ADAQ 60474

REPORT NO.

€G-D-28-78

AN EVALUATION OF SHORE-BASED
RADIO DIRECTION FINDING

Charles d. Murphysr
Editor

U.S. DEPARTMENT OF TRANSPORTATION
RESEARCH AND SPECIAL PROGRAMS ADMINISTRATION
Transportation Systems Center
Cambridge MA 02142

|
' SEPTEMBER 1978
FINAL REPORT

DOCUMENT IS AVAILABLE TO THE U.S. PUBLIC
THROUGH THE NATIONAL TECHNICAL
INFORMATION SERVICE, SPRINGFIELD,
VIRGINIA 22161

Prepared by

U,S. DEPARTMENT OF TRANSPORTATION

UNITED STATES COAST GUARD
0ffice of Research and Development
Washington DC 20590




NOTICE

This document is disseminated under the sponsorship
of the Department of Transportation in the interest
of information exchange. The United States Govern-
ment assumes no liability for its contents or use
thercof.

NOTICE

The United States Government does not endorse pro-
ducts or manufacturers. Trade or manufacturers'
names appear herein solely because they are con-
sidered essential to the object of this report.




g

7 J
i &
’jﬁ%'} Technical Report Documentetion Page
1 ER%C:LIJNQ_, P 2. Government Accession No. 3. .Recipient's Catalog No.

CGgD-28-78 | —

H ;r’/

4. Title and Subtitle : . . e e e e
STIORE-BASED RADTO DIRECTION FINDINGA;

waﬂe}mf‘t Dot ‘
| Septeml?er 1978 j

Research and Special Programs Administration

T AN EVALUATION OF
' ’ - r/ 6 p!rformmg ngamzn'ron \_odr ;/,'A |
4 gv . v i iﬁ; J
I . o) arer :L erfprmmg Orgamzahon Reporv No.
7. Auvho!?‘
Charles J. kMurphy; editor DOT-:TSC—~USCG 78~ 8* _
- P
9. Performing Qrganizetion Name and - Address . 10. Work Unit No. {TRAIS)
11.8. Department of Transportation CG80%}ﬁéOO3

1.

Contract or Grant No.

Transportaticn Systems Center
Cambridge MA 02142 -
12, Sponsaring Agency Name and Address

U.S. Department of Transportation
i United States Coast Guard :
Office of Research and Development

‘ Washington DC 20590

3. Lyps.of epartand.Reviad. Cavered.
Final Reporti
Januamy 1977 ~rAp1f1 W78,

i R S S S

T
5

R T

' 14. Sponsoring Agency Code

15. Supplementary Notes

Abstroct

E”§'This report describes an evaluation of Radio Direction Finding (RDF)
techniques for shore-—based position location performed by the Transporta-
tion Systems Center (TSC). The evaluation consisted of the following three
phases:

(n

A preliminary survey to identify and classify available direction-—
finding techniques which could meet Coast Guard requirements;

(2)

An analytlcal medeling and error analysis of the equipment types
identified din (1); vy
L {3) Tield testing and demonstration of representative equipment.
Major system characteristics considered in the study were:
~ 1. Operational utility of such a system?-
<"2, Cost to implement the system throughout the USCG!
© 3. Operational impact on the group level - manning and maintenance’
b Compat1b111ty with existing land lines and VHF-TM remoting capablllty
5. Operation in a VHF-TM maritime mobile band
6. Location of the DF antennas -~
7. Ability to home om both voice and EPIRB* I
8. Interference effects.

It was concluded that shore-hased DF is a valuable potential tool in
the accomplishment of SAR mission requirements. Froperly implemented shore-
based DF can improve reliability and safety of the SAR function by reducing
the number of off shore hours necessary to fulfill the mission requirements
without increasing station manning requirements.

17, Key Words 18. Diswribution Statement

Director Finder, llomer, VHF/FM Marine
Band, EPIRB, Search and Rescue DOCUMENT IS AVAILABLE TO THE U.S. PUBLIC
THROUGH THE NATIONAL TECHNICAL
INFORMATION SERVICE, SPRINGFIELD,

VIRGINIA 22161

21. No. of Pages 22, Price

90

Unclassified l

19. Secunty Classif. (of this report) 20, Security Classif. {of this poge)

Unclassified

Form DOT F 1700.7 e-72)

Reptoduction of completed page outhorized

L))







PREFACE

This program was performed by personnel of the Comunication
Branch of the Office of Air and Marine Systems, Transportation Systems
Center, for the U. 8. Coast Guard. The analysis of direction finding

systems was performed by Elie J. Baghdady of Info Systems, Inc.,
Waltham MA, under agreement with TSC 13651.

The authors wish to recognize the significant contribution of
Joseph A. Wolfson of TSC and John R. Carros and Lt. Fred N. Wilder of

U.S. Coast Guard Headguarters.

iii



¥
o«
¥

o = = v
= = 4
3 = - &
= = = £
= 396 2 o d = — 2zt
de = = ol 2InieIadwial Builoeagns eamesedwel
w = — 3, [LTEI T aye) g/§ Haguyey dq
(YOI T (ZE PPe Unyesadwe; = T
4 Heyueaey uey) 9/ sMSe) kN - = e— (198x8) ANNIWHIIMI |
. = = {12exs) J4N1VYISWIL
130%0) JUNLIVYIINIL @ = = = o sdorow d1qm swo spaeh ouano e
= = o S110W 21qnd £0°0 . 1895 2i1gnD e
Py -—= ' 8t suo|26 |8
nv> spaA 21qn2 £ si010W 2IQna P m ml 1 S6°0 suenb ib
& 109} 21qR2 S€ S4010w 2gnd oW —_—= Fa— 1 190 sund u
¥ suojus 920 f - m = | »Z'0 sdnd 2
W suend 90°1L } ||l“l “-I - Jw ot SAOun0 pinyy wy
o Quid vz | - = = W [T} suoadse|qel dsqy
04 sesuno ping; €00 ™ = = ™ T SUDOUE 9] a5
@ = -
AWNT0A B £ = INNI0A
o = = - {a1 0002)
. = - SeuuD) 60 SV0} J0Yys
su0) Loys [N (8% 000L) $auLOL 3 —_— !
L] spunod [ 44 sweiboj 1y [ = = —— 6% swesbogry S0 spunod @
20 s00un0 S£0°0 sweib 5 = == 6 sweib 82 saouno z0
= = Py
= — 1M
T T T = T " biam] SSYW
hed M = oy saieid0y "o s0i0e
. - = - 240 $49)0WO(1Y 2ienbg 9z $0}1w sienbs N_E
sedE 52 (% D00°0L) SOy oy - = = v Si010u Sienbs 80 spswh assnbe A
2 $9)Iw dsends v.o $4919W0| 1% dienbs P = s M $1310w @ienbs 60°0 198} aienbs L
~1 spieA asenbs Tl $I010w aienbs & o - = — L0 $3910W1UED Suends %9 SOPUI ssenbs M
™ SeyouI ssenbs o SRMUUK sends NEo = = el
- —= et —————
@ = = Yidy
viuy =
3 = E— wy S110Wo| 1y 9 sojw w
" sow 90 Siou0iy uny = — " S1aow 60 spsed ot
4’) M“> i s1010w w “ = - -~ w2 SIWIIUeY ot 109 W
" ouy it sromw " = — wa S1010W1LED 52 soyou w
w SHPW »o $1019WNHUED =3 s |M H -
o seyoul 0°0 S 1030w uay = - ——————
- —= = HI9NI
S = -
e e —_— — «
HIONN = =
-~ = —
= = - |oqwig puyy 03 Ag Mfnpny Moy BOL NONM 1eqmig
oqmig puty ) Ay Asngey mouy ns) usyp 1oquig - —= -
» = b en—
SUIASEOIN J1IH WOI) SUDISISAUD) dlewixosdd = —
W 28l woij suois J disun v s —= = - SOINSEIWN JUIOW 0} SUOISIPAUCD MewIX0IddY

SHOLIV3 NOISHIANGD JIHLIW

iv



Section

1.
2.

TABLE OF CONTENTS

INTROBUCTION. .. oo vevens . e e C et
DIRECTION FINDING SYSTEM MODDLS. .t v it v or i vennss
2.1 EPIRB DF System RequirementS.scierereransnonsn
2.2 Types and Mskes of RDF Equipment Considered
in Present Analysis..... e e e
2.3 TFundamentals of Doppler RDF Technique.........
2.3.1 Basic Theory of Doppler RDF........... .
2.%3.2 Required Number of Antennas............
2.3.3 Methods of Doppler RDF Reception...... .
2.3.4 Summary of Design Characteristics of
Commercial Doppler RODF Bquipment.,......
2.4 Fundamentals of Adcock RDF Techniques......uo.
2.5 Fundamentals of Homer-Type RDF Techniques.....
2.6 Models of Propagation and Multisignal
ReCelVIng Environments , seocoseersessoeso e
2.6.,1 Multipath Propagation.......vvivesnsns.
2.6.2 Electromagnetic Environment............
ERROR ANALY SIS . . ittt it ettt e et i e tee st anacnonnss
3.1 Sources of Error in RDF Systems.........vvv.. .
3.1,1 Common EBrror Sources....... P r e e e
3.1.2 Error Scources Peculiar to Doppler RDF
TechniqUe. & ottt it e i e ettt e i e e e,
3.1.3 Error Sources Peculiar to Adcock and
Homer RDF Techniques........cviveennn. .
3.2 Analysis of Noppler RDF Systems.........cco....
3.2.1 Randem Noise Bffects...viiiiennirnvnan,
3.2.2 Error Due to Overlap of Voice
Spectrum With fpo ..o,
3.2.3 Site Effects: Direct Plus Specular-
Reflected Paths. ...t e nnonnanans
3.2.4 Site Effects: Direct Plus Two or More
Specular-Reflected Paths.............. .
3.2.5 (eneral Cbservations Regarding Errors
Caused by Off-Azimuth Reflectors.......
3.2.6 Co-channel and Off-channel
Interference........u. e fe e
3.2.7 Effects of Sea State....oiiincierennnn,



figure

2.3.

L3,

L3,

Section

1

Z

TABLE OF CONTENTS (CONTINUED)

3.3 Analysis of Adcock RDF System.......veuuen..
3.4 Analysis of Homer System......vvevieneneenns
EXPERIMENTAL PROGRAM..... b ettt
4.1 Introduction.......c.eeriiiinearienannnennannna
4,2 Field Tests....... et e e
4.2.1 Shore-Based RDF Tests at Winthrop
Highlands, MassachusettsS...,...... .
4.2.2 Tests Conducted with Homer Equlpped
Cutter..... et e e e e
4.2.3 Tests Conducted with Homer Equipped
Helicopter. ..o v innrennenn i
4,3 System Demonstration at USCG Station, Pt.
Allerton, Massachusetts......... v,
4.3.1 Site Preparation........eiiieieinnnans
4.3.2 System Demonstration.....svevvesuveras
CONCLUSIONS AND RECOMMENDATIONS,..... Pt e
APPENDIX A - EQUIPMENT SPECIFICATIONS.,...........

APPENDIX B - IDFM POSITION DETERMINATION SYSTEM..

REFERENCES . t vttt it ittt ittt inentsonsnsnnnans

LIST OF ILLUSTRATIONS

Illustration of Dependence of Phase of Doppler
Induced Sinewave Upon the Azimuth of Incidence
of the Signal.......iviiiiiiiiiianseens e

Basic Functional Structure of a Doppler RDE
N3 o 11

Simulation of Receiving Antenna Rotation by

Commutation of Receiver Input Among N Discrete
Circularly Arranged Antennas.........ceoeevunvvnss

vi



LIST OF ILLUSTRATIONS (CONTINUED)

Page
Illustration of the Spectrum at the Qutput of the
Antenna CommUEatoT .. v vt s oo oo crnsonnoscooanns 2-6
Major-Function Structure of Rohde and Schwarz
= o < 1| 2-11

Pictorial Diagram of the OAR Adcock Direction
Finder (Center Antenna is the '"Sense'" Antenna)... 2-16

Intersecting Directional Antenna Patterns for

Homing-Type RDF. . ..ttt it e seenses . 2-17
Major-Function Structure of the Dorne and

Margolin Homer System........eeuvuuooea e e 2-18
Geometry of Direct Plus One Specular-Reflected

R ¢ - 3-6

Geometry of a Pair of Antennas in an Adcock

RDF System, with Incident Direct and Reflected

2 - Y
Test Site at Winthrop, Massachuestts............. 4-4

Servo Corp. DF Antenna Mounted on Test Van....... 4-4
Diagram'of Shore-Based Direction Finder Tests..,...4-5
Diagram of Signal Strength Measurement System.... 4-86

DF Bearing Error vs Range in Nautical
Miles - Typical Performance.......coevvuineannnn. 4-8

DF Bearing variation vs Range in Nautical Miles,
.Typical Performance - Received Signal Level in

dBM Noted Under Variation Bars..,.....reeeeeceeess  4-9
Antenna Height vs Range for Transmitting Antenna

on Surface.....cioenieiirnncannne et a e 4-10
DM SE47-7 VHE/FM Homing SyStemM....vseeevsvnessnss 4-13

vii



Figure

4.10

4.11

4,12

4,13

Table

LIST OF ILLUSTRATIONS (CONTINUED)

Fortv-One Foot Cutter With Homer Installed......

HH-52 Helicopter Used In Homing Tests

Homer Antenna Installation on HH-52 [leliconter..

DF Antennas Deployed on Roof of Point Allerton

Station: (1) Servo; (2) Intech; (3} OAR........

Installation of Servo Corp. antenna with Intech

Antenna Mounted AboOvVe....eevveensen e e e e

LIST OF TABLES

DESICN COMPARISONM OF DOPPLER DF RQUIPMENT........

COMMERCIALLY AVAILABLE VHF-FM DIRECTION
FINDERS, vt i ivvvinnssnnnannsonnsenanenss Ve

MAXTMUM RANGES ACHIEVED IN DF & HOMING TESTS.....

viii



1. INTRCDUCTION

The U.S. Coast Guard in seeking improvements in search and rescue (SAR)
capability seeks to reduce the emergency notification (alerting) time for an
individual distress and provide improved capability for detecting and locating
the distress. Presently the Coast Guard is actively pursuing the regulatory
actions necessary to allow carriage of an Emergency Position Indicating Radio
Beacon (EPIRB) compatible with the maritime VHF-FM system by certain ships
and boats operating within the radio coverage of the National VHF-FM Distress
System. In support of the VHF-FM EPIRB system the feasibility of a cost
effective locating and direction finding capability to be incorporated within
the VHF-FM Distress System is being examined.

This report describes an evaluation of Radio Direction Finding (RDF)} tech-
niques for shore-based position location performed by the Transportation Systems
Center (TSC). The evaluation consisted of the following three phases:

(1} A preliminary survey to identify and classify available direction-

finding technigues which could meet Coast Guard regquirements;

(2) An analytical modeling and error analysis of the equipment types

identified in (1);

(3) Field testing and demonstration of representative equipment.

Major system characteristics to be considered in the study are:

.

COperational utility of such a system.

Cost to implement the system throughout the USCG.

Operational impact on the group level - manning and maintenance.
Compatibility with existing land lines and VHF-FM remoting capability.
Operation in a VHP-FM maritime mobile band.

Location of the DF antenna.

Ability to home on both voice and EPIRB,

Interference effects.

-

.

QO 1 ULk N
. « v s

Upon initial investigation it was determined that existing DF
equipment could be broadly classified into three catagories:
(1) ROFs erploying the pseudo doppler principle;
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(2) TRDFs employing the Adcock principle;

(3) Homing devices furnishing a left-right indication instead

of a bearing.

Complete specifications were obtained on the available ecuipment in
the above categories wherever possible and are included as Appendix A.
In Section 2, entitled Direction Finding System Models, the

system-level requirements for a DF system in the EPIRB application

are outlined based on a preliminary concept of EPRIB signaling and
reception modes under consideration by TSC. The DF systems included

in the present analysis are then ildentified and thelr functional models
and critical design and performance parameters are determined.

Finally, the propagation and signal reception environment is medeled,
including the interference threat presented by probable spectral
congestion and unfavorable signal levels (due to a variety of operation-
al causes) for the distress signal relative to signals from other
active sources.

In Section 3, entitled Error Analysis, error expressions are
derived for each type of system or DF technique considered, and the
results are applied to the specific equipment embodiments singled out
for evaluation. The error causes considered are two types: Those
peculiar to the DF technique and those common to all techniques (such
as multipath, multi-signal interference and certain propagation

ancmalies).



Section 4 describes field tests conducted with commercially
available equipments representative of the three categories analyzed
in Sectiong 2 and 3. The purpose of these tests was to demonstrate
the capabilities of a shore-based direction-finding system. Due to
limitations in resources, the tests and the resulting data were of a
very basic nature and as such did not consitute a detailed performance
evaluation or a caomparative evaluation of the equipment selected for
the tests. (The program originally did not include the field tests,
which were added later when it becane apparent that sufficient funds
for limited testing would be available).

Section 5 summarizes the analytical and experimental results and
presents conclusions and recommendations both for further experimentation
and operational installations of shore-based DF systems.

Appendix B describes a position determination system developed by
Elie Baghdady in 1970 which enables high accuracy determination of
direction and distance to the source by means of frequency measurements

with baseline dimensions of about ten meters.

1-3/1-4






2. DIRECTION FINDING SYSTEM MODELS

2.1 EPIRB DF System Recquircments

A distress signal emanting from an offshore emergency radioc beacon
source could provide an invaluable aid to the determination of the
direction in which rescue craft must head in order to find the source.
Typically this would require a shore-based direction finder together
with suitable equipment aboard small surface craft and helicopters.

TSC is engaged in the develcopment of a system design specification
for an Emergency Position Indicating Radio Beacon (EPIRB) system based
on utilizing channels 15 (156.750 MHz) and 16 (156.800 MHz) of the VHF
Marine FM Mcbile Band. A tentative FPIRB signal format being considered
by TSC consists of transmitting an "alert" signal for two seconds on
charmel 16 (the designated national distress channel) and following up
with a 15-second "locate" signal on channel 15. The coverage range
requirement is shore to radio horizon (up to 20 nautical miles) for all

U.S. Coastal areas, including the Great Lakes.

The leading candidate source location aid is radio direction find-
ing (RDF) equipment, preferably commercially available "off-the-~shelf"
hardware. A minimal amount of state-of-the-art development or equip-
ment modification or retrofit is not ruled cut if sufficiently desirable.

The RDF system must provide high resolution and accuracy in a
receiving site environment. that is generally encumbered with reflectors
(trees, power lines, buildings, towers, etc.) that cause a serious
miltipath threat, and in an electramagnetic environment that may cause
multi-signal conditiong as a result of simultaneous occupancy of the
FPIRR channels and/or relative distances to different transmitters in

combination with limited receiver dynamic range.

For the purposes of this program, the following requirements
were provided by the Coast Guard:
a. Signal Sensitivity - equivalent to VHF receivers

presently in use at cCecast Guard shore stations;

Accuracy - +3 degrees Ims;

Mechanical/structural - sultable for installation
on unattended antenna towers, over the range of
environmental conditions prevalent in the U.S.

2-1



2.2 Types and Makes of RDF Equipment Considered in Present Analysis

A number of radio direction finding technigues have long been
in use in existing equipment, Among these, the following have been singled

out for error analysis and comparison:

a) Doppler Technique, examplified by
® Rohde & Schwarz VHF Direction Finder NP7
® Servo Corporation of American Model 7030 VHF/UHF
Direction Finder System
@ Pilot Instrument Corporation Model 804RA-7

Marine VHF Direction Finder

b) Adcock Technique, examplified by
® O. A. R. Model ADFS-320 Automatic Direction Finder

¢) Homing Technique, examplified by
® Dorne & Margolin, Inc. DM SE47-7
VHF/FM Homing System

2.3 Fundamentals of Doppler RDF Technique

2.3.1 Basic Theory of Doppler RDF

The Doppler RDF equipment considered in this study are all based
on the principle that if the receiving antenna executes a circular motion
at a uniform angular velocity, this motion will induce in the received signal
a sinewave frequency modulation at the angular frequency of the antenna
rotation, the phase of the sinewave modulation waveform being determined
by the azimuthal angle of incidence of the received signal. Reference to
Figure 2. 3.1 shows that the zeros of the sinewave Doppler-shift frequency
modulation induced in the signal Sl arriving from the Sl- Odirection
correspond to the instants of time at which the rotating receiving antenna

crosses positions A and A', whereas for signal S2 arriving along the direction
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of 52—0, the zero crossings of the modulation waveform occur in time at the
instants when the rotating receiving antenna crosses points B and B'.
Accordingly, if the direction of O-N is taken as referenc'e, the phase of the
Sl sinewave relative to the phase of a sinewave of the same frequency
which corresponds to the induced FM of a signal arriving along N-O is
equal to Bl.

The basic functional structure of a Doppler RDF system is
illustrated in Figure 2. 3. 2. With reference to thig figure, the azimuth
angle of arrival of an incident wavefront at frequency fC is automatically
converted into the ''initial phase', 0, of a sincwave by rotating the re-
ceiving antenna A at the rate of fm cycles per second around a circle of
radius r. The rotation induces a sinusoidally varying Doppler shift given
by

ﬂi,nnax gin (2w fmt~e) . (2.1)

where

fd’ max 2T fm(r/)\c) » Ao = o/t | (2.2)

FIGURE 2.3,1 ILLUSTRATION OF DEPENDENCE OF PHASE OF DOPPLER
INDUCED SINEWAVE UPON THE VAZV_I_I_\"[UTH OF INCIDENCE OF THE SIGNAL
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’/_,_.-9- f revolutions/sec
m

) f_ + sinusoidal modulation at
f Hz = f +f sin(2m £ t-6)
m C X m

d, ma

Wi

f
m

EE—
Receiver

— Azimuth
Motor Phase - of
Comparator Incidence of
f
c
Source
of
f Sine wave at f Hz used for
m m

phase reference

FIGURE 2.3.2 BASIC TUNCTTONAL STRUCTURE OF A DOPPLER RDF SYSTEM
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and the "initial phase” (i. e., phase for t=0), , of the sinusoidal Doppler
modulation equals the azimuth of incidence of the received wavefront
relative to the reference direction set by the phase of the reference fm— Hz

sinewave,.

Asg illustrated in Figure 2. 3.3, the antenna rotation is actually
simulated by electronically commutating the receiver input among N
discrete antennas arranged around the circumference of the circle.
This commutation in effect samples the incident signal fm times per second
at each of N delay phase-shifted replicas of this signal that are sensed at
the N circularly arranged antenna positions. The result is equivalent to fS:me
samples/sec of the incident signal with a time-variant delay phase shift
given by

{ /fm) cos (2w fmt-e) (2.3)

fd, max

added to its RY phase.

Alternatively, the commutation process can be viewed as the
process of providing fs = me discrete samples/sec of the desired
continuous rotation of the receiving peint around the circumference of

the circle.

Indeed, it can readily be shown that the signal delivered by the
commutator to the receiver is equivalent to the signal delivered by a
continuously rotating receiving anfenna, sampled at the rate of fs = me
samples per second, and hence has a spectrum of the form illustrated in

Figure 2. 3.4.

It is important to note, however, that the instantaneous frequency
difference between any two adjacent zones is always fs, because the fre-
quency modulation waveforms (i. e. the voice waveform and the induced

sinusoidal Doppler shift waveform) of any one of the spectfal ZONes are



N Antennas
f sweeps/sec
m
Nf = number of antenna

m cia
positions sampled .
every second

]

f
s

Sampling Frequency
of Antenna Rotation

COMMUTATOR

V To Receiver Input

FIGURE 2.3.3 SIMULATION OF RECEIVING ANTENNA ROTATION BY
COMMUTATION OF RECEIVER INPUT AMONG N DISCRETE CIRCULARLY
ARRANGED ANTENNAS ‘

A Spectral Density of Commutator Output

Al N PAS AN As'ad N

T -f ] f I f +1 F T 2f

c s | c 1 c s c 8
| | Frequency
! |
le >
Spectrum of Desired Spectral Zones Caused by
Signal (Equivalent to Commutator Action

output of continuously
rotated antenna)

FIGURE 2.3.4 ILLUSTRATION OF THE SPECTRUM AT THE OUTPUT OF THE
ANTENNA COMMUTATOR v



instantaneously identical {(in magnitude and phase) from one speciral zone
to the next, and hence cancel out in the instantaneous frequency difference,
leaving only the sampling frequency, fs: me) as the value of the instan-
taneous frequency between any two adjacent spectral zone signals, This
means that if the receiver design characteristics satiéfy the requirements
for high capture (almost a capture ratio of 1), then the effects of the inter-
zone interference on the output of the FM demodulator will all be filterable
(i.e., rejectable) if fS = me exceeds the output post-detection filter
bandwidth. For the DF fm— Hz tone extraction, the latter condition means
I"S = me> fm , Which holds for all N> 1. However, for the voice waveform,
fs = me must exceed the highest voice frequency of interesgt, which is
usually somewhere between 3, 300 and 4000 Hz.

The above observations not only help us understand the nature
and characteristics of the signal delivered by the commutator tc the receiver
input, but also provide the rigorous analytical basis for determining the
minimum number N of antennas that must be provided, the maximum
allowable spacing between antennas, the consecquences of not observing these
conditions on N and the antenna spacing, the conditions to be observed in the
design of the receiver filters, and the mechanism of potential mutual inter-
ference among incident signals even when they are widely different in

frequency.
2.3.2. Required Number of Antennas

With reference to Figure 2. 3.4, it is clear that in order to
ensure that the sampling spectral zones are ''disjoint' or separable one
from the others by means of fixed time-invariant receiver pre-detection
filters, the number N of commutated discrete antennas must satisfy the
condition

me> (Bandwidth, BS, of Signal Out of Continuously Rotating

Antenna) (2. 4)
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The antenna rotation rate, fm, is chosen either above the voice band or

legg than the lowest voice frequency passed

In general, the incident signal is frequency modulated by voice
for operation in the frequency band of interest. However, if deemed desirable,
as will be indicated by the results of this study, the frequency modulation |
may be either wiped off in the receiving system, or inhibited at the trans-
mitting end for aiding the direction finding function. Accordingly, we distin-
guish two situations,as follows,for determining the minimum value of N

according to condition (2. 4).
Condition A

If the incident wave is an unmodulated carrier, or if the voice

modulation is wiped off prior to FM demodulation, then

B, = 2 [fd, max fm] if § = fd, max/fm is > 1 or<<1

2 2E (148) = 2 [1 + zn(r/AC)J (2.5)

Therefore we must have

N> 2(1+8) = 2 [1 . Zﬂ(r/}\c)] (2. 6)
for S

11

Zﬂ(r/)\C) >> 1 or << 1

Condition B

If the incident wave is modulated, and this modulation is not

wiped off prior to M demodulation, then we must have

N > lefm 2.7



2.3.3 Methods of Doppler RDF Reception
Two reception techniques are indicated for Doppler RDEF:

1. Pre-demodulation voice modulation wipe-off, followed by
FM demeodulation to extract the induced Doppler modulation waveform

{the sinewave at mez); and

2. Combined FM demodulation of both voice and induced sinusoidal
FM, followed by filter gseparation of the voice and induced Doppler modulation

waveform

Technique 1 is preferred because
a) It allows the number of antennas to be reduced to the value

required by Condition (2, 6) on N.

b) It allows pre-demodulation bandwidth to be reduced to me(1+6)
when fm is below the lowest voice frequency, which reduces the noisethreshold

and the receiver vulnerability to interference.

2.3.4 Summary of Design Characteristics of Commercial Doppler

RDF Eguipment

The design characteristics of three leading makes of Doppler
RDI" are summarized in Table 2. 1. The equipment listed in this table are
the models identified in Section 2.2. Potentially significant design charac-
teristics of each of the three direction finders listed in Table 2.1 will now

be brought out and their significance discussed.

Rohde & Schwarsz

The major-function siructure of the Rohde & Schwarz D. F. NP7
is brought out in Figure 2. 3. 5.

In addition to the circular sequence of antennas that is charac-
teristic of a Doppler RDF, the D. F. NP7 utilizes an additional antenna

at the center of the circle to receive the incident signal in the conventional
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manner for use to cancel out the voice modulation of the signal applied by

the commutator to the receiver input before reaching the I'M demodulator.,
This ideally would result in the carrier in each of the spectral zones being
modulated only by the induced sinusoidal FM by sinewave at fm Hz before
applying it to the final FM demeodulator, Accordingly, all of the energy of
each sampling spectral replica of the incident FM signal becomes concentrated
in a signal within the significantly narrower bandwidth of an FM by sinewave
at mez where fmis less than 1/10 of the voice bandwidth. The following

benefits result:

a) The desired commutation spectral zone becomes more effectively
separable from the other spectral zones on both sides of it, which eliminates

inter~zone interference.

b) The narrower pre-demodulator signal bandwidth means lower
pre-demodulator effective noise and cochannel/offchannel interference
bandwidth. Consequently, the noise threshold for obtaining fm is significantly
reduced, and the probability of interference from off-channel signals is also
effectively reduced. The threshold reduction of course means proportionately

increased range.

Servo Corporation

In the Servo Corporation Model 7030, no pre-demodulation
"wipe~off' of the voice modulation is attempted. Rather, the signal with
the combined FM modulation by voice and the Doppler induced direction-
finding sinusoidal f - Hz modulation is demodulated by a "high-performance
linear FM discriminator detector." Since (see Table 2. 1) the commutator
sampling frequency in this case is fS = 16 x 216 = 3,456 Hz, and since
FM with an rms frequency deviation of 3.5 kHz (or a ""peak'' frequency
deviation of 5 kHz) by a nominal 4-kHz voice band resulis in a value of

B much greater than f , it is clear that the f £ f commutation speciral
5, V+D s ¢cT s
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zones will severly overlap the fC zone, and hence will not be totally
suppressible before demodulation. Moreover, the noise and cochannel
interference bandwidth will be the total IF bandwidth required to accommodate
the signal with FM by both voice and the direction-finding sinusoidal

induced Doppler,

The Servo system must therefore rely entirely on the capture
characteristics of the "high-performance linear FM discriminator detector”
to suppress the unavoidable inter-zone interference and isolate the desired

fm-Hz direction-finding sinewave without any phase error on it.

Pilot Direction Finder

In the Pilot system, the value of fm is chosen on the higher
gide of the voice spectrum, which results in a value of fS= 14000 Hz.
This high value of fS eages the problem of predemodulation separation of
the desired spectral zone, and reducesg the minimum required number of
antennas to the few (4) actually used. Moreover, in view of the high value
of fm, there is no real advantage in modulation wipe~off prior to demodu-
lation. Thus, the noise threshold of the Pilot system should more likely
exceed than equal that of the Servo system. The very small value of DF
‘ signal modulation index{because of the very small radius of the circle)
should also make the Pilot system much more vulnerable to gite effects

and to interference from cochannel and offchannel sighals thanthe other

two systems.
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2.4 Tundamentals of Adcock RDF Techniques

The Adcock antenna consists of spaced vertical open antennas,
which in principle respond only to.one (the vertical) component of polarization
of an incident wavefront and hence is not subject to the polarization errors
that plague loop antennas. Indeed, except for a reduction in effective antenna
height, a two-element Adcock antenna is equivalent to a frame antenna with its
top horizontal arm removed. Thus, a two-element Adcock should be free
of the pattern distortion and null displacement and/or blurring effects
encountered with loop antennas in the reception of "abnormally' polarized,

obliguely incident wavefronts.

The two-eclement Adcock consists of two vertical elements,
gpaced not more than /2, mounted on rotatable assembly, or driving a
goniometer, Two such Adcocks mounted so that their planes are mutually

orthogonal form a crossed Adcock configuration.

In crossed Adcocks in which the resultant of each pair of vertical

elements drives a field coil of a goniometer, the spacing hetween the

‘elements of a pair must be limited in order to approximate the cos8 and

sin © functions required to make the angle indicated by the shaft of the
search coil approximate the azimuth angle of arrival of the incident wave-
front. Since for arbitrary spacing, the voltage delivered by the reference
pair will vary with 6 as sin [( ¢O/2)cos 6':] while that delivered by the
orthogonally situated pair will vary as sin [( ¢O/ 2)sin82i , the angle @

indicated by the shaft position of the search coil will be given by

sin [( ¢O/2)sina]

tan o =
sin [( ¢70/2 ) Cos@]

~ tan 8, for ¢, = 27 L/ A

< m /2rad
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The difference between o and 9 is an error in bearing indication. The
restriction on (Do to keep this error small signifies a separation L <) /4

between elements of a pair.

Adcock antennas have physical appearances of U or H for combined

pairs, and may combine several such pairs.

A pictorial diagram of the OAR VIHF Band Automatic Direction
Finder Model ADFS-320 is shown in Figure 2.4.1. The standard Adcock
antenna array is for shipboard or shore-station installation. It consists
of 4 vertical dipole elements and a central whip for sense reference
(i. e., for resolving the 180-degree directional ambiguity). This sense
ambiguity resolution is performed automatically by special circuits without

manual intervention.

2.5 Fundamentals of Homer-Type RDF Techniques

In the homing technique, two directional receiving antennas are
employed as illustrated in Figure 2. 5.1, with polar patterns directed along
different directions making an acute angle, the two patterns intersecting
along the boregight axis or the centerline of the mount or vehicle to be
oriented toward the beacon source, The receiver input alternates between
the two antennas at a rapid rate. If the direction of arrival of the incident
signal is not coincident with the axis of intersection 0-0' in Figure 2.5.1,
then, as illustrated by the line §-S, the amplitudes of the signal as delivered
by each antenna will be different. Accordingly, the received signal
amplitude will be stepped between different levels by the antenna switching.
Only when O-Q'ig steered to coincide with O-S will the signal amplitudes
from the two antennas be identical, and hence no amplitude changes or
jumps will be imparted to the received signal by the antenna switching

operation.
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The detected jumps in amplitude are applied to a "homing
indicator' that is adjusted to show a centerline (or "on course'') indication-
if O-0'is lined up with OG-S, and a left or right indication depending on
which of the two lobes is pointed more toward the direction of incidence

of the homing beacon wavefront.

A simplified funciional diagram of the Dorne and Margolin
DM SE47-7 VH¥/FM Homing System is shown in Figure 2,.5.2, In this
system, the antenna switching and the corresponding Homing Indicator
gating are controlled by a 1.8 KHz square wave generated by a free-running

multivibrator.

O

FIGURE 2.5.1 INTERSECTING DIRECTIONAL ANTENNA PATTERNS FOR HOMING-
TYPE RDF :

2-17



FIGURE 2.5.2
HOMER SYSTEM

BOAT
CENTERLINE

PATTERN B
\ BOAT FRAME

ANTENNAS

/}“N\“‘-.PATTEHNA

-

DM ER4.1
ANTENNA
FEED NETWORK

DM ER4-1 VHF/FM HOMING RECEIVER

DM ED-7 HOMING INDICATOR

MAJOR-FUNCTION STRUCTURE OF THE DORNE AND

2-18

MARGOLIN



2.8 Models of Propagation and Multisignal Receiving Environments

2.6.1 Multipath Propagation

In the analysis of RDF systems, we distinguish two types of multi-
path: Multipath caused by reflections off the intervening (generally, water)
surface, and multipath caused by reflections by site features (such as trees,

buildings, towers, power lines, etc.).

Paths caused by ordinary intervening surface reflections generally
fall in the same azimuthal (vertical} plane as the main line-of-sight (LOS)
incident ray path. Therefore, such paths do not cause a "'pulling effect'
on the azimuth indication of the main LOS path, and hence do not cause an
azimuth "pulling " error. However, multipath of this type will generally
cause relatively slow envelope fading which, because of the very small
reflected-path grazing angles involved, is much shallower for vertically

polarized signals than for horizontally polarized signals.,

Only reflectors that yield signals that arrive from "off-path"
directions that are significantly different from the direction of the direct
line~of-gight path present a threat of significant DF performance degradation.
Such reflectors usually are present at or in the vicinity of the DF receiver
gite and include such natural and man-made features as hillsides, cliffs,
high rock or earth piles or dunes, buildings, towers, power lines, fences,
etc. Reflections from structures on a boat transmitting the distress signal
definitely affect the regultant transmitting antenna pattern by causing
lobing characteristics, but the lateral dimensions of boats and their structures
are generally so small compared to distances to the DF receiving site that
the differences between their azimuthal angles of arrival and that of the

direct LOS path are tooc small to cause any noticeable azimuth pulling errors.
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The term "site effects’’ is commonly employed in reference to re-
flections from surrounding terrain features at the DF receiving site.
The use of elevated antennas to clear obstacles and tower over,and hence
reduce,the effect of surrounding reflecting terrain features enhances the
reception of "ground' reflected rays. Lobe formation with nulls in low-angle-
coverage caused by interference between direct and intervening-ground-re-
flected rays is usually minimized by mounting the antenna system a few feet
above a counterpoise. However, the area illuminated by the first Fresnel
zone usually extends beyond the counterpoise, and significant ground reflec-
tions may still be received. Thus, if the counterpoise is not elevated too
high (i. e., not higher than around 15 feet), only the lowest part of the first
lobe is formed an no serious nulls result. However, more and finer lobes
with nulls in low-angle coverage could be formed if the counterpoise is
placed at higher elevations. Thus, although the use of elevated antennas
may appear to be an effective way to reduce site effects, this measure will
fail if low coverage-angle nulls develop as a result of excessive elevation,
which would create narrow zones of relatively weak direct-path signals

where the performance therefore becomes miuch more susceptible to off-path

reflections.

The surrounding terrain and water surface will give rise to specular
reflections provided the surface roughness, measured by a ripple depth A §L,

say, satisfies the (Rayleigh) criterion

A

Ab < 16 5in U

where A is the incident wavelength, and ¢is the grazing angle. For a grazing
angle of 0.1 rad, this criterion requires A h < 1.2 meters for Channel 15

and 16 frequencies.
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The Rayleigh criterion can also be applied to off-path site reflectors.
Thus if the roughness of the reflecting surface is measured by A h, then A
since the grazing angle for off-path side reflectors can be as high as
45 degreesg, the criterion for specular reflection becomes (for Channel 15
and 18 freguencies)

Ah< A/22.63 % 8.5 ¢cm for v = 45°.

2.6.2 Electromagnetic Environment

Channels 15 and 16 will generally be available to anyone in distress.
In time of a regional storm; there could be a multiplicity of craft (boats,
ships) in need of emergency assistance scattered so that they are all within
LOB range of a shore DF station. A real interference threat is therefore

likely aimong simulianeous users of the EPIREB channels.

One complicating factor of the mutual interference threat is the
possibility that one or more users of off channels not sufficiently spaced
from Channels 15 and 16 could be located geographically much closer to the
DF receiving station, thus stressing the dynamic range and off-channel
rejection capabilities of the receiving equipment in attempting to receive
weak Channel 15 and 16 signals in the presence of much stronger off-channel

signals.

Finally, in some instances the DF receiving equipment may be
sharing a site with other colocated high-power radar or other transmitting
equipment, which, although far removed in frequency, could cause

serious interference with DF reception by desensitizing receiver front ends.
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3. ERROR ANALYSIS

3.1 Sources of Error in RDF Systems

We distinguish two general types of error sources: Those peculiar

to the particular technique employed in the RDF operation, and those

common to all techniqgues albeit they affect different techniques differently,

3.1.1 Common Error Sources

@ Random background noise in the receiver

® Receiving site-effects, including:

Neighboring off-path reflectors (i.e., reflectors on one
gide or another of the azimuthal plane of the direction
of incidence)

Counterpoise (if any) imbalance effect upon the
patterns of individual receiving antennas

Antenna tower height effects

Stability of the plane of the antenna system under sway and

torsional motion of antenna tower

® Cochannel and adjacent channel interference

® Receiver desengitization and capture by very strong off-channel

signals

® Sea state effects, including wave shadowing, variation of
polarization of radiated signal

@ Receilving station reference misalignment

@ Antenna pattern instability due to mechanical instability of
supporting structure as well as of neighboring reflectors

©® Receiving equipment drifts and departure from calibration

3.1.2 Error Sources Peculiar to Doppler RDF Technique

® Incomplete suppression of commutator-generated off-carrier
sampling spectral zones

® Overlap of voice gpectrum with the frequency of the induced
DF sinusoidal Doppler freguency modulation



@® Spurious modulation caused by asymmetry of the environment
(e. g., ground plane, counterpoise, structural surroundings)
relative to each of the commutated receiving antenna elements

® FM Demodulator random-noise threshold

3.1.3 Error Sources Peculiar to Adcock and Homer RDF Techniques

® Stability of antenna physical (for Adcock) and pattern
orientation (for homer)

3.2 Analysis of Doppler RDF Systems

3.2.1 Random Noise Effects

Let the average power in the signal at the FM demodulator input
be PS watts, and the average noise power density be NO watts /Hz at that
point, If the effective predetection noise bandwidth is Bni Hz, then the
S/N ratio at the demodulator input is Ps/Nani. If this ratio exceeds 10d4B,

then the post~demodulation S/N ratio of the Doppler-induced DI sinewave is

given by 2
Ps d, max
(S/N)out T ¢ 2 ) 2
7 +
ZNDBn o ( Bn/12)
. P
- fm)2 L if 82;1/12 <fri/1o
2N B ’
o n
(3.1)
where
B = effective noise bandwidth of an output bandpass
filter centered at f Hz and f and
m d, max m

are, as defined in Section 2.3, the peak induced frequency deviation and
fm the frequency of the induced DF sinewave. The corresponding rms

phase noise, o, , that results in the phase measurement process that

&
determines the azimuth of arrival of the incoming signal is given by
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40.5

Oy = -——————— degrees
out
f
~ 40.5 . m degrees
WP
\/ s/(2N0 Bn) fd, max
= 6.446 . 1 degrees,

VIPS/("ZNO Bn) r/ c

As stated earlier, this result holds as long as

P /(N B> 10
8 o nil

Modulation wipe-off at the receiver, or inhibit at the transmitter,allows

Bni to be reduced to a minimum value of about

B, =2 (1 + 27r/x )
ni m e

(3.2)

(3. 3)

(3.4)

(3.5)

(3.6)

where 2 4 r is the circumference of the circle of antennas, This minimum

value of Bn'i is well below the IF noise bandwidth for FM by voice when

fm is below the lowest speech frequency of interegt, as in the Rohde & Schwarz

and the Servo systems. In the Pilot system, the minimum Bni is greater

than or equal to the II" noise bandwidth for FM by voice.
If the frrEHZ sinewave is extracted by means of a lowpags filter with

upper cutoff frequency of £ + & /2, then
m I 9
Ps fd max
(S/N) = e 3|4 (3.7
m n




It is not clear from the available documents whether Equation (3.1) or
Equation (3. 7) more accurately applies to which of the three systems
considered. A bandpass filter would of course be desirable in all cases,
particularly in the Pilot system, but not really necessary in any of them,
because the phase comparison {or detection) process can be made quite
"linear', in which case the post-phase-detector filter could be made to
suppress the effect of all noise (and voice spectrum) components that fall
outside of a narrow band (the bandpass analog of the post-phase-detector

lowpass filter bandwidth) centered around the frequency fm.

Thus, with the filtering effect of the post-phase-detector lowpass
(or equivalent data smoothing) filter taken into account, Equation (3.1)
applies to each of the systems, with 3 n/2 essentially equal to the noise
bandwidth of the data output filter. The azimuth rms error is then given

by Equations (3.2), (3,3) or (3.4), .

Any drift in the phase characteristic of the filter that separates the

Doppler-induced DF sinewave resgults inan error in the azimuth measurement.
3.2.2 Error Due to Qverlap of Voice Spectrum With fm

It is of course generally necessary to pre-filter the voice waveform
prior to modulating the frequency of the radiated signal so that the residual
spectral density of the voice is negligible within the B 0 bandwidth around
fm. Modulation inhibit to aid the DF function would naturally eliminate the
problem altogether. The voice-modulation wipe-~off process in the Rohde

& Schwarz system eliminates, or at least greatly reduces this problem.

The residual voice spectral components within fm + Bn/2 can
usually be treated as adding to the random noise spectral density and
thus would be included in the value of NO in the equations for (S/N)O

ut
and 9y given in Section 3. 2. 1.
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3.2.3 Site Effects: Direct Plus Specular-Reflected Paths

The signal received from a distant transmitter in general
consists of the direct signal plus reflections from a number of terrain
features. In this analysis we consider only a single specular reflector to
illustrate the method of computing the azimuth error introduced by mulitipath.
This formulation, however, can be extended to the more general case of

multiple reflectors, including scattering.

A signal

-
= + +1

es(t) ESCOS[th ¢ xI/V(t)jI s (5.8)

arriving from an azimuthal direction,ﬁs, will be modified by the effect of

the receiving antenna rotation into one expressible as :
= + § si + + +
es(t) Escos [wct §sin{w ¢ BS) ¢V(t) ¢ C] (3.9)

where

& .. is the angular "rotation” rate of the receiving antenna,
m _
cos (“’ct + ¢ C) represents the RF carrier and ¢ V(t) denotes the frequency

modulation by voice.

The single-reflector receiving station model is illustrated in
Figure 3.%. 1.The received RDF signal consisting of the contributions of a
direct path and of a second specular-reflection path, can be expressed in the
form :

e. (t) * E cos[w t + ¢ o+ % sin® t+ 0 ) 4y (t)]
in s c cl m s v
- i - 0
+ aEscos{wc {t td) +¢ o3 + 8 gin [wm(t td) + r]
+ U V(t—td)} (3.10)

where td represents the delay difference between the two paihs, 2 represents

the relative amplitude ratio of reflected signal {e direct signal, and

¢ o1 and ¢c2 are RF phase shifts,
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This sum can be expressed in resultant form as :

e. () = E A(t)cos[w t +0 FSsin(w ¢+ 0) + ¥ (1) +¢(1:)] (3.11)
in s L ¢ -01 m S v

where e
2
Aft) :\/1 + a + Z2acos ¢ (1) (3.12)
_. asin ¢(t)
e (t})= tan - (3.13)
1 +acosgy ()
foe) n . s
= Im E (_:nil_e‘Jn@(t) o a2 < 1 (3. 14)
n=1
and
¢ () = 5Sin(wmt+ es) - Bsin[mm(t-td) +er]

+ wt, +9 = 0 +1pv(t)- wv(t—td).

cd cl c2 (3.15)

The objective of this analysis is an expression for the error, o , added to
€
By by the presence of the reflected signal, Thus, we first express

Equation (3.15) as :

o (t) =-¢}dsin( o tote, F (bd) A, toh U)V(’C) (3. 16}
where we have set
6 = ! d G -~ 6
4 2¢ sin (wmtd + 8 F)/2 (3.17)
q)d = (mmtd~es+6r~w)/2 {(3.19)
Boy 7 g td JFq)cl T 0eg 3.19)
and
A V(t) = V(t) - va(t—td) ; (3.20)
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Next, we substitute from Equation (3. 16) into Equation (3. 14) to

express the nth term under the summation sign in the form :

-jin ¢(t) -jn A -in Ay V(t) in 5dsin( wmt to, * ¢1d)
e = e . e . e
~jnh¢ -Jn YW (t) = k(@ t+6  +¢ ) .
= g ¢ Z J. (n 5d)e m S d
pegait ¥ (3.21)

If we now observe that only the k = £ 1 terms are of interest here, we have;

j w = component of o Ind (t)z
<

-jnAcb -jnva(t)
= 2jJ (nﬁd)e . e sin(wm t + E)S + ¢d) . (3.22)

This expression can be simplified by noting that :

’ AU v(t)l,z. tdi gbv(t) < bty x5 ox 103

sothatnt, x 5 x 10 <1/10 for ty<2 x 1078 sec and n < 10

and, that in addition, a10/10 < 0.035for a<0.9 .
Therefore, for all cases of practical interest,we can set exp‘l:-jnva(t)]z 1,

and write :
10 n
component of ¢ (tWa 2 - &
Ch po ( )% [Z_ _(,.__3.)___. JI (n 5d) cos n A¢C:l.
n=1
x gin ( 0 t + eS + ¢d,) . (3.23)

Accordingly, the w, component in the instantaneous phase of

ein(t), Eq. (3.11), is given by *

5 [sin(wm t+ 0) + (b/8) sin (w t+ 6_ + ¢d)] (3. 24)
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where

10
i
b= anl = Jl(néd)cos nag_ (3. 25)

whence the azimuth error caused by the presence of the reflected path is
given by
b sin va

B_ = . .
& tan 6§ + b cos by (3. 26)

The significance of this azimuth error expression will now be brought out

under certain important special conditions.

First, since w t, is extremely small in all case of practical

interest, the expression for o,, Eqg. (3.18), can be rewritten as:
P d

¢dz (Sr - 65 - TmYy/2. (3.27)
Similarly, wmtd can be considered negligible in the expression for Sd s

Equation (3.17). The delay difference, t_ ., between paths is therefore

3
retained in the expression for 96 only in the phase difference, A
between RF carriers. The remainder, ¢C1¥¢CZ » , i8 characteristic of the
clectromagnetic properties of the reflector. The reflector is also

represented, of course, by the RF amplitude ratio, a .

In almost all cases of practical interest a < 0.2, and hence b is

closely approximated by

b =~ - ZaJl( éd) cos MJC. (3. 28)

Thus, for small values of a,

b ~2a]J(5)] _ ~1lza (3. 29)

max
and

19 Imax™1-2 8/8 if § >> b (3.30)
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_ sin ¢
9 ~ tan ' d =4¢./2, b >0 (3. 31a)
€ 1 + cos b 5 d
~ tan " SID by = /2 - 94/2, b < 0. (3. 31D)
1 = “cos'qud
For 8 >> [b]
Gom (b/8) sin by e (3.32)

The above results can be applied directly to the three Doppler
RDY systems listed in Table 2,1, From the values of & listed in Table 2.1,
and in view of the cos A(pc factor in the expression for b, we conclude
that:

® Equation (3. 32) applies generally to the Rohde & Schwarz and the

Servo systems.
® Equations (3. 31) apply more typically to the Pilot system.

In order to compare the Rohde & Schwarz and the Servo gystems,
we first note that J1 {(8) ~ (Z/TTcS)l/z for large § . Therefore, for
large & , and under worst-case conditions,

6| « 673/ (3. 33)

Accordingly, under otherwise identical conditions, the ratio of 96 forR & S
to Gg for S is given by
3/2

3
S| ~ r )
= 0.378

/2 (3. 34)



Fora = 0.2, Eq. (3.30) gives

|

it
il

2.44 ¢ 1072 rad = 1.40 degrees for R & S

€ lmax

3

4.66 x 1072 rad

1]

2.67 degrees for S.

This maximum error for 8 is seen to be 1.91 times the corresponding

maximum error for R & S, where 1.91 is recognized to be the ratio of &

for R & S to that for S.

In the case of the Pilot system, It is first interesting to note from

Eqg. (3.26) that in situations where § << |b],

0~ ¢y if b >0 (3. 35a)
z?-cbdif h < 0. (3. 35b)

This, in combination with Equations (3. 31), suggests that worst-case
errors for the Pilot system will range between the values given by Eqgs,
(3. 5) when the Pilot receiving system is situated near a large reflector,

and the values given by Equations (3. 31} when the reflector is of more

moderate (and typical) dimensions.

3.9.4 Site Effects: Direct Plus Two or More Specular-Reflected Paths

We consider first, for illustration, two specularly reflected
additions to the direct-path signal, characterized by amplitude ratios ay and 2q
relative to the direct signal, and arriving at the receiving antenna system
from azimuthal directions 81"1 and OrZ' To simplify the computation, we
restrict the analyzis to the more likely situation in which a and 2, are
both in the order of 0.2 or less. The resultant of all three signals can then

be expressed in the form of Equation (3. 11) with

¢ (t) = a, sin ¢1 t) + a, sin 9, () (3. 386)

1 2
where ®q(t) and ¢, (t) are each given by Equations (3. 16) with corresponding

subscripts added, and S35, 8455 931> $gp» COS (86.) and cos (89.),
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are given by Equations (3.17), (3.18) and (3. 19) with corresponding subscripts
added. The voice modulation, if present, can be neglected for the purposes

of this analysis for the reasons given in Section 3.2.3.

Thus, we can readily show that under the above conditions, and for

§ > lbnl’n = 1,2,

0w~ (bll“ﬁ) sin ¢gqy * Cbz/él sin ¢4, (3.37)

where the various guantities are given by

r~y = A
bnm 2anJ1E6dn) cos ( Cbc]n - 1,2 (3. 38)
q) i~ - - =
dn® (B, -8, - m/2 , n = 1,2 (3.39)
6dng"é2 § sin [(BS— Gm)/z ], n =12 (3. 40)
and
(B = vctan * en ~ Geon - Lze (3. 41)

The above results for two off-azimuth reflected signals can be
generalized to more than two such signals under the condition that the
relative amplitude ratios, an, are all small, and the resultant of the extra-
neous paths remains smaller than the direct-path signal almost all of the
time. The same holds for one or more diffuse reflections, where a diffuse-
reflected signal can be represented as the sum of a large number of
differential components. In each of these generalizations, an rms value,

Cg» would be calculated for the randomly distributed error, 88. In the case
of an off-azimuth diffuse feflector, the azimuth error consists of a bias-type
error component that corresponds to an "'equivalent'' specular reflector,

plus a randomly distributed component most conveniently represented by an

rms value.
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3.2.5 General Observations Regarding Errors Caused by Off-Azimuth

Reflectors

Examination of the expressions for azimuth error, Equations (3. 32)

and (3. 37) brings out the following facts:

a) The error is a function of the azimuth difference, 85 - @r’

hetween the direct path and each of the reflected paths,
b) The error is a function of the cosine of the RF carrier phase
difference, Aq)c , of each reflected path relative to the direct path.

The constituents of L. are essentially deterministic, not random.

¢) The error is a function of the amplitude ratio, a, of each reflected

path relative to the direct path.

The ahove observations can be utilized to prepare charts for close
determination of azimuth error for RDF at a particular,. fixed receiving
site. Such sites normally cover specifiable azimuth-angular sectors and
have identifiable off-azimuth reflectors whose reflective characteristics can
be measured. Thus, the parameters cited under a), b) and c) above can all
be predetermined closely as a functionof esover the coverage sector and
error charts prepared with 85 as the independent variable, It is quite
reasonable to expect that the values of the above parameters would not
change very materially over the range of a small uncertainty in the measured
value of es . Thus, the "erroneous' value of o, just measured can be used
to obtain a good estimate of 6€ . Subtraction of this estimate of eg from 65
should yield an improved reading of GS . If desired, further iterations

can be made using progressively improved readings on eg to reduce the ee

1
i

error below an acceptable tolerance level.

The expression in Equation (3. 37) suggests another method for

reducing the error due to an off-azimuth reflector; namely, the introduction
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of another ''balancing'’ reflector. The characteristics of such an added
reflector can be adjusted empirically until the measured error falls below
some desired tolerance level at least for particular preferred azimuth

sectors.
3.2.8 Co-channel and Off-channel Interference

Co-chamnel and off-channel interference can affect the RDF reception

in the following ways:

a) A very strong interfering signal of amplitude Ei and arbitrary
frequency at the receiver input, which drives the front end into saturation,
causes the desired signal level at the IF input to drop from AEs to
(Elim/ZEi? Es’ where A is the linear amplification gain of the front-end-to-IF
input stages, and Elim is the output level of these stages at saturation.

Thus, if E m/ Ei = 1/10, for illustration, then the desired signal amplitude

will drop fi"lom ES at the front-end input to ESIZO at the IF input. This is
called ""desensitization" and will cause serious degradation of signal relative
to cochannel noise. regardless of whether the receiver frequency selectivity
is or is not sufficient to reject the interfering signal. In addition, nonlinear
operation of the front end gives rise to spurious by-products involving all
signals present at the input without regard to their frequencies. Some of
these by-products may indeed fall within the desired signal bandwidth and

cause severe interference with the RDF function,

b} Interfering signals passed by the IF along with the desired
signal will either completely capture the FM demodulator and thus suppress
the desired signal, or will cause an error that can be de'scribed by an ex-
pression similar to that in Equation (3. 32) for a single interfering signal
(and Equations (3. 37) for two interfering signals), except that now b9

includes the term w ats where 2l is the carrier frequency difference
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between the desired signal and the interfering signal. Thus, if the desired
signal captures theFM demodulator, the effect of the interference will be
suppressed if wd/Zﬂ falls outside of the effective noise bandwidth of Bn

centered about f .
T

¢) Underlying the above is the effect of the receiving antenna
commutation process which regults in a spectrum guch ags is illustrated in
Figure 2, 3.4 for each input signal present, Thus, the "cochannel" inter-
ference may actually result from an off-center spectral zone of the undesired
signal falling within the desired band. This problem can be reduced or

eliminated only by proper design of the antenna commutation ""blending

function. "

3.2.7 Effects of Sea State

Rough sea state, with consequent wave shadowing and swaying of the

transmitting antenna over wide angles,can cause

a) Wide fluctuations in received signal level, and hence in

the S/N ratio

b) Wide deviations of received signal polarization both relative
to the RDF receiving antenna and the reflecting surfaces

{or structures) causing the muliipath.

The potentially most detrimental consequence of b) is the wide
fluctuation in amplitude ratios of the received {(desired and undesired-path)
signals, and the possibility, with an elevated receiving antenna, of the off-
azimuth signal (or signals) emerging close in amplitude to, or exceeding,the
desired correct-azimuth signal (the latter may be the resultant of direct
plus intervening-surface-reflected paths). This and the corresponding
fluctuations in (mbc) may also complicate the successful implementation

of the error-reduction measures discussed in Section 3. 2. 5.
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3.3 Analysis of Adcock RDF System

The Adcock RDF technique operates on a form of "'paired-antenna’

interferometer principles. We shall address here only the effect of multipath

upon azimuth-measurement performance. The effect of random noise and
interference depend too much on receiver functional structure and design

characteristics that have not been available for this analysis.

Consider two antennas spaced a distance, L, apart, With reference

to Figure 3.3.1, antenna A1 receives & resultant carrier represented by

eAl(t) = Cos w.t +a cos . {t - td) . (3. 42)
Antenna Az receives
eAZ(t) = cos[wct + 21 (L/)\C)cos es
+ a cos [mc(t"td) + Zﬂ(L/AC) cos Br ] . (3.43)

If we assume that a < 0. 2, then the phase difference between eAz(t) and

eAI(t) can be approximated by
01 " 94y " ZW(I,/)\C)COS o, * («02 - 901) (3. 44)

where

e <p1z - a sin mctd + 27 (L/)\C) cos (SS - er) + a sin mctd ]

A - 2a sin [Tr (L/)\C)cos(es - 6.) J

% cos [““‘ctd + (L) cos (6 - 8) ] (3.45)

Thus, the error in measured RF phase difference has a maximum value

approximated by
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FIGURE 3.3.1 GEOMETRY OF A PAIR OF ANTENNAS IN AN ADCOCK RDF
SYSTEM, WITH INCIDENT DIRECT AND REFLECTED RAYS
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The corresponding error in computed cos BS is:

(COS 5] ) l %——i———l . = @ ‘
s &' max 2'H(L/?\C) 2 “1'max
5
a/y =24faln forL =1 /4 . (3. 46)
T(L/ A )
c
But
Acos 6 =~=-3in 86 AB -
S s S
Therefore,
Oc = S - (cos GS)
sin 6 £
S
ard ]~ 0,900 alsin o_ (3.47)
& 'max
a2 ——0‘—18—(-)—— fora = 0,2.
gin ©
s

This error ranges from 10. 32 degrees for GS = T /2 to a value that becomes
unbounded as. § S-—)- Qor m. ‘
For comparison of the Adcock error with the error in Doppler DF,

we have for a < 0,2 and large § :

lea, Adcock V!O » Doppler | = VR —
€ T g, (8)] sin®
1 S
0. 564 .3/2
N—3 (3. 48)
sin BS

6.60

- for §= 5.15 (8)
sin g

m 11244 for § =9.85 (R&S)-
sin es
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3.4 Analysis of Homer System

The antenna patterns portrayed in Figure 2,5.2 for the D & M

Homer system are those of cardioids in the horizontal plane, one described by

PO(G) = 1-coséb (3. 49)
the other by
P (8) = 1 + cos ¢ . (3.50)

If only the direct-path signal is present, the "homing" course is set by orienting

the navigating craft so that

EP(o) = E P (8) {3.51a)
S © g T
i.e., so that

vl :'TT/Z. (3.51b)

Now consider the situation in which the signal arrives over one

off-azimuth reflected path, in addition to the direct path. Let ed and ed + er

denote the angles of arrival, relative to the reference angle of the above expres-
sions for the antenna polar patterns, of the direct and the reflected incident
gignals. If the amplitudes of the signals, bhefore weighting by the antenna
patterns, are Es and aES, a< 1, then one of the antennas delivers

EP(oJdcoswt + aE P (g
s o d c 5 0

4 + Or)cos{mc(t-td) -J-d_JCJ (3.52)

and the other delivers

+ + -t,) +
E B, ((0g)cosw t + aB P (0, er)cos[mc(t ty) ‘%] : (3.53)

The receiving unit extracts the envelope of each of the above resultants.

A coherent product detector would yield an output proportional to

= + +!
v PO( ed) aPO( ed er)cos( wct

out, 1 * (bc) (3.54)

d

corresponding to {(3.52), and
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Vv =Pﬂ(ed)+aP«,T (&

+
out, 2 er)cos( ' th

+ ¢C) (3.55)

d d

corresponding to {3.53), The corresponding outputs of an envelope detector
are approximated by (3. 54) and (3.55) on the assumption that the amplitude
ratio of weaker-to-stronger signal in each of (3.52) and (3. 53) is in the order

of 0.2 or less.

Setting the course of the navigating craft or orienting the 'boresight"
of the gystem so that (3.54) and (3. 55) are equal, yields
P (8g) - Pﬂ(ed} *acos (wty q;c) P8y +8) - Pﬂ(@d + 0.0 =0.
(3. 56)

Substitution from Equations (3. 48) and (3. 50) into (3. 58) yields

cos 8y + 2 €os (w by *¢) cos (8 + 6. = 0. (3.57)

Now, as stated in Equation (3. 51), the correct value for ed is .w /2
f.et the directional error caused by the reflected path be 98; i. e., in

Eqguation (3.57), set

0, = /2 +e . (3.58)

This yields
-a cos {w td + ¢C)sin Gr
tan = SURENN. . (3.59)
+ +
1 a cos ( mctd (bc)cos er

This expression is readily recognized to be of the same form as the expression

in Equation (3. 26) for Doppler DF systems, which facilitates the comparison

between the two types of D. I, systems. For example, for a<0.2and § >>|b],
Jeg homer /Ge’ Doppler| = _2—’71'6(6—)[—

~ 0.6276 3_ ’ (3. 60)

~ 7.33 for 5.15 {S)

~ 19.38 for 9. 85 (R&S)
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4. EXPERIMENTAL PROGRAM
4.1 Introduction

A series of tests were conducted to verify range of reception of
the EPIRB signal by representative shore-based radio direction finders.

In addition, range tests were conducted with homer equipped cutters and
helicopters. Finally, on September 28, 1977, the complete set of equipment
was demonstrated to perscnnel from Coast Cuard Headaquarters, the FCC, and
NASA at the Point Allerton C.G. Station, Hull, Massachusetts.

Again, mention must be made of the limited scope of the tests described
herein., The resources available permitted a demonstration of commercially
available direction finders and homers, but did not allow a detailed
performance eValuation or corparative evaluation of the egquipment selected
for the tests.

The following is a list of direction finding equipment utilized for
the tests and demonstration:

(1) Pseudo~-doppler type RDF
(1) Servo Corp of America Model 7010M - marine version of a unit in

wide use in aeronautical applicaticns

(2) Intech Inc. Model M360 - desgined for shipboard applications in
the fishing industry and pleasure craft

(TT}  Adcock type ROF
Ocean Applied Research (CAR) Model ADFS-320 - designed for heavy
duty industrial/military shipboard applications.

(ITTI) Cutter installed Homer
(1) Dorne & Margolin Model DM SE47-7.
(2) Intech Inc. Model. (Not available.)

(TV) Helicopter installed homer
Dorne & Margolin Model DM SE47-2.

Galient characteristics of the DF units are presented in Table 4.1.

Manufacturer's specifications are included as Appendix A.
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4.2 Field Tests

4.,2.1 Shore-Based RDF Tests at Winthrop Highlands, Massachusetts

The primary field site for this experiment was located at Winthrop
Highlands, Massachusetts. The receiving site consisted of an open
field about 20 feet asbove sea level, located on the shore line. The
nearest reflecting obstacles were an apartment building and an FAA enroute
radar installation, both approximately 1000 feet to the west of the test
site. A Cortez 24 foot van with auwxiliary power unit was used as an
equipment shelter, and instrumented to measure and evaluate all test
signals. The Servo Corp. antenna, consisting of a 10 foot diameter dipocle
array, was mounted on the roof of the equipment shelter using a 5 foot
mast (Figures 4.1 and 4.2). This gave the antenna a total height of about
30 feet above sea level. The Intech and OAR antennmas were erected using
standard photographic tripods at heights of approximately 25 feet above
sea level. The signal source used for the tests was a prototype EPIRB 1
which was capable of transmitting approximately 1 watt on chanmel 15
(156.750 MHz). The EPIRB was deployed in the water by a Coast Guard
cutter at specific test sites which were adjacent to major buoys in the
Boston Harbor area (Figure 4.3).

The received signal strength was measured as shown in Figure 4.4.
The signal was received by a dipole mounted on the van roof. It was then
amplified in a low noise preamp, further anmplified and then converted to
I.F. The IF signal at 30 MHz was displayed on a spectrum analyzer. A

calibrated signal generator was used to provide a reference signal at the

preamp input.
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FIGURE 4.1 TLST SITE AT WINTHROP, MASSACHUSETTS

FIGURE 4.2 SERYO CORP. DF ANTENNA MOUNTEDL ON TEST VAN
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Fiqures 4.5 and 4.6 present typical shore-based DF performance. The
plots present bearing accuracy as a function of range. Other than
signal level, the main factors affecting the accuracy of the obtained
bearings were range and land blockage. The effect of range can be seen
in Figure 4.6, where bearing variation vs. distance is shown for the
data points taken from Winthrop on Sept. 9. As was expected, the
variation in readings increased as a function of range. At the eight
nautical mile data point, variation had reached +5°, which is about
the limit of usability at this antenna height. Independently measured
values of received signal power are noted at the lower ends of the
variation bars in Figure 4.6 and indicate that +3° variation was observed
at received signal strengths of approximately -100 dBm, whereas +5° variation
was obtained at signal levels of —-105 to -110 dBm. As a point of reference,
a commercial FM receiver designed for maritime mobile service and fed from
a Phelps-Dedge Model 1-5 dipole, produced a clear audio signal down to a
measured signal level of -117 dBm. From this we infer that the Servo
unit, which was designed for line of sight aeronautical applications with
relatively strong signals, is not optimum in terms of sensitivity as procured
for the Coast Guard application.

Although the other DF units tested showed samewhat greater sensitivity,
these units lack the accuracy and relative immunity to reflections that
the larger aperture Servo unit can furnish, given adequate signal levels.
In any case, a major improvement in signal level would accompany increased
antenna height. Figure 4.7 presents receiving antenna height as a function
of range aséunﬁng the transmitting antenna is at surface level.2 It can
be seen for example that a range of 20 nmi could be expected with a

receiving antenna height of approximately 260 feet,
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During the tests and demonstrations the digital displays of the
Servo and Intech units were carmpared to the CRT display of the QAR.

In the OAR CRT display the length of the bearing indicating wvector is a
function of the received signal level. This was judged to be a par-
ticularly advantagéous feature for shore based installations with range
or siting limitations, which would be operating on signals of widely
differing levels. The vector length would allow the operator to establish
a,confidénce level on the bearing. In addition, the display proved easier
to interpret in situations where the cbserved bearing was exhibiting gub-
stantial fluctuation.

A feature which was available on the Servo unit but not evaluated
was remoting capability. In some siting situaticns it may be advantageous
to locate the DF antenna some distance from the station to take advantage
of an existing tower or a nearby hill. In the Pt. Allerton site, the
actual promontory from which the area takes its name is located approximately
1/2 mile from the station, but affords an excellent cutlook on the ocean and
higher elevation. The antenna of a DF unit with remoting capability such
as the Servo 7010 could be located at the Pt. Allerton and be linked to the
station via voice grade phone line.

Finally, the antenna and electronic components must be sufficiently
rugged to withstand the environmental requirements of the shore based
application. The Servo 7010M, having been designed to serve in operaticnal
aeronautical applications, was judged completely adequate in this respect.
The OAR unit was quite rugged also, but the antemma of the Intech 360M
appeared to lack the sturdiness required for the all-weather all-year

service of a shore-based installation.
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Thus each of the demonstrated DF units possessed features desirable
for shore based applications, but no single wnit encompassed all the
features.

4,2.2 Tests Conducted with Hamer Equipped Cutter

Cne Coast Guard 41' cutter was equipped with a Dorne and Margolin
type DM SE47-7 VHF-FM homing direction finder. The antenna, consisting of
dual whip antennas {Figure 4.8) was installed on the masthead and can be
seen projecting above the flags in Figure 4.9. The prototype EPIRB was
deployed in the water, at variocus sites. The EPIRB duty cycle was set to
transmit on Channel 15 for a period of 10 seconds, followed by 20 seconds
off time. The cutter helmsmen thus received a left/right indication for a
reriod of ten seconds every 30 secords and was required to turn the cutter,
attempting to center the homing indicator. There was no problem encountered
in homing on this duty cycle in an open sea situation, and the cutter
consistently homed directly to the EPIRB from ranges to 8 nautical miles.
However, in gituations where the cutter must deviate repeatedly from a
direct coursc to the EPIRB to avold islands and follow channels, the 10
second on time was considerced inadequate. For this reason, a 15 sccond on
time with a proportionately longer off time (30 sec) is presently being
implemented as a possible improvement.

An additional exgeriment was conducted using two EPIRBs simultanecusly
deploved with duty cycles of 10 seconds on, 80 seconds fo.‘ Due to the
long off time, the EPIRB transmissions did not overlap, and the helmsman
was able to home on one successfully, turn it off, and then home on the
ramaining FPIRB. However, considerable attention was required to avoid

confusing the two interleaved transmissions, and an automatic lock-on
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feature in the hamer, which could display a specific EPIRB identification,
would lighten crew workload considerably in the multiple EPIRB operation.
Also, the inadequacy of the 10 second on time was heightened by the necessity
to wait 80 seconds for the next bearing.

As an additional comment, all homing experiments were conducted in
relatively calm seas. It would be more difficult to attain similar results
in heavy seas, where the cutter could not be safely turned to a bearing
at the particular time that the EPIRB transmitted. In this situation,
the capability of an RDF to furnish a bearing without the necessity of twrning
the cutter to the actual bearing would be of value.

4.2.3 Tests Conducted with Homer Equipped Helicopter

Tests were conducted with a Coast Guard Type HH-5Z hglicopter which
was already equipped for homing operation in the VHF band.3 This homer
uses the helicopter's VHF transceiver. However, in the homing mode the
unit uses two belly-mownted blade antennas together with an external antenna
switch to provide a homing signal. The helicopter and the homer antenna
installation are shown in Figures 4,10 and 4.11 respectively.

The helicopter, operating on the EPIRB signal, was able to home from
a range of 18 nautical miles at an altitude of 500 feet. This range
increased to 21 nmi at an altitude of 1000 feet. However, when the homing
mode was disabled, and the EPIRB signal was received via the nommal VHF-FM
commnications antenna instead of the belly mounted twin blade DF antenna,
the EPIRB signal could be clearly heard at a range of 32 rmi at an altitude
of 1000 feet. Subsequent discussion with the helicopter pilots indicated
that it was normal to experience a substantial loss of sensitivity in the
homing mode. This would indicate that a significant range improvement could
be obtained with a relocation or replacement of the homer antenna with a

higher gain device.
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FIGURE 4,9 FORTY-ONE FOOT CUTTER WITH HOMER INSTALLED
(HOMER ANTENNA CAN BE SEEN ABOVE FLAGS)

FIGURE 4.10 HH-52 HELICOPTER USED IN HOMING TESTS
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FIGURE 4.11 HOMER ANTENNA INSTALLATION ON HH-52 HELICOPTER
{ARROWS INDICATE ANTENNA BLADES.)
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A sumary of the results of the tests described in Section 4.2 is
presented in Table 4.2.

4.3 System Demonstration at USCG Station, Pt. Allerton, Massachusetts

4.3.1 Site Preparation

The receiving test site was moved to the roof of the Pt.
Allerton Coast Guard Station, Hull, Massachusetts in preparation for a
system demonstration to be performed for persomnel from
the Coast Guard, FCC, & NASA. The antennas were
deploved as shown in Figures 4.12 and 4.13. Due to the presence of
considerable land masses to the east and southeast of the station, which
campletely blocked line-of-sight paths from the ocecan surface to the antenna
locations, preliminary testing of DF reception from various azimaths wasg
conducted. Two EPIRB test locations were selected which included
significant close-in land blockage in the line of sight to the receiving
antenna: 7.6 nmd on a bearing of 119°M and approximately the same distance
on a bearing of 068°. No usable DF bearings were attained on either path.
This contrasts with the Winthrop/INB test point, a clear path of the
same range, where bearings within +5° of measured bearing were cbtained
from each of the three DF test units. After this directionality was established
further testing was restricted to the areas to the north and northeast of
the station (Boston Harbor, Winthrop, Nahant areas) and results similar to
the Winthrop results were attained.

To complete the preparations, the electronic bearing display ecquipment
was installed in a large assembly room within the station.

4.3.2. System Demonstration

On September 28, 1977, the demonstration was performed. An EPIRB was
deploved in the President Roads achorage area approximately 4 nmi from the Pt.
Allerton Station. Immediately upon receipt of the signal by the Pt. Allerton
radio watch, the station dispatched a 41 foot cutter and requested a bearing

from the DF room. This bearing was then transmitted to the cutter,
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TABLE 4.2 MAXIMUM RANGES ACHIEVED IN DF & HOMING TESTS

TEST ANTENNA HEIGHT MAXIMUM RANGE
CR ALTITUDE ASL FOR +5° ACCURACY

SHORE BASED

DF 30? 8-12 nmi
HOMER MOUNTED 15

N 41' CUTTER 8 nmi
HOMER EQUIPPED 560 18 nmi
HH~52 HELICOPTER 1000* 21 nmi
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which was underway but not clear enough to use its homer. Upon reaching
open water, the cutter chtained a homer hearing, which was within a few
degrees of the initial bearing measured fram the station. The cutter
proceeded, pausing to search the Southeast shore of intervening Long
Island, to home on and recover the first EPTRB. Pricr to completion of
the first recovery, a second EPIRR was deployed at a point approximately
one nautical mile east of Winthvop Highlands (5 nmmi from the station)

and the cutter was given a bearing to the second EPIRB from Pt, Allerton.
This time, since the cutter was not collocated with the land based DF, the
cutter's homing bearing was used with the land based bearing to determine
the bearing and distance to the EPIRB. Thus, it was not necessary +o
search the shore of intervening Deer Island on the trip to the second FPIRP.
The rescue cutter located and recovered both FPIRBg within one hour after
the first alert. Shore bearings taken during the demonstration were within
1°-3° of the actual bearing to the EPIRB.

Tt should be noted here that, during the set up pricr to the
demonstration, a graphic demonstration was provided of the capabilities of
shore-based direction finding during an actual SAR case. The Coast Guard
station was in commmication with a vessel that was lost and disoriented.
The shore-based direction finding equipment was able to provide a bearing
to the vessel, which was used initially by a Coast Guard helicopter to aid
in locating the distress, and by the rescue cutter which was also able to
home on the vessel's transmissions using the homer that had been installed

for the demonstration.
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5.

CONCLUSIONS AND RECCOMMENDATTOMS

As stated earlier in Sectiaon 2.1, the requirements on which the

conclusions below are based are as follows:

a.

made:

signal sensitivity - equivalent to VHF receivers presently in use
at Coast Guard shore stations;

accuracy - +3° degrees rms;

mechanical/structural - suitable for installation on unattended
antenna towers, over the range of environmental conditions prevalent
in the U,S8.

Consistent with these requirements, the following conclusions are

Shore-based UOF has been shown to be a wvaluable potential tool in the
acconplishment of SAR mission requirements. Properly implemented
shore-based DF can improve reliability and safety of the SAR function
py reducing the mumber of off shore hours necessary to fulfill the
mission requirements without increasing station manning requirements.
Tn addition to its usefulness with the present VHF/FM voice trans-
missions, shore-based DF will enhance the value of VHF/FPIRB system
concepts presently under consideration. The reception range from an

EPIRB to a homer-equipped surface craft will only be 6-8 miles, due

.to the relatively low antenna heights available with the smaller

cutters. Shore-based DF however, given a suitable antemna location,

can provide bearing to EPIRBs 20 miles or more offshore. These bearings
can be used to vector surface craft to within reception range of an
EPIRB, thus greatly increasing the reliability of EPIRB location, and

reducing search time.



The evaluation has covered essentially all commercially available
units and a number of designs which have been built but are not
commercially available. None of these wmits are suitable to meet
Coast Guard requirements without some modification. All units are
deficient in one or more of the following areas - range of reception
{signal sensitivity); accuracy; and mechanical/structural design.

The direction finder performance is critically dependent on its
installation and the swrrounding environment. Its location must

be carefully chosen to provide a clear line of sight over the water.
The presence of high buildings, metallic structures or land masses
within the signal path can cause seriocus signal degradation and mis-
leading bearings.

An analytical comparison of available direction-finding techniques has de-
termined that the synthetic doppler techniques will provide the best accuracy
and least susceptibility to multipath; however, under most conditions
an Adcock array will also provide satisfactory performahce.

In comparing the two available bearing readout techniques, digital and
CRI', the latter was found to offer additional information useful in
judging the quality of the bearing. The digital readout, on the other
hand, will furnish a more accurate bearing on a strong signal. In a
typical shore-based installation, the advantages of the CRT display
would probably outweigh the small loss in accuracy. However, for a
given system, the CRT display will be more costly.

The capability of remoting the [OF antemma via voice grade telephcne
line is desirable. Although the majority of installations may not
require it, same sites, either because of extreme siting problems at

the station or because of the proximity of substantially higher terrain
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(e.g, Southwest Harbor/Cadillac Mountain) will f£ind the additional

cost of equipment and telephone tolls to be cost effective. Such remoting

is a common practice for Coast Guard VHF commnications.

As a result of the above conclusions the following recommendations

are made:

1.

The Coast Guard should proceed with a thorough test and evaluation program,
whose output would be the specification for an operational DF, and a
plan for its implementation.

The installation of the DF will be critical to its correct performance.
Since ideally, the reception of an alert via the normal comwunications
system should also be accompanied by a bearing from the site DF,
equivalent signal range is highly desirable. Accordingly, the DF
antenna height should be the same as the normal communications antenna.
The DF antenna location should he carefully chosen for each site,

s0 as to minimize, or at least alleviate, the effects of local signal
reflectcrs. This point cannot be emphasized too strongly. A carefully
chosen antenna location is vital to the correct operation of any
direction finder, as a poor site can result in severe errors and pcor
signal reception,

The development of a systematic, documented procedure for evaluation

of potential sites is recomended. In this way the widely varying site
characteristics of the coastal stations can be analytically and/or
enpirically examined and the optimum choice of site, tower height,

and type of DF antenna determined without resort to expensive trial

and error technigues.
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Efforts to improve sensitivity/range of commercially available units

would be cost effective and should be undertaken. Incorporation of
low noise preamplification and improved filtering will improve
sensitivity, thereby easing siting problems and reducing tower
height requirements.

To detect signals from proposed EPIRB designs on a par with distress

signals from the more powerful VHF-FM voice transceivers, additional gain will

be required. Since the EPIRB designs transmit a binary coded signal,

processing gain can be achieved by the utilization of correlation detectors

in the DF receiver. The use of this technique in enhancing the reception

of EPTRB signals has been demonstrated in the receiver developed by TSC for the

EPIRB programl‘ and should be considered for eventual incorporation in shore-

based DF receivers.

6.

In the course of the analytical evaluation of direction finding techniques,
the IDFM position determination system (described in Appendix B) was
brought to our attention. While the system has not been tested experi-
mentally, the analytical results indicate the system may have potential

in fulfilling the shore-based DF requirement. It is therefore reccrmended

that an experimental program to evaluate the IDFM concept be considered.
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EQUIPMENT SPECIFICATIONS

APPENDIX A

SPECIFICATIONS - Servo Corp of American Model 7010M VHE/FM Marine

Sensifivity ................
Instrumental Accuracy ... ...
Vertical Angle Coverage ....

Control ...................

BRI U S I

Noise Figure ..............
Sensitivity ................
Frequency Stability ..., .. ..
Channels .................
Adjacent Channel Separation
Rejection .................
Audio Qutput .............
AGC ...
Squelch . .................
Processor .................

LA A O R A ]
Beanng Dispiay ............

DF Signal Averaging Time ...
Comtrols ..................

B L A R SR o
ot
SYSTEM (excludmg antenna)

" Ambient Temperature . ...

Relative Humidity ........

Duty .............. ...
ANTENNA

Ambient Temperature ..........
Relative Humidity ..............
Ice Loading & Wind ... ... ..
Weather ... .. ... ...........
Duty ... ...

PRV APBLY

Direction Finder System

Wide aperture Quasi-Doppler radio direction finder, with electronic commutation.

150 10 174 MHz, with up t0 12 crystal-controlied channels.

5 wvolts/meter far 3° bearing.

=19,
Up to 60°.

Complete digital remote control capability via a single uncenditioned bi-directional t- .l T

pair or telemetry link. Distance unfimited, Audio, if desired, is obtained via a second

unconditioned telephone ine pair or telemetry channel.

Wide aperture Doppler type, 16 elements. Diameter: 3.14 meters (123 .5 in.). Height to center of
VHF arm: 1.86 meters (73.2 in.). Overall height: 2.09 meters (82.3 in.).

5-7dB.

Better than 10dB S + N/N for 1.5 microvelt, 30% modulated 400Hz signal.

0.002% min.

Up to 12 available with either local or remote selection.

50 KHz separation. 6dB bandwidth, 40 KHz min. 80dB bandwidth, 70KHz max.
80dB (image, IF, spurious).
50mw, 600 ohms.
Audio output does not vary by more than 3 dB over 80dB change in input.

Automatic signal-activated squelch control.

Contains circuits for antenna commutation, DF data processing, encode/decode logic and

modems for remote telephone line or telemetry link control.

Terminal junction for encode/decode logic and modems for remote control of DF system. ...

interface for display control unit, slave display units and data source for radar interface.

3-digit, 7-segment numeric, in one-degree increments,
Operator controlled, 12, 1 and 2 sec.
12-channel pushbutton Selector switch, illuminated for channel verification; QDM/QDR sw:tch

and indicator light; storage mode switch; audio volume control; power ON/OFF; din:

lamp test; signal present indicator; system alarm indicator.

—10°C to -1-55°C.
Up to 90 £5%.
Continuous, unattended.

—54°C to +65°C.

Up 10 100%.

12,7 mm (5 in.) minimum radial ice build-up. 177 KMPH (110 MPH) winds. Antenna safely facic,
All conditions including fog, rain, sleet and snow.

Continuous, unaitended.

120/220 VAC

+10%
-~15%

47-63Hz.

Source: Servo Corporation of America, Tech Data, Publication 2035

Weight: 67.2kg (148 |bs.).



SPECIFICATIONS: INTECH INC. MARINER 360

SPECIFICATICONS
General

Frequency Range . . . . . . . . . 156 .10 163 MHz
Channel Capacity . ce plled
Bearing Accuracy e e +2°
Receiver Dimensions . . . . . . . 7”H X 107w é( 10"D
Weight e e e ; f B%DQUnds

Antenna Dimensions ; % é
Height e e R 23"
Width . . . . . . . . 10“ w1thout grmindpiane dlpoies
e e 48" with gr@undplane dlpoles
Weight . . . e e 1 Lo Sspounds
Operation in Reiative Wlnds e .. ’Up to 100 Knots
Interconnect Cabling . . . .o One Tun @ﬁ RG- 58A/U and
ohe run of shielded 2- conductor comroi
cable between antenna and receiver indlcator
Controls . . . . . . . . . . . .. Volume ON/OFF
e e e e .1 Squeich
P T Channel Selector
B ST Dlsplay Brightness

e 16"

Operating Temperature Range
Input Vohage*

Receiver e ;
Sensitivity . . . L . . . . . 05 uv for 4
Stability e Phase locked to incoming signal
Sque hThreshoId S | X< N 7AY)
Adjacent Channel Rejection . . . . . . . . . .70dBmin
Intermodulation at Usable Sensitivity .+ . . . . .B0dBmin
Spurious Response . . . v <« . . . .70dBmin
Modulation Acceptance Bandedth e v« « . . FTkHzwmin
Audio Freguency Response . . . . 6 dB per octave de-emphasis
between 300 and 3,000 Hz
Antenna . . . . . . . . Z2=508 3dB Gain

Mounts on standard 'i‘/z antenna mast.

Source: Intech Incorporated , Data Sheet 761



System Bandwidth:
Moduiation Detection:
Operation;

Output:

Display;

Response Time:

Bsaring Accuracy*:

Signal Dataction
Rangs:

Raceiver Sensitlvity:

Salactivily:

1.F. Bandwidth:

Noise-Bandwidth
[Gisplay]:

SPECIFTICATTONS

SPECIFICATIONS

SYSTEMW PERFORMANCE
148 to 174 MHz.
Narrow-band F.M.. AWM., and CW

Fully autornatic, Including sense-channel for “true direction™
determination. Fixed non-refating type antenna with no moving
parts.

Unambigugus retative compass bearing between antenna axis
and location of transmilter, full 360 coverage.

Narrow-tine trace from center to outer edge of circular cathode
ray tube, plus audio and figld-strength indicators.

Instant display of signa! transmissions 150 milli-seconds or
longer in duration received frem any direction,

1 at zero calibration heading, * 2 to ¥ on other headings,
under ciear line-of-sight conditions.

Nominally line-af-sight

Better than 1 microvolt at input terminals for usable direction
display

+ 6.5 KHz at 6db, * 22.5 KHz at 60db

13 KHz

Less than 100 Hz/¢hannel

{*Note: Accuracy stated is for ideal conditions. Adcock antenna arrays such as used
with this system aré subject to as much as a + & grror in addition o spec.
above if significant horizontal polarization is present.)

Construction:

Cabinet Mounting
Directions:

Assembly Weight:

Signal Indicators:

Tuning:
Standard—
Optional—

Conirols:
Power Requirameants:

Standard—
Optional—

Fittings:
Accessories:
included —

Optional—

Type:
Slandard—

Speacial Order—

Construction:

Dimensions:
Standard AA-383—
Special FAA-369—

Special ADFA-317—-

Assembly Weight:
Standard AA-363—

Special FAA-389
and ADFA-317--

RECEIVER/INDICATOR UNIT
Epony coated aluminum cabinet with splash-proof sealing;
lastest solid-stale elements except CRT.

See drawing
Approximately 12 pounds.

3-inch CRT with graduated compass rese; 3-inch speaker, field-
strength meter

12 plug-in ¢rystal channels

a) 10-channel scanner (programmed by std. 10 crystals or 8
erystals plus synthesizer option}

D) Frequency synthesizer, 148-174 MHz in 5 KHz increments
with * 2.5 KHz fine tuning (replaces 1 of 10 std. crystal
chanoels}.

ON/QFF. crystal selection, BFO. and AM/FM detector
switches; receiver volume, squelch, and CRT adjustments.

12¥0C {10-14 VDC range;} at 1.2 amperes

a) 110 or 220 VAC/50-6Q Hz (in addition to std, 12 VOC),
b)24/28 VDC {in liev of std. 12vDC)

Puwer input and antenna cable connections on rear panel

12VDC power cable and std. 20 foot fong set of 2 antenna cables
[JA412CCJF or RG53U coax; specify lype).

a} Addl. antenna cable length

b) Hood for CRT

¢) Mounting bracket for chassis

di DBR-410 digital bearing readout unit

ANTENNA
AA-363 Adcock array with 4 dipole elements, integral sense
channel, and support mast with guy-lines (for fixed station or
snipboard mounting; complete 148174 MHz  bandwidtn
coverage).,
a) FAA-389 Adcock array with 4 monopoles and whiptype sense
{for auto roef mounting: £1 to 2% bandwidth limitation).
b) ADFA-317 crossed loops with integral/ low-profile sense (for
airoraft with vetractable fanding gear, £ 1 to 2% bandwidih
fimitation}.
Metallic with weatherproof sealing and corrosion-resistant
coaling.

See drawing

Flat plate approx. 22 inches square with 17 inches tall by 0.25
inches in diameter menoupele and sense elements.

12.78 inches tall with 6.2 inches in diameter fcop array and
8 inches square mounting plate.

Approximately 15 pounds .

Approximatley 3 and 7.5 pounds, respectively.

Source: Ocean Applied Research Corporation, Research Bulletin

A-3/A-4
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APPENDIX B

IDEM POSITION DETERMINATICON SYSTEM (COVERED BY PATENT)*

The techniques considered in the preceding sections are based either
on phase comparisons (Doppler and Adcock) or on signal envelope com-
parisons determined by directional antenna patterns {(Homer). A novel tech-
nique, invented by Dr. E. J. B.a'ghdady in 1970 and is covered completely by
pending patents, will now be briefly described that enables not only high-
accuracy determination of direction but also of distance to the source, based
entirely on frequency measurements and on "aperture' or '"baseline"

dimensions on the same order of magnitude as the Rohde and Schwarz system.

The basic principles of this novel technique can he summed up

as follows:

Rectilinear, uniform motion of a receiving antenna induces a
Doppler shift, in the frequency of an incident signal, proportional to the
cosine of the angle of arrival of the incident wave relative to the orientation
of the line of motion (LOM) of the receiving antenna. Such rectilinear motion
of one receiving antenna can be simulated by commutating the input of the
receiver among a number of discrete antenna elements arranged along a

straight line of the desired length.

Two colocated, orthogonally oriented LOM's (e.g., one along N-S
and one along K-W) give the azimuth angle of arrival, g , of the incoming
wavefrout as
Induced Doppler Shift of E-W LOM
Induced Doppler Shift of N-S LOM

tan 6 = (B.1)
Two LOM crosses spaced a distance L apart yield the range R to the
source as

R = Lf (D/)
m

fc2

fclfSZ * chfsl

(B.2)

*U.S. Patent #4,060,809 and others pending.
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-y
L

Induced Doppler shift of N-S LOM
Induced Doppler shift of E-W LOM

)
1

Subscripts 1 and 2 refer to the two crosses

frn = number of sweeps of each LOM per second
D length of each LLOM

A

3l

1

wavelength of incoming signal carrier.

The RMS errors due to random noise are given by

o
. £ :

oe o fm—ﬁ— for low elevation angles (B.3)
and

0O w2 ¢ —— " for R. >>> L (B.4)

R L f D/A o

m and | @ ' < 60

where

Of = RMS error in frequency count

B D S ,  S/N :v7aB (8.5)

2" TC ) ["‘“’S/N

’I‘C= Frequency counting time interval

S/N = Ratio of average power in signal component whose
frequency is being counted, to the average power
in the noise contained within the pre-counting noise
bandwidth, Bn.
If we consider a situation in which the emitter effective radiated
power is one watt average, the receiver noise figure is 6 dB and the product

of receiving antenna gain and coupling loss is 0dB, then for

fc = 1566. 50 WHz,
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/B
10 ®r° n 1

oG = 229 x 10 T o . BT (B.6)

Now, if R = 3 x10%m, L = 10m, B_ = 25 Hz,

and TC = 1 sec, then

G 3 x103/ (me/A) m, (8.7)

The product me/). represents the maximum induced freguency shift caused
by unidirectional commutation, Thus, if {_D/\= 10° 1z, which can be
realized with Df) = 2 and fm = 50 kHz, then o_~ 3 cm. For fc = 156, 5 MHz,
D=a3.79 m.

R

The capability of an IDFM system for resolving multipath or
multiple target signals arriving from different directions can be established

as follows.
Let the radial angles of arrival of two paths be denoted cpl and @2

relative to the orientation of the row of commutated antennas, The IDFM
imparted to the received signals by the added (simulated) motion of the

receiving antenna causes the two to differ in frequency by
fdiff = fm(D/)LO)(COS ¢ - cos cpz) (unidirectional commutation). (B.8)

If each signal is subject to a pre-counter filiering operation (such as a
phase-locked loop) with effective noise bandwidth BnHz, the receiver will be

capable of separating (resolving) the two signals if

Ifaie6l > By - (B.9)

Thus, if we set qu: 9. = + L¢, where Lo << 1, then cos 917 COS ¥ g =

1
A% sin o, and condition (B.9) can be expressed as a conditionon | A ¢ |

namely B

1 n (unidirectional commutation). (B.10)
[sing,] L_(D/X)
m 0

| bo | >
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This states that if the directions of incidence of replicas of the emitter
signal arriving over different propagation paths differ by any amount that
exceeds the right-hand member of (B.10), then the receiver will resolve the

two signals and count their respective IDFM frequency shifts separately.

As an illustration, if fm(D/)‘o) = 10° Hz and By = 25 Hz, the

right-hand member of (3. 70) is on the order of 2.5 x 1075 radian.

The above also applies to signals arriving from different emitters
that may be radiating at the same or different frequencies. Indeed, by
virtue of the directional resolution capability expressed by condition (8.10),
an IDFM receiver equipped with an appropriate number of narrow filters
(or line-tracking phase-locked-loops) (or one search-and-lock filter) can
resolve and determine the posgitions of a multiplicity of emitters as long
as the pairwise differences between the directions of arrival of their signals

exceed the quantity expressed by the right-hand member of condition (B.10).
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