine base "off," so that a central 
spot on the screen could be observed. This generally detxected in accordance with 
the sinusoidal incident field in a direction indicated on figure 10, which presents 
test results in terns of incident gauss per 1 m peak-to-peal: deflection. 

TYPE OF 
TEKTRONIX 
CRO 

REQUIRED H (GAUSS) PER 0.1 CM 
PEAK TO PEAK DEFLECTION 
AND DIRECTION ON CRO SCREEN 

Hx Hy Hz 

515A 1.0      | 1.0    ~ -   E> 
42? 0.8        I 1.6    — 

,0 /B> 
547 ,.o     t 1.5     ^V „ v 
549 20      O 2.5    -«—»- «•/ 1 

f£ NOT SENSITIVE TO SYMMETRICAL Z EXCITATION 

NULL DEFLECTION FOR FIELD ROTATED 30° TOWARD X AXIS 

Figure 18. Susceptibility of Cathode Ray Oscilloscope 
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Besides the gross neasurenents listed in figure 18, sone exploratory 
neasureraents were made inside the units. Large circulating currents in the frame 
of the units appeared to enhance the field inside, negating any shielding 
effect the cover would provide. Exploration vith snail probes (100 turns) carry- 
ing l-m.ip currents indicated that a possible cause of deflection was leakage 
through the larger "windows" in the shield, particularly the circumferential 
slots illustrated in figure 15. Placing the sane coil near the face or base 
of the tube had the sane effect. 

Quantitative explanation requires recourse to a well-known approxinate 
fomula (to be found in ref. 5) for magnetic deflection of CR"s: 

0.3 abll d s   VV 

where d is the deflection in centimeters at the screen resulting from a field 
of II gauss applied for a distance b (in cm) at a distance a (in cm) fron the 
screen where the accelerating potential is V volts. 

A field of 1 gauss applied over 1 cm (representing a gap in a shield) at 
a representative distance 20 cm from the screen may be calculated to make d 
equal to 0.2 cm if V is P00 volts, representative of a first anode potential. 
Thus, 0.2 cm of Jitter would result from a 1-gauss field. If the local atten- 
uation at the slot (fig. 1?) is on the order of 31* dB, the effect of a 1-gauss 
external field would be a deflection of O.OOh  cm, which is much less than the 
0.1-cm measured values of section 6.3. (The tube shield construction for the 
various CROs listed in fig. l'i is fairly similar, differing not so much in 
"windows" as in lengths of neck and bulb portions.) 

Apparently, despite the observation of localized leakage at the slot, the 
principal cause of the observed deflections of figure 18 must be the general 
effect of fringing near the ends of the shield. At the base end, attentuation 
is 20 dB on figure 17, and accelerating voltage is low. At the face end, 
attenuation is less over a wider region, but voltage is higher. 

6.7 CONCLUEIOirC 
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Qualitatively and, to a lesser extent, quantitatively observed suscepti- 
bility aspects of avionics and other equipment employing CRTs and scan con- 
verters can be explained in terms of fairly simple theory and shielding 
tests. Mitigation of effects of SAIIGUIWE system fields appears not to be 
required. This is because the same devices operate successfully in 60 Hz (and, 
in aircraft, 1^00 Hz)  ELF magnetic field ambient environments comparable to 
maximum levels expected from SAIIGUIIIE system fields at locations where such 
devices could concaivably be located; either on the ground or on board air- 
planes. If mitigation were ever required, the solution would apparently not 
reside in the redesign of the CRT-using equipment. Since complete invulner- 
ability could not be achieved due to the shield openings at the face and base 
of the CRT, only the shielding provided by such a large-scale metal structure 
as an airplane body or a shielded enclosure would solve problems for large- 
volume ambients greater than approximately 1 gauss. 
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7.0    COMPASS SYSTEM 

7.1    HITRODUCTION 

Tvo series of tests made on airplane compass systems were reported in 
monthly reports 11 and 12. These systems used the "flux valve"  (which, depending 
on the manufacturer,  and detailed construction,  is otherwise known as a flux 
gate or a magnetic azimuth detector),  and this element of the system proved very 
susceptible to ELF magnetic fields. This  susceptibility is partially inherent 
in the principle of the flux valve,  in that it  is intended to determine the 
direction of the earth's field—hence,   an alternating field of the same order 
of magnitude, and arbitrary direction, would a priori be expected to confuse 
such a system. 

After a recapitulation of earlier findings,  further tests are discussed 
in section Jtk which had the objective of obtaining more detailed background. 

I 
I 

7.2 RECAPITULATIOII OF EARLIEP TESTS AiJD GENERAL MCKGROUIID 

The item tested was the Sp^   '"hin Flux Valve, Sperry Part No. 25911+38-901, 
used in the Boeing 7^7 airplane. .  1 is part of the magnetic heading reference 
system (MIERS) that also inlcudes a tyro heading reference, a slaving control 
unit (coupler), compass indicators (cockpit instruments), and a pilot's control 
panel with a null-type annunciator indicating whether the gyro and flux valve 
are in synchronization. In the 7^7 airplane, gyro heading is provided from an 
inertial navigation system. In addition, magnetically referenced navigation 
information may be derived from VOR or ADF systems and combined in various ways 
with the basic M1IRS outputs. 

The basic system (flux valve, coupler, gyro) obtains the magnetic heading 
of the airplane from the flux valve mounted in the wing, and updates the gyro 
heading data by slaving it in accordance with the measured magnetic information. 
The system can be pictured as a feedback loop, in which the gyro heading data 
are used to damp out the short-term fluctuations (noise) in the flux valve 
output. (See figure 20.) 

The maximum rate at which the magnetic information can update the gyro 
signal is on the order of 1° per minute. Thus, on sharp turns (causing departure 
of the flux valve from horizontal) or during times when the magnetic information 
is unreliable, the annunciator indicates lack of synchronization. However, the 
cockpit instruments such as the horizontal situation indicator and the radio 
magnetic indicator (bearing relative to VOR or ADF) follow the direction change 
rapidly, being fed, in effect, information from the gyro. More important from 
a SANGUINE system investigation viewpoint, the information used to navigate the 
airplane on autopilot mode is also obtained from the gyro heading and therefore 
is not subject to erratic, short-term, confusing information from the flux valve. 
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. 
The flux valve ie mounted in the wing tip, in most airplane installations, 

away from magnetic mat» ial and current-carrying wiring because of the problems 
resulting from undesired magnetic fields. To give an idea of its sensitivity- 
levels (or to what, in general, the flux valve may be susceptible), the horizontal 
component of the earth's field in the USA is in the range of approximately 0.15 
to 0.29 gauss. Vec^t' . addition of quite small stray dc components can therefore 
cause errors in ti    .  valve output. These errors can be compensated only if 
fixed and known. 

If any published material exists on errors due to alternating fields, the 
engineers in The Boeing Company responsible for installation of the systems 
are unaware of it. Thus, to some extent, the effort reported is novel, in that 
a problem due to ac fields would usually be solved at the source—the offending 
wiring in the airplane. 

Early tests with the flux valve installed in the test coil and exposed to 
CANGUIMJ system fields, while connected as in the Boeing 70? airplane, indicated: 

• Flux valve output errors resulted from very small applied fields (< 0.1 
gauss); errors were typically 'lO0 for 0.l4-gauss fields. 

• With the flux valve coupled to the directional gyro, the symptom would be 
an off-null indication in the control panel. This system would not slave so 
as to correct the error despite a long wait (the error referred to in the 
note above is the amount of manual correction required to re-null). 

• With frequency shift applied to the test signal, the steady "off-null" 
indication would be modulated at the shift rate. 

• Near particular frequencies such as 100 Hz, idf Hz, and so on (related by 
integer ratios to the 800-Hz fundamental output frequency of the flux 
valve), a beat-frequency oscillation of the annunciator often resulted. 

• Some mitigation was obtained by shielding the flux valve with a 0.5-in.- 
thick aluminum enclosure. This provides eddy current shielding, more 
effective as frequency and enclosure dimensions increase. At 150 Hz, the 
incident field required for a given error level was only doubled. 

• Self-contained airplane magnetic compasses (used as backup systems in 
case of loss of all power) were much less susceptible to ac fields up to 
at least 1 gauss, maintaining their average indication even if fluctuating, 
with frequency shift applied. 

7.3 IMPACT OF SANGUINE SYSTEM ON NAVIGATION 

The results of the extended investigation detailed below indicate that 
there is no potential problem for airplanes flying at any altitude over the site. 
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This reasoning is the collective iripact of the following statenents: 

• The maxinun field level at altitudes over 200 ft is expected to be less 
than 0.03 gauss*. At nomal cruise altitudes, the field would be truly 
negligible. 

• Sorie magnetic shielding must be attributed, at ELF, to the airplane wing 
(although not as much as the approximate 20 dB attributed to an aluminum 
airplane fuselage). 

• Without any shielding, an incident field at the flux valve assumed 
horizontally polarized in the worst-case east-west direction could result in 
an error oi' as much as 3° in the flux valve output for the period the air- 
plane was exposed to this level. This error would only occur at 200 ft 
altitude or less. 

• At the rate of 1° per minute, the maximum heading reference change (if the 
system were left to synchronize itself) would be only 3°. This would only 
occur if the course were such that the interfering field were maintained 
in amplitude and direction for this time. After removal from the field, 
correction would occur. 

• The amount of deflection on the annunciator for a 3° error is noticeable, 
but because of its short duration it is unlikely that the pilot would 
resynchronize the system (by commanding fast slaving) and thus introduce a 
step 3° error rather than the cumulative one in the note above. Even if 
the pilot made the erroneous correction, as soon as the extraneous field 
reduction occurred, a new off-null condition would arise and he would 
re-correct it. 

It should be emphasized that the case chosen is a combination of hypo- 
thetical worst-case conditions not at all representative of typical situations. 
Yet resultant system changes are less than those due to typical anomalies in the 
earth's field and results of aircraft maneuvers. 

Errors between flux valve and directional gyro headings which appear on 
the annunciator occur in flight for various reasons and are often larger than 
the 3° referred to. Causes of these errors include erroneous output of flux 

•♦The worst-case number refers to the influence of a single conductor carrying 
1,000 amp with the field computed 200 ft away and without considering the 
cancellation effect of any return current. In a grid antenna system, the 
separation is likely to be such that at 200 ft altitude, the worst-case field 
is that due to a conductor vertically below. GAIIOUIIfE system design is unlikely 
to involve currents as large as 1,000 amp in single conductors, so an extreme 
case is being cited. As shown in section !J.0 of this report, figure 10, the 
field at 200 ft altitude is more likely to be 1.6 mgnuss above a conductor 
carrying 50 amp as part of a "grid." 
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valves due to displacement fron horizontal during turns,* effects of turbulence, 
and ginbal errors found in unstabilized directional gyros. To quote reference 6: 
'Inflight-experience has indicated accuracies within two to five degrees  

are connon." 

A somewhat far-fetched case could be made that problems would arise if an 
airplane were being checked during preflight while parked directly over a 
buried antenna. In this case, using the 1,000-Bmp example cited, the field at 
the wing tip might amount to 300 ngauss, and difficulty would be encountered 
by the ground crev in initially synchronizing the system. However, it is 
presumably not contemplated that such a conductor would be buried directly 
under an airport. 

It should also be noted that engineers familiar with compass systems have 
no record o^ preflight problems attributable to 60-Kz power wiring outside the 
airplane. 

7.^ FimmR TESTS 

T.'-.l Introduction 

The data summarized above (much of which was reported in monthly reports 
11 and 12) are sufficient to indicate the order of magnitude of the field levels 
required for errors in the flux valve output, but do little to explain the 
phenomenon. There is also the possibility that, due to the complex factors 
involved, the "worst case" might not have been uncovered. Further, more 
sophisticated means of mitigation than using heavy aluminum boxes as shields 
might be desired if there were operational problems. It is concluded that 
there ore no potential operational problems; however, this conclusion was 
reached only after the additional investigation reported in this section. 

Thus, a fairly detailed experimental investigation was performed, one 
step supporting another as system characteristics were better understood. To 
follow the course of these tests requires some description of the flux valve 
principle. 

f,k,2    Flux Valve Operation 

References 6 to 12 give detailed background from which much of this 
description is taken. A three-branched magnetic core (120° between branches) is 
mounted pendulously in the horizontal plane, usually in the wing. A common 
!t00-llz excitation winding excites each core in the fashion shown in figure 19. 
The output winding for each phase has (at least, in principle) negligible liOO-Hz 
output because the U00-Uz  inductions are in opposition for this winding. The 
excitation saturates the core over part of the cycle. During such times, the 
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*The difference between flux valve instantaneous heading output and gyro 
during turns can be much larger than 3°, but the system error is limited by 
the slaving rate. 
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 INSTANTANEOUS DIRECTION OF 
400 HZ CORE EXCITATION 

  EARTH'S FIELD, FLUX 
VALVE CLOSED (SATURATED) 

 EARTH'S FIELD, FLUX 
VALVE OPEN(UNSATURATEDI 

400 HZ 
EXCITATION 

800 HZ OUTPUT 
(ONE PHASE) 

(DIAGRAM SHOWS ONE LEG AND COMMON EXCITATION WINDING OF 3 LEGGED CORE) 

Figure 19. Flux Valve Principles 

earth's field component along the axis of the branch has no effect on the core. 
During the rest of the cycle, the earth's field conponent contributes to the 
flux in the cores, as shovn by the paths   , and the resulting 800-Hz 
voltage induced in the pickup winding has an anplitude related to that of 
the earth's field component and a phase depending on its direction. By 
combining the output of the three cores and synchronously demodulating, the 
direction of magnetic north can be sensed and presented in angular form relative 
to airplane heading. 

The demodulation is accomplished in the compass coupler. Outputs from the 
coupler (stabilized by gyro heading information) supply flight instruments and 
flight control systems. 

The flux valve is compensated for fixed and dcterminable errors when it Is 
installed. This compensation is accomplished by injecting snail amounts of dc 
into the windings. 

A very cruae analysis of the core operation can be performed using ana- 
lytical representations of the core characteristic of figure 19. It can be 
shown that, if a sinusoidal interference component in present in addition to 
the dc component (earth's field) in the two branches in the same direction, 
products result which sinusoidally modulate the 800-Hz output at the inter- 
ference frequency. Second harmonics of the interference frequency are also 
produced. Significantly, no change results in the basic carrier output (800 
Hz), although a whole series of sidebands are produced. 
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It is apparent that nearhy ac power wiring in the airplane  (containing 

l*00-Hz,  and, usually, hamonic currents) can produce fields at the flux valve 
which would likely lead to errors. 

T.k»3    "est Configuration 

The block diagram of figure 20 and the photographs of figures 21,  22, and 
23 illustrate the arrangement used in the supplementary tests.  It will be noted 
that this arrangement did not include a directional gyro,  and that headings 
were read out on an angle position indicator rather than on a flight instrument. 
-his arrangement simulates the Boeing T1»? navigation system rather than the one 
more frequently used in 70? airplanes,   in that the test box provides a simulation 
of inertial navigation heading inputs.  The tests described In monthly report 11 
used a directional gyro,  and simulated the Sperry C6-E compass systen.   In this 
system,  the same type of slaving occurs to update the gyro output to correspond 
with magnetic information, but is physically accomplished in ^he compass indi- 
cator instrument rather than in the coupler.  So far as the demonstration of 
flux valve behavior is concerned, there is no essential difference and the 
Boeing T'tT-type test equipment was core readily procured. 

Figure 21 illustrates the overall test arrangement.  Left to right are 
the test coil  (rotatable  in the earth's field by moving the wooden cart), 
sources of ac and dc coil excitation, an oscilloscope for monitoring test points 
in the compass  coupler,  and other system components enumerated in figure 22. 

STABILIZED MAGNETIC 
HEADING OUTPUT 

FLUX VALVE 
HEADING ("NO.'SY") 

GYRO 

HEADING 

LOWPASS 
FILTER 

ANGLE 
POSITION 
INDICATOR 

> 

♦ 
JUNCTION 

FLUX COMP- BOX AND COUPLER 
VALVE ENSATOR GYRO 

SIMULATOR 
B> 

♦ 
MAGNETIC CONTROLLER 

Fit LD B> 

SLAVING CONTROL AND 
RATE LIMITED SERVO 

(a) SIMPLIFIED FLOW DIAGRAM 

[£>   THIS PROVIDES DIGITAL READOUT, OTHERWISE 
SIMULATES COCKPIT INSTRUMENT 

t>   THESE ITEMS ACTUAL FLIGHT EQUIPMENT- 
CONTROLLER PANEL IS NORMALLY IN COCKPIT 

(b) COMPONENTS OF SYSTEM TESTED IN LABORATORY 
I 

Figure 20. Compass System Block Diagrams 
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Figure 21. Compass System Test Arrangement 

Figure 22. Compass System-Coupler, Angle Position Indicator, Control Panel, Compensator, and 
Inertial Navigation System Simulator 
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Fieure 22 shows all the components needed to conplete a test system to 
evaluate flux valve susceptibility. The compass coupler (on the rißht) vas 
nodified (for test purposes) to bring out certain circuit card points for 
connection to an oscilloscope prohe. 

Figure 23 illustrates the flux valve inside the test coil and a means of 
providing a snail dc  field  (circulating battery current through coll)  or 
small ac field  ('■udio-oscillator current). 

7.5    TEGT RRBULIB 

i 
■ 

7.5.1 Effects of Snail DC Fields on Overall System 

The application of fields as low as 0.0^ gauss (dc) caused an error up to 
5°. Ro error occurred when the axis of the coil was north-south, since this 
merely nodified the apparent amplitude of the earth's field. The null indicator, 
as expected, showed left or right deflection according to the polarity of coil 
current at a fixed axis orientation. Uith any fixed polarity of coil current, 
the null indicator error direction was consir.tent no matter in which direction 
the flux valve was turrcd ( to simulate airplane heading). This behavior, at 
small dc fields, is aprarently correct since the effect is presumed to be a 
change in resultant . .ctor field (earth plus applied), to simulate a new 
direction for north relative to the coll axis. 

Figure 23. Flux Valve in Test Coil -DC Field Applied 
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The apparent direction of nagnetic north having been changed by the do 
field,  either the systen could be alloved to slave to resynchronize itself 
(vhich occurs in a minute or two), or could be manually corrected by 
comnanding fast slaving in the appropriate direction to re-null.  Either vey, 
the final bearing readout was the sane.  Typically, a field of 0.05 gauss, 
at an angle less than 90° to north, yielded a 5° error. 

Anomalous behavior was detected with one compass coupler unit; with one 
direction of applied dc field, the system would resynchronize;  in the other 
direction, it would slave in the wrong sense and increase the error indefinitely. 
On the other hand, this same coupler behaved correctly if the flux valve were 
incrementally displaced about its vertical axis  in the earth's  field alone; 
it also responded correctly to manual Inputs on the control panel. This 
symptom occurred only for small dc fields; larger dc fields  (comparable to 
the earth's field) produced a response that was correct in that the system 
recognized the imposed field as  ""he earth's field. 

The anomalous beha/lor is closely related to a type of error  (discussed 
in ref.  6) encountered during jie^haniccT oscillation of the flux valve. 
In this particular case,  the cir.pass coup, er Itself probably had offset  errors, 
although the error during oscillation in flight does not require an internal 
offset or asymmetrical condition in the compass coupler amplifiers. Subsequent 
problems with the compass  coupler revealed that it was defective,  so that in 
tests performed later with ac fields a more satisfactory coupler unit was used. 
The particular symptom—of slaving continuously in the wrong sense—is given 
some note here only because it is often observed during the application of 
alternating, SAIIGUIIIU-system-type fields to the flux valve. 

Tests with dc fields were abandoned as being no longer productive after 
these Investigations.   However, a purpose had been served of becoming acquainted 
with some of the peculiarities of errors  in static fields before proceeding 
to dynamic ones. 

7.5.2    Effects of AC Fields on Overall System 

For applied fields other than north-south greater than a threshold value 
of 0.007 gauss  (at a representative frequency of 5^ Hz), the system starts to 
slave slowly in one consistent direction; the null Indicator shows no error 
at such low fields.   (This was established as being due to inertia; at fre- 
quencies such as 1 Hz, the annunciator follows the field reversals.) More 
rapid slaving occurred at applied field levels such as 0.02 gauss.   (In a 
complete operational system,  as noted earlier, the gyro cannot be precessed 
more than 1° per minute.) 

The cause of the unidirectional slaving was tentatively identified in this 
case by examining the waveforms  inside the compass coupler.   (Figure 21 Illustrates 
the temporary connections to an oscilloscope.) After the flux valve input 
is applied to a control transformer, the resultant waveform is fed through an 
isolating amplifier to the demodulator.  The isolating amplifier saturated on one 
side of the 800--Hz waveform, which was amplitude-modulated by the interference 
frequency  (this form of output was predicted in 7.'*.2 above). Only a very limited 
dynamic range appeared to exist. 

57 

1-     



(a) TYPICAL CONDITION WHEN SYSTEM APPROACHES 
NULL. 

(b) SAME AS (a), BUT 0.05 GAUSS FIELD AT 90 HZ APPLIED 
EAST-WEST. ISOLATION AMPLIFIER OUTPUT IS 
CLIPPED ON THIS INPUT. 
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SCALES: 500 jiiSEC/IN., 10mV/IN. 

Figure 24. Airplane Compass System-Oscillogram of Input to Isolation Amplifier 
Derived from Flux Valve Control Transformer 

y 

Ficure 2^  conpares the input to the isolation amplifier before and after 
application of a 0.05-ßauss interference field. 

At large ac fields, greater than about 1 gauss, the systen hunts in randon 
directions to seek a null. Little or no deflection of the annunciator occurs, 
except when the applied frequency is integrally related to the excitation 
frequency, such as 200, 2^7, ^00, 533, and 800 Hz. (in a complete operational 
syster; vhich included a gyro there was an off-null indication, as described.) 

With ac fields applied, it was possible to test the analysis of core 
behavior. A Fairchild I1IC-10 interference analyzer was connected line-to-line 
by specially fabricated breakout connections to the flux valve output, without 
disconnecting it fron the compass coupler. The analyzer was tuned to the funda- 
mental 800-Hz output, which is on the order of 100 mv at the azimuth of 
the flux valve which maximizes it. The output is nulled 90° away. Field levels 
up to 5 gauss had little effect on the maximum output (about 10^) but lessened 
the sharpness of the null. The sidebands (800 Hz plus or minus integers of the 
interfering frequency) were detectable on the EMC-10. The compass coupler does 
not have a bandpass filter to restrict the input to isolation amplifier and 
demodulator to the 800-Hz region only; thus, the modulation of the interfering 
field is seen in figure 2^. 
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It is concluded that since the flux valve appears to be essentially- 
linear in transfer characteristics,  even when large ac fields  are applied, the 
best approach to mitigation—if this were needed—would be to linearize the 
compass coupler input. This  could be done by nininal redesign of the isolation 
amplifier for a dynamic range  several times the earth's field requirement, 
or by installing an 800-Hz bandpass filter ahead of this stage. Reference 6 
contains some discussion on two types  of error encountered in flight which are 
relevant: 

• If slaving rates for positive and negative errors differ due to such 
factors as unbalance in push-pull slaving amplifiers then with an oscilla- 
tory component of flux valve output due to vibration etc. , causing 
periodic  departure from horizontal, an error can develop because the 
resultant null is displaced from the one  corresponding to an undisturbed 
flux valve. 

• With large-amplitude mechanical oscillations of the flux valve,  and the 
superimposed gyro drift which occurs in flight,  even a coupler system 
that had perfect symmetry and thus equal positive and negative saturation 
inputs would produce an error. This is because an equilibrium condition 
between the unequal positive and negative amounts of slaving is reached, 
which corresponds to a greater error than that due to gyro drift, and in 
the same  direction.   (This process  can be visualized in terms of the 
increase  in dc unbalance  in a push-pull amplifier stage when a symmetrical 
waveform drives the amplifier). 

Since the mechanical oscillation of flux valves about the horizontal 
produces electrical oscillations  (modulation of output), the types of error 
referred to above are really the same as those resulting from ELF alternating 
magnetic fields  impinging on static flux valves. The analogy is limited because 
the mechanical oscillations are limited in frequency.  The dynamic range or 
value of saturation input, and the stability with which it is centered about 
zero, is the characteristic in question for the compass coupler. Design 
improvements discussed by Sperry in reference 6 have the objective of mini- 
mizing errors  in typical flight.  Design  for optimized behavior in strong ELF 
fields may well require different parameters.  As stated earlier, the flux 
valve installation is made so as to avoid this problem. 

It should also be noted that when the ac field is north-south, as with 
the dc field, minimal disturbance of operation of the flux valve was observed. 
The susceptibility of the wiring from flux valve to compass coupler to injected 
ELF as low as 50 mv (table 2)  is not surprising in view of the isolation amplifier 
behavior,  however, since twisted  (and,  incidentally, shielded) wiring is used 
in the airplane  installation,  any potential problems would be attributable to 
SANGUINE system fields at the  flux valve rather than voltages  induced on the 
wiring. 
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1.6    CONCLUSIONS 

Fron the work reported in monthly reports 11 and 12 and the additonal tests 
and analysis reported here, it is concluded that: 

Conpass systems for airplanes flying over the SANGUINE site will not be 
affected, (Note, however, that only the type of sensor in most common use 
has been tested. Slightly different principles are used in systems 
of other manufacturers . ) 
The initial alignment of an airplane compass system would be a problem 
only if the airplane were virtually parked over the buried antennas. 
Mitigation, if ever required, would be fully successful only if the compass 
coupler circuitry were modified. 
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8.0    GROUND EQUIPMENT ENVIRONMENT MEASUREMENTS 

As reported in detail in monthly report 11, surveys were made at three 
Seattle-area FAA air traffic control installations to determine the level of 
ambient pover frequency fields which represent the environment in which the 
equipment performs s vtisfactorily. As with any such undertaking, we can only 
summarize in terms o.' maxima and averages,  and add a caution to the effect 
that this  is not necessarily representative of a larger population. 

The highest level encountered in an equipment area was 22 mgauss.  This 
represents  the root of the sum of the squares  of horizontally and vertically 
polarized components at 60, l80,  and 300 Hz, which are the predominant contri- 
butions to an overall spectrum of H-fields up to 25 kHz, since harmonic ampli- 
tude diminishes rapidly with increasing order.  Considering the 60-Hz components 
alone, the highest level WOUJ.1 have been 15 mgauss  (the highest level encountered 
in a nonequipment area was 62 i...7auss,  2 ft  in front of a large power transformer 
in a substation). 

The  average for all readings  ■'•. the equipment areas was 1.7 mgauss for the 
6o-Hz field components   (root of the sum of squares of horizontally and verti- 
cally polarized values, the former being in the direction fc.   maximum).* 

It is  eijtj.mated that the representative environment at ELF due t 
frequency curr^nt-carry]ng conductors  is  3 mgauss. 

power 

For SANGUINE system purposes,  it may be stated that location of ATC 
facilities   (including sophisticated installations with displays) within distances 
from the antennas where the SANGUINE system field would be 3 mgauss would cause 
no problems whatsoever,  and while "environment" would be more intense than 
"representative," ATC installations wit}» 20 mgauss SANGUINE system levels 
should not encounter equipment problems  due to the field.  It is assumed the 
incoming power and telephone circuits would be mitigated to the level rele- 
vant for the most susceptible ground equipment.  Insufficient data are available 
to state with certainty whether the mitigation levels now contemplated are 
sufficient to take care of all air traffic control equipmont at the interface 
with power and telephone lines. 

*The survey used a loop antenna approximately 20 in.  in diameter. A survey 
with a smaller sensor would undoubtedly have uncovered points where fields 
were larger,  but localized to power wiring,  etc.  It is more meaningful to 
obtain an environment averaged over equipment-sized dimensions. 
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I. 

0.0    RECIILTE AIID MOOH—MiTWB FOR OORHUD RBBBAMB 

0.1    SOTDY RESULTS 

A sumnary of study results follows: 

In-depth testing of representative "safety-of-flight-critical" avionics 
demonstrates tnat, except for two categories of equipment noted below, a large 
safety margin  (cae order of magnitude or more)  exists between the ELF field 
strengths   (30 mgauss) anticipated from a SANGUINE system and the susceptibility 
thresholds of the equipment tested. 

Systems using cathode-ray tubes  (CRTs)  as display elements are an order of 
magnitude more susceptible to ambient ELF fields than are the majority of avionics 
systems.   However, the margin of pre ection for such equipment when airborne is 
still very high—?.0 dB or more between anticipated SANGUINE system field strengths 
and the threshold of susceptibility of CRTs.   (MIL-E-6051D, a military EMC speci- 
fication,  requires a minimum demonstrated 6-dB "safety margin" for critical 
systems.) 

Magnetic field sensors   (flux valves)  of airplane compass systems evidenced 
susceptibility to very low ambient field levels in the ELF region, i.e., levels of 
magnitude that might readily be encountered in the immediate vicinity of a SANGUINE 
system antenna.  However,  from a consideration of total system operational character- 
istics   (chiefly the inertia or inability of associated components to respond to very 
rapid changes)  there is substantial protection against significant errors  in air- 
plane navigation.  Tills is true even under the wornt-case assumption of an airplane 
flying at a very low altitude  (  POO feet)  over a SANGUINE system antenna element. 
Difficulties may be encountered, however,  in synchronizing a Gyrosyn  (Sperry Rand) 
compass    system on the ground,  if the airfield is located over an antenna wire, a 
situation of extremely low probability. 

Ground-based air traffic control equipment operates satisfactorily in an ELF 
magnetic environment  (fin Hz) whose strength is equal to or greater than that close 
to a SANGUINE system antenna,  although the latter is at a different frequency.   Only 
equipment using CRTs or scan converters was adversely influenced by fields of magni- 
tudes  similar to those very close to a SANGUINE system antenna.  Again, this would 
pose a problem only if the ground control  Installation were virtually on top of a 
SANGUINE antenna. 

Limited and preliminary testing was performed on ground equipment at an air 
traffic control center for susceptibility to ELF signals injected or superimposed 
on Incoming power and telephone lines. Though adrlttedly inconclusive, test results 
suggest that the mitigation criteria currently envisioned by other investigators 
for protection of personnel and commercial equipment are also adequate for air 
traffic control installations. 
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9.2 RECOMMLNDATIONS FOR COirTINUED RESEARCH 

To resolve marginal or questionable areas of extreme susceptibility to 
ELF fields, the following areas of continued research are recomnended as a 
niniraun: 

1) 

2) 

3) 

M 

5) 

Investigation of airplane compass systems other than the Sperry type 
tested 
Further investigation of susceptibility of ground-based control equip- 
ment to ELF voltages superimposed or injected on incoming power and 
telephone lines 
A study of the potential effects of SANOUINE system fields on light 
airplane avionics 
A more detailed "refined" analysis of fields near a SMGUINE system 
antenna,  including earth-return currents and earth ionosphere cavity 
excitation, but only if higher antenna currents are considered 
Extension of airfrnne ELF shielding measurenents to airplanes other 
than the Boeing 7^7 find 737,  specifically including equipment locations 

Research on the first item will be greatly expedited by the extensive 
study already performed and described herein on a system employing a Sperry 
flux valve  (or flux ,iate). Insights gained in the study will permit the timely 
disclosure of compass system susceptibilities to a SAIIGUIIIE system field and 
will enable the development of mltigative procedures as required. 

Continued investigation on the second item will profit greatly by use of a 
"susceptibility voltage tester" perfected at the close of this study (described 
in section 3.1.1). This device is based on similar items used in routine electro- 
magnetic compatibility testing of avionics, modified to the ELF requirements of 
this study.   It will enable injection of controll«'i ELF voltages into incoming 
power and communication lines common to ground-based groups of control equipment, 
and afford isolation to signals already contained in those lines.   (This is 
accomplished essentially through the use of large, balanced transformers  in 
opposition,  and a dummy load equal in impedance to that of the equipment 
under test.) 

The third item is to provide assurance that nothing of significance has 
been overlooked in the extrapolations of section U.5 of this report, to cover this 
case. While avionics equipments for light aircraft must compiy with FAA require- 
ments—and are therefore to some extent electromagnetically compatible—they tend 
to be less sophisticated than those tested to date. 
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APPENDIX B 

This appendix consists of a representative set of photographs and 
schenatics relating to the tests sunnarized in tables 1 and 2. 

Figure II, Brake Temperature Monitoring System 

Test run at 400  F, sensors heated by attaching electrodes to them and passing current through them (400~): 

28 VDC rheostat for lamp brightness. 

Figure B2. Test Setup for Brake Temperature Monitor (Wire by Wire Voltage Injection Test) 
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Figure B5. ADF Receiver in Test Coil 

Shown are: special Z match transformer (in front of coil); frequency shift adjuncts (on top shelf of roll 
about cart): gaussmeter (on shelf in cart): gaussmeter probe in coil. Power oscillator is not shown. 
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Figure B7b. Breakout Box for WirebyWire Voltage Injection (VHF Navigat.on Receiver) 
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Figure B8. Test Setup: MKA 28A, Marker Receiver (Bendix) 
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!(FOR "WIRE-BY-WIRE" TEST) 

1 UHF Signal Generator,Hewlett Packard,612A 

2 Pulse Generator, Datapulse IICB 

3 Attenuator, PRD, Type 
1300 (19.6 dB at 4 GHz) 

4 Directional Coupler, Hewlett Packard 766D 

5 Microwave Power Attenuator, Empire, Singer 
Co., Metrics Div Model AT-70-4(4 dB) 

6 R.F. Wattmeter, Sierra Electronics Div., Philco 
Corp., Model 185A-150 

7 Electronic Counter, Hewlett Packard, Model 5245-L 

8 Interference Analyzer 20 Hz-50 KHi, Falrchild, 
Model EMC-10 

9 Audio Signal Generator, Hewlett Packard, 205 AG 
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Lab., Model 1432D-750 (250 VA) 

11 Square Wave Generator, Hewlett Packard,211B 

12 Waveform-Generator Data Royal, F210A 

13 Gaussmeter, RFL, Model 1890 

Figure B9. Tsst Setup; 621A 3 ATC Transponder (Collins) 
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Figure BIO. 621A 3 ATC Transponder Test Setup 

Figure B11. ALA 51A Radio Altimeter System 

77 

'- 

1_ II JM 



28VDC 
(FOR TEST 
LAMPS) 

115V 
400 Hz 

DELAY 
LINE 

PORTABLE 
TEST SET 
AMA-51A 

1. 
0 

INA blA (BENDIX) D 
Figure 812. Test Setup: ALA 51A Radio Altimeter Systein (Bendix) 
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HOFFMANN 
HLI-103A 

Wh 
115V (2 INPUTS) 

28 V DC 

SHIELD ROOM 
WALL 

FEEDTHROUGH 
PANEL 

I      TDC 0 
I L_      ©     KCONtROL> 
BREAKOUT 
BOX 

ST 
~6b 

® 

^ 
to 

PMC-10 ]® DIGITAL 
READOUT 

VTVM AND OSCILLOSCOPE (TEKTRONIX 549) 

(T\ ® 
■ ® 

^v AUDIO 
SIGNAL 
GENERATOR 

<j > 

T? 

•TO INDIVIDUAL 
WIRES IN 

TRANSFORMER    BREAKOUT BOX 

Ml Beacon Simulator; Hoffmann, HLI-103A 

(2) Distance measuring equipment; Collins, 860E-2 

(5) NavComm Control Head; Gables, G-1982 

(T) Distance Indicator (Digital); Collins, 339D 1 

(B) Square Wave Generator; Hewlett-Packard, 211B 

\6) Waveform Generator; Data Royal Corporation, Model F210A 

(Vj Frequency Meter; Eldorado Electronics, 225 

(5) Audio Signal Generator; Hewlett Packard, 205AG 

(9) Interference Analyzer; Fairchild, Electro Metrics Corp., Model EMC-10 

nO) Boeing built test breakout box. 

(Vj) Secondary of this transformer inserted serially in leads in breakout box. 

Note: Cross hatched boxes indicate items under test. 

Figure B13. Test Setup: Distance Measuring Equipment 
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115V 
BO- 

TEST SET 
TS-251/UP 

SIMULATED 

ANTENNA 
SIGNAL 

600T "■■"■'■ 
LORAN 
A/C RECEIVER 

28VDC 120V 
400- 

TEST 
BREAKOUT 
BOX 

iSicpNTROLig: 
■■■■■■.■■■■•■•■■■■■•■■■•■■.■.■..■ 

ä LORAN:::::;:::::;:: 

VINDICATOR:::;: 

1        AIRPLANE AND MARINE INSTRUMENTS CORP., CLEARFIELD. PA. 

2        LORAN A/C RECEIVER, 600T (ECC-0^ 76) EDO COMMERCIAL CORP., 
MELVILLE, L.I. 

3        LORAN CONTROL, 600T(ECC-0150 3) 

4        LORAN INDICATOR, 600T(ECC-O0105-1) 

NOTE: SHADED BOXES INDICATE UNITS UNDER TEST 
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Figure B14. Test Setup: Loran System 600T, Edo Commercial Corp 
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Figure B15. Test Setup: Loran Receiver 600T, Edo Commercial Corp. 
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. 

AIRTRON 
MOD. 52240 

DUMMY 
LOAD 

■■'■'"■"'■'■'■■■V-.v.'.'.'.' 

WEATHER:;;:;;;:;:; 
RADAR      SS^ 
TRANSCEIVER; 
RDR-1 £::::•;::•;; 
BENDIX :;:;:;:| 

RADAR  INDICATOR ; 

D 
xPPi-lG   BEN0IX$A 

115V 
400 ■« 28VDC 

J L 
TEST 
BREAKOUT 
BOX 

115V 
400- 

PHASE 
CLOCK 

xRADAR CONTROL/ 
^•GABLES, G-1984 

ANT-1N 
BENDIX 

NOTE: FOR TEST INSTRUMENTATION 
SEE MONTHLY REPORT NO. 7 

Figure B16. Block Diagram of Test Setup; Weather Radar System RDR IE (Bendix) 
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Figure B18 Weather Radar System RDR IE, Main Unit and Radar Control in Coil for Test 
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Figure B19. Weather Radar System RDR-1E Radar Antenna 

Figure B20. Test Setup: Inertial Navigation System, Strip-Line Testing 
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Figure B22. INS Test Patch Box, Carousel IV 
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L 

DEGREES       MIN .»        .   TRi Ul : IHP 
MUUEL S?OÜU-niB 

C3 DI G 

.DIS/TIME E3 D D 
T-DSRTK/STS 

r       TK/GS mm 

ID 
IB 
s|     I 

Al-lGN ocAnv STBY^    I   rNAV REAÜY 
OFF—, ^ --ATT 

Figure B23. INS Control/Display Unit and Mode Selector Unit, Carousel IV 

Figure B24, Test Equipment for Bendix PB 20 Autopilot Computer (Airborne Computer Unit at Lower Left) 
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Figure B25. Control Panel, PB 20 Autopilot 

>      %      >      ^      »        » 

Figure B26. Roll Control Channel for Sperry SP 77 Flight Control System 
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Figure 27a. P13-20 Autopilot Control Panel (in Coil).      Figure B27b. Test Setup: Flight Reco-der System 

Servos on Test Bench at Left. Computer 
in Rack at Right of Coil 

Figure 828. Automatic Test Equipment, (T.R.A.C.E.)     Figure 829. Test Equipment Required to Exercise 

for Air Data Computer Air Data Computer 
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Figure B30. Horizontal Display Cabinet - Radar Bright Display, RBDE 4 

Figure B31. Scan Converter Cabinet - Radar Bright Display, RBDE 4 
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Figure B32. Rear of Common and Line Compensating Rack, Air Traffic Control Beacon Interrogator, 
ATCBI 2 

Figure 833. Rear of Racks Housing VHF and UHF Air to-Ground Voice Communication R eceivers 
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ADF 
CONTROL UNIT 
COLLINS 
614L-8 

27.5VDC 
26 VAC 
400 Hz 

M 
BREAKOUT 
BOX 
(ADF J-BOX) 

(3) 

RMI 

1 MHz; 1 kHz, 30% MODULATION 
(AMI 

4 LINES 
<t>E 

RF SIGNAL 
GENERATOR 

LINES 

AUDIO 
OUTPUT 

TO WIRE UNDER TEST 

TRANSFORME 

(2) 
AUDIO 
SIGNAL 
GENERATOR 

ADF 
COLLINS 
51Y-4 

COAXIAL 

CMbLE) 

LOOP AND 
SENSE 
ANTENNAS 

-c5~ö 

VTVM GAIN OF RECEIVER SET FOR AN 
OUTPUT OF 50 mV rms 

(6) 
EMC-10 

(5) o 
OSCILLOSCOPE 

OSCILLOSCOPE 

(7) 
FREQUENCY 
METEH 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 

SIGNAL GENERATOR, HEWLETT-PACKARD MODEL 606A 
AUDIO SIGNAL GENERATOR, HEWLETT-PACKARD MODEL 205AG 
GYROSIN COMPASS INDICATOR, SPERRY RAND, MODEL C-6E 
OSCILLOSCOPE, TEKTRONIX TYPE 549 
OSCILLOSCOPE, TEKTRONIX TYPE 545 
INTERFERENCE ANALYZER, FAIRCHILD, ELECTRO-METRICS CORP., MODEL EMC-10 
DIGITAL FREQUENCY METER, ELDORADO ELECTRONICS, MODEL 225 

NOTE: VTVM'sare Hewlett-Psckard, Model 4038 

Figure B34 Test Setup: ADF 51Y-4 
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Figure B35. Test Setup; VHF Navigation Receiver (Equipment in Strip-Line Cavity) 

L     I I I 

Figure B36 Test Setup: "Wire by Wire" Voltage Injection Test; Marker Receiver, MKA-28A (Bendix) 
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Higure B37. Marker Receiver and Test Breakout Box 

Figure B38   Test Setup and Breakout Box for Distance Measuring Equipment DME 860-2 (Collins) 
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HEWLETT 
PACKARD 20BAG#' 
POWER AUDIO     » 
OSCILLATOR 

I> 

20T 

1 
20T 

= HEWLETT- 
PACKARD     * 
403 B  !?*>■ * r 
VOLTMETER 

60 Hz POWER SOURCE 
OR TELEPHONE LINE 

20T OR 3T k 

EQUIPMENT 
UNDER TEST 

THIS EQUIPMENT BATTERY- 

OPERATED, CASE INSULATED 
FROM GROUND 

B> 3 TURN WINDING ONLY 
USED ON RBDE4 
BECAUSE OF HEAVY CURRENT 
DEMAND 

Figure B39. Test Setup: Voltage Injection in Power Lines 
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Figure B40. Air Route Surveillance Radar Display 

Figure B41. Power Line Voltage Injection; Air Route Surveillance Radar 
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Figure B43. FAA Equipment Feeding 1000 Hz Test Signal Into 

Transmit Line 

Figure B44. Boeing Test Equipment Injecting Voltages Into Receive 

Line on FAA Side of Demarcation to Telephone Company 

Facilities 
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Figure B45. Telephone Type Level Measuring Equiomen: 

1. 
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1. 
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Figure B46. Received Signal on Monitor, With 60 Hz 
Superimposed on 1000 Hz Test Signal 
(20 ms/cm; 200 mv/cm) 

Figure B47. Received Signal on Monitor, With 60 Hz 
Superimposed on 1000 Hz Test Signal 
(700 mv, 60 Hz injected) 
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The research described here is but one facet of an overall project-SANCUINE Environmental Comoatibilitv Assurance 
Program (ECAP)-to ensure that an environmentally compatible, extremely low-frequency (ELF) communication system is 
feasible. 

Described here are the experimentally determined effects of ELF fields on aircraft navigation and communication sub- 
systems and on elements of ground control equipment. The ELF range of interest in tliis research is 40 to 150 Hz. Discrete 
test frequencies were frequency-shifted +5 Hz about nominal or center test values at a 5-Hz-per-second rate to simulate one 
possible SANGUINE system data transmission condition. 

Magnetic fields were generated in two devices: a strip-line and a large solenoidal coil. The strip-line was 10 ft long. 2 ft 
wide, and 2 ft high, permitting the simultaneous immersion of several units of a subsystem under test within the field. 
Various permutations of equipment component orientation with respect to field direction were explored. Field strengths to 
10 gauss were generated within the strip-line cavity (40 to 150 Hz) with the oscillator-amplifier used in these tests. Test coil 
diameter was 2 ft. Uniform field intensities to 20 gauss within the coil were attainable using the same amplifier. 

Additionally, ELF voltages were injected directly into leads comprising interconnecting cables for avionic and ground 
control equipment under test. This test simulated voltages that may be induced in cabling with a SANGUINE system field 
and disclosed potential equipment susceptibilities. 

Fifteen avionics systems and five ground control units (at a regional air traffic control center) were tested for suscepti- 
bility to ELF fields. Avionics items tested ranged in complexity from relatively simple oil and fuel quantity indicator subsys- 
tems to complex, flight-critical items such as inertial navigation, Loran. and Gyrosyn compass systems. A summary tabulation 
of all test results is given. An analysis is made of marginally susceptible items; the flux valve of the compass system and 
cathode-ra> tube displays. 1 

A simplified theoretical analysis was perf/rmed to determine levels of expected SANGUINE system fields at various 
altitudes over the antenna. Data were obtained, by test, on shielding effectiveness of large transport airplanes to ELF mag- 
netic fields. Another analysis related magnetic field intensity external to a Bot ig 747 airplane and "worst case" induced volt- 
ages in wiring inside the airplane. 

Ambient field surveys at 60 Hz were performed in the vicinity of concentration of aircraft ground control equipment 
(FAA control towers and a regional control center) to determine field levels observably compatible with equipment operation. 

A bibliography of documents pertinent to this study is af pended. 
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