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ABTTRACT

As a part of the rodernization and re-conversion of the DAJ high
frequency Naval Ffhore Direction Finding “tations, it was necessary to
deterrine the most suitable pomiomcters to use in the new DAJ-a instal-
lations. Two goncral types of measurcments were made on & DAU goniometer,
a set of four used DAJ goniometers from the Dupont Station and a set of
four new DAJ poniometors from the factory. Those teste were: (1) The
offect of these poniomcters on over-nll sensitivity, and (2) the bearing
error introduced by the goniometers themeselves, A preliminary investipa=
tion was conducted to confirm the procedure used for reasuring the sensi-
tivitics through balanced goniometer inputs by the use of the standard
aveilable urbalanced signel gencrators. Fron sensitivity considerations .
it is immatoriil vhether the cingle wide-~band DAU goniometer or the four
individual DAJ goniometers are omploycd, provided the 330 ohm resistors
arc removed from across the DAU stators, The appendix discusses theoret-
ically and constrvciionally the building of the goniometer accuracy test
rig designed for this problem, Fror accuracy considerations it seems
advisable to recommend the use of the DAU wide-band goniomcter in Bends
1, 2, end 2 and the DAO goniometer in Band 4. It war found thut in Band
4 the octantal s»acing error of the #4 DAJ Adeoe Array largely cancelled
out the octantal error of the DAO goniometers.

DECLASSIFIED



TABLE OF CONTENTS

Page

Kol BT o B e m We B e 5w R e A S o b
INTRODUCTIDPI - . - - . . - [] [ 3 [ 3 - . L - . . " . L] l
GOETOVRTTRRS TASTED AND COUPARIFORE BAPRE . o o & & & & & % » 1
GORTOAUTIR FERPETIVITY TROR® . . . . « + v 5% &5 % o & » 2
Investigation of Measurement Techniques . . . & + « . 2
liethods Used in Fensiltivity Tesbs . ¢ « & « s o % 5 » 2
Residbe of Hopoureonenls o & & « 0w @ @ 2 » ow oW o E B 3
GORIOVETTR AECTRARY TRFER . ¢ « + s o v @ 5 % & % » & % ® % 3
Btliof of TEbIW . o o o 4 % ¢ 5 6 5 % ¥ 6 & G w3 3
Result!E Of TGStS Y Y & & Y Y & & * [y [} # L] - Ll L] L ] * [ ] 4
ExplanationofError................. l‘
Adcock Spacing Error Caleulation « « o« « o o « o o o o 4

i i s R Py |FYSLTRER (SR e R A 5
REcnf.ﬂ.EP:DATInq'.F1-co---a-.ou-------ﬁl" 6
REFmT."PTC'E. - L » L ] - » ‘ - L] - - L ] . - L] » L] - - - £ ] » - L] 6

APPEYDIX 1., Theorctical and Conctructional Consideration of
Apparatus for Determination of Goniometer “rrors
in the Figh Frequency RGNEC 4 « « « o o o & o o 8

TABLE 1., Torminal Settinges and Rearings Cbtained from
Teet Ripg ConslPactol . . « « o « v 55 &« s oo

PLATE 1, Comparison of DAU Goniomecter with and without the
O M RESINE, & o o & =« 5 @ 5o & e & % @ ®

PLATE 2, Comparison of DAJ Goniometers: 01d frorm Dupont
and New Unused Factory Yodels,

PLATE 3, fencitivities of DAU without 330 ohm Resistors and
Dupont DAJ CGoniometers.

PLATE 4. Goniometer Frrors at 1,5 lepacycles,
PLATE 5, Goniometer Frrors at 2,5 lepaeycles.
FLATH 6, Gonibmeter Errors at 3.5 ngacyclcg;
FLATE 7, Goniometer Frrors at 5.0 Yegacyecles.

PLATE 8, Goniometer Srrors at 7.0 llegacycles,

DECLASSIFIED



PLATE
PLATE
PLATE
PLATE
PLATE
PLATE
PLATE

9.
10,
i1,
12,

13,

15.
16.
37,
18,
19.

TABLE OF CONTENTS CONTD.

Goniometer Errors at 10.0 “egacycles.

Goniometer FBrrors at 14,0 (Band 3) ilegacyeles.

Goniometer Errors at 14.0 (Band 4) legacycles,

Goniometer Errors at 22,0 ilegacycles.

Goniometer Errors at 30.0 lcpacycles.

Tect Rig Calibration with FHe4.

Conputed Oetantal Spacing Errors.

Scheratic Diagrams of Goniometer and Teet Rig Apperatue.
Complete Test Rig Including Balanced-to-Unbalanced Transformer,
Voltape Divider of Test Rig Asscmbled.

Voltage Divider of Test Rig in Detail,

L A 4

DECLASSIFIED



INTRODUCTION

I Preliminary to the modernization of the DAJ shore direction finder
installation, tests vere conducted at the Laboratory to dotermine whother

the individual-band DAJ goniometers or the single wide-band DAU goniomoter
would provide the preatest over-all sensitivity for the DAJ-a equipment.

The results of thesc measurements indiceted that an increase in sensitivity
from one to five decibels could be realized by using the existing individual
DAJ goniomcters in place of the new DAU goniomcters, Although such an
increase in sensitivity is not large, it was considercd at the time that it
was sufficient to warrant the use of the four separate DAJ goniometers,

This was espeeizlly true in the DAC Array which covered the highest frequency
band, since it had been the experience of the lLaboratory thet the DAU gonio-
meter produced execssive errors and uncertain or reversed scnce above 22
megacycles. As reported in Reforence 2, represcntatives of Op~-20-G3, BuShips,
and 'RL concurred in the rscormendation thaut individual DAJ gonionmeters be
used in all four bands,

s Subsequent %o the Pilot modernization of a DAJ to a DAJ-a, at Amagan-
sett, Long Island, by ™RL cngineers, & report of field teste conducted by
representatives of Op=20-G3 indicated that by a minor modification in the
DAU goniometors, i.e,, by removing the 330 ohm resistor from across each
stator coil, the over=all sensitivity of the equipment could be inercarced
sufficicntly to recommerd the use of the wide-band DAU goniometers instead
of the individualeband DAJ goniometers. It chould be mentioned here thut
the vresent unnodificd DAU gonmiometers have & 330 ohm résistor across each
etator coil. These resistors viere nceded ir the DAU installations to damp
a loop and transmicsion line resonance condition, but they are not required
for good operation of the DAJ=a installations, Additional field tests by
Op-20-G3 were made at the Imperial Beach, Californir, Supplermental Radio
Station to determine the over-all deviation of the installation using both
scte of goniometers throughout the working frequency range of the equipment.
Thesc calibration tests revealed no sigrificant differences in error pro-
duced by the tio setes of goniometers.

3. In the light of these findings, the Laboratory was requested to ex-
tond the investipation of thc goniometers with reepect to their effect on
over«all sensitivity and bearing accuracy. The wor® is covered by Problem
€1046R-C which wae requested in Reference 1, and resulted from the confer-
ences revorted in Reference 3 and 4. Thie report concerns the work on
goniometer sensitivity and accuracy tests, the results, and specific rccom-
mendations,

GONIO: ETERS TESTLD_AND COuPARICONS TADE

4o Before making any tests, the question arose as to vhether the aging
and use of the old DAJ goniometers could in any way affect their seneitivity
and accuracy. In order to mele thesc tests conclusive, two distinct sets of
individual DAJ goniometers were tested: (1) a new and unused set from the
factory and (2) the old and used set from the Dupont Station:
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New _Factory Goniometers 018 Dupont Gonioncters

DAL Cerial ;27 DAL Serial ;724
DAM Serial /18 DAY Ferial #23
DAN Cerial #18 DAN Fferial #2

DAO CFerial #27 DA0 Serial ;29

The llodel DAU Serial ;'33 goniometer wa= used to represent the single wide-
band units, Censitivity and accuraey tersts were made throughout the vwork=-
ing frequeney range of the goniomcters., The tests on the DAU goniometer
viere made both with and without the 330 ohm resistors across thce goniometer
stators, ;

CONIOLETTR SENSITIVITY TECTC

Investipation of Ieasurement Technigues

5. The correct measurement technique for testing the sensitivity of
direction finder equipment through poniometers having balanced input by the
use of unbalanced signal generators had rot been too strong herctofore.
Frior to tcsting the goniomcters a rather complete investigation was carricd
out by the Laboratory and rcported in R-2692 "Balanced Invut Sencitivity
Voasurements Using Unbalanced Signal Generator" dated 10 November 1945. The
conclusions of this worl were bfiefly that the use of balenced-to-unbalanced
transforrers wac not nececsary in the frecueney rance of 1.5 through 30
megacyeles, Correct sensitivity figures can be obtained by any of six dif-
ferent unbalanced innut circuits, provided the dummy antenmna is suitable.

In particular, feeding thc goniometer stators through equal resistors from
the sipnal gencrator hot and ground terminals to the balanced stator termi-
nals pives the correct sensitivity value provided: (1) the signal generator
output irpedance is low and (2) the signal penerator output voltege reading
45 the open-circuited volture,

liethods Used in Sensitivity Tocts

C. For the sensitivity meacurcments, the signal was introduced into only
one stator, with thc rotor so oriented as to be in its nosition of maximum
coupling to the stator being fed, The rotor is thus in 2 position of minimum
(theoretically zero) coupling to the unuced stetor which is left open, The
signal was introduced through two 70 ohm resictore, one fron the "hot" lead
of the sipgnal generator to a balanced stator terminal «nd the other fron the
ground lead to the other balanced stator terminal, The lodel 65-B ftandard
Sipnal Generator (Scrial #710) was uced exclusively for all of the measurce
ments, The outout impedarce of this generator varies frorm 5 ohme at 1.5

and 2 megacycles to almost 25 ohns at 30 megueyeler. An input reeistance of
140 ohms might be desired sinee tie gonioreters are constructed to be fed
from transrission lincr of 140 ohns surge irpedance, but it was felt un-
varranted to keep chanping rcsistance valucs as the signal pererator output
impedarce varied with fregueney, As a result th? innut resirctance varied
from 145 to 165 ohms throughnut the frequency range, The rotor output was
conducted through the standard recommended 50 ohm cable into the DAU receciver
(forial #33). Tho rceciver output war the dec voltage frorm the second de-

DECLASSIFIED



tector, thus enabling ew sensitivity to be rcarured, and recuiring no

. modulation or BFO, The rceciver gein wacs adjusted for the acecpted 20
db rignal plus noise-to-noise ratio, using etandurd 10 volts signul plus
noise d-c output.

Results of Cencitivity Measurcrents

Ts The eensitivity fipurec were converted into decibcle above onc
mierovolt to afford an cacier compericon betucen poniometers, In Plate 1
are graphe of sencitivity using thc DAU goniometer both with and without

the 330 ohn reosistors across the stotors, The DAU goniomcter is better fron
sennitivity considerations without the 330 ohme, the average improvement
being about 1 4b in Band 1, 1.5 db in Band 2, and 2,5 db in Bands 3 and 4.

A comparison of the sensitivities using the new DAJ goniomcters fron the
fectory with those used at the Dupont “tation im shown in Plate 2, The
difference ie less then 1 db which is within the limit of observetional and
experirental accuracy, Plate 3 shows & comparison of the sensitivities
using the DAU goniomcter without the 330 ohm rcesistor and the Dupont DAJ
goniometers, In Band 1 the DAL is fron 0,5 and 2,5 db better than the DAU
goniometer, In Bands 2 and 3 therc is no sipnificant differcnce betuecen the
Dail, DAN and thc DAU goniometers, In Band 4 the DAU goniongter is better by
over 2 db up to 22 megacyeles but above that fregueney thc DAO poniomdter is
better by as much as 2 db,

GONIO LR ACCURACY TECTS

THethod of Testing

8, A rather extonsive discussion of the problom involved in testing gonio-
reters in the frequeney range covorad by the DAJ-a equinments is given in the
Appendix and the develonrent of the goniomcter test rig used in thesc accu-
racy tests is considered in some detail, The method consists essentially of
a voltare dividing networl: used to nroduce voltsiges of controllcd variation
across the two stators of the poniometer, thus giving sclected spaced bear-
ings about the azimuth of 360U degrees, In the final test rig adopted, three
equal resistances are used for this voltspre division as illustrated schemat-
ically in Fig 2 of Plate 16 and thc actual bearings obtainable are given

in Table 1, The tuo cgqual 70 ohm (Z85/2) recistors are used to simulate the
70 ohm twine-coax transmission lines employed in the inctallations, The
goniometer accuracics fo obtained arc the same as would result by using a
dunry entenna and transmiccion line (ac is demonstratcd in the Appendix) so
long ar the impedances which both stators see arc identical,

9. Although the test rig used for thesc measurements ic not the ultimate
in desipgn, it is concidercd more than adecuatc for the purposc intended,
Checks an the YVodel FH-4 equiprent ars mentioned in the appendix indiecte that
the error in bearing angle of the test rig docs not exceed one depree and

the maximun phase shift betrcen stator voltages is lose than 10 degrecs at
30 megacycles, Four completc sets of error tests were made, Both the un-
uced fectory DAJ goniometers and the used Dupont DAJ goniorcters werce

cheecked at representative freguencies throurhout the ranse of the Didea
equipmente, The DAU goniometor war tested botk with and without the 330
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ohm recictors across the statore and at the same revrescntative freguencies,
The initial zero degrsc setiing of each goniometer wae made at the lower
end of the four bends, thus duplicating thc procedurc used in the actual
installations, The beeringe were read on a 260 depree dial attached ¢o the
rotor. Thir diz) war rotatec until a minimun d=c voltage output weec noted
on & meter across the cccond dcteetor of the DAU receiver, The readings
were repeatable to witkin ¢ 1 degree.

Rerults of Teste

10, The results of the gonioricter accuracy teeste are nresented graph-
ically in Plates 4 through 13, Iach plate, representing a cingle frequeney,
contains threc separate curves of gonioneter error in degrees versus the
correct bearing: (1) The DAU gonioreter, (2) DAJ goriometers from the
Factory, and (3) DAJ goniomcters fron Dupont., Fo atterpt war made to correct
the plates by ucing the FE-4 calibration, since the FHe) vas considered to
have at lecart #1 degree crror in bearing presentation, In the first threc
bands, from 1,5 through 14 megacycles, none of the goniorcters exhibit errors
in excess of 2,5 degrecs. In Band 4 the crrore begin to increasc with fre-
queney, The DAJ ponionmeters do not chovi errorc in excess of 2,5 deprecs
through the cntire band, but the zero is displaced at 30 megucyeles by as
much as 2 degrees, The DAU goniometer zero ic lilowise displaced by about

a degree at 22 megacyelcs and by 2 or 3 degrecs at 30 megacveles, The
maximum bearing orror in the DAU goniomcter rises from 3,5 degreer at 22
repacycles to over & degrecs at 30 megacycles, In goneral, it is noted that
all of the curves rhow thc conventional octantal error trend, but the error
ie nepative in the first octant, This= may be expected in a multi-turn
distributed winding goniometer, but it is the reverse of a one turn or
closely wound transforrer =ystém (reference 7).

Explanation of Frror

11, ©No attempt will bc made in this renort to rive a comilete explanation
of the numcrous czuses for poniomcter errors, but it seems in order here to
mention briefly why the errors probably increere withk frequency in the DAU
goniometer, First, the stators, vhile being magnetieally in espaee quadrature
arc not electrostatically shielded, This might permit ezpacitive coupling
causing leakage betwecn the two stators, which would explain the shifting

of the zero, “econdly, therc might be capecitive courling betwecen the rotor
and statore, sincc these are not clectrostatienlly shiclded either, This
could cause the conventional octantal crror notcd in the curves, destroying
the pure sinc wave coupling lov. by the introduetior of odd harmonics,

Adecock fpacing Error Calculation

12, The fact that the bearing error produced in both the DAU and DAJ
goniomcters is nepgetive in the firrt octant combined with the fact that the
spacing error of an Adcock array is vositive in the firct octant brings up
the very interesting quecstion as to what extert these two errore cancel erd
thus neutralizc one another, Consecuently, the spacing error was computed
for the {4 DAJ-a Array at 14, 22, and 30 nepacycles, The well-known ereor
equation -

ﬂ\se -
E;arctnn%ﬁ—f—é:;ﬁﬂ-e R - TN
T T o
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was used whore © is the correct angle of arrival of the cignsl in degrees,

d@ is the dicstancc between the opposite moropoles in mcters, » is the wave
length in meters, and then ! is the error in degrees, The resulte of tho
computation are shovn in Plate 15. It ir noted that the error curves are
octantal with maximum error at 22-1/2 degrees, The spacing error is rot
vartieularly ecipnificant at 14 or 22 nmegacycles, but at 30 mepacyeles the
error attaine the veak value of over 3,5 degrecs, & comparison of Plates
11, 12, 13 and 15 shows that to a large cxtont the goniometer errors do
cancel the cpacing errors, For the DAJ goniomcters the resultant crror is
vory small cven at 30 megacyeles, but with the DAU poniomcter there is still
a maximunm resultant error of about 4,5 degrees, This cancellation of errors
ray be very helpful in explaining the lov deviation curves obtdined in actual
field calibrations in Band 4 using the #4 DAJ irray,

CONCLUSIOLS

13, Removing the 230 ohr resistors from across the stators of the DAU
goniometer improves the over-gzll sensitivity of the DAJ-& equipment by |
from 1 to 2,5 db throughout tke frequercy range, There was po significant
difference in sensitivity between the new factory DAJ and the uscd Dupont
DAJ goniormcters, The over=all improverent in scnsitivity from using the

DAJ poniometers in place of the DAU goniomcter without the 230 ohn resistors
acrors the e@tators wars not appreciable, In Band 1 it was from 3 to O db,
in Bands 2 &¢nd 3 it was lese than 1 db, =2nd in Band 4 it was from 3 to O db
up to 22 Nc and from O to =2 db from 22 to 30 llke.

14, A gonicmeter accuracy test rig covering the high frequency range was
developed based upon & resistance voltape dividing network., The details of
the problens encountered are ccnsidered at large in the appendix. The test
rig was entirely suitablc for the problem 2t hand and vas as accurzte as
could be checked on the British FH«4 equipment,

15, The poniometer test rig developed has very definitely proved that the
resistance voltage dividing method is practical in the high frequency range.
It ic considered that further refinements in design and construction might
enable the extemsion of the applicability through at least part of the VHF
range and might also inereasc the accuracy of the bwarings.

1€. It was deronstrated theorcticzlly that the goniometer errore obtained
by using the test rig are those to be actuzlly existent in field installationr
provided the rtators sce lilc impedances from the transmission lines from

the cathode followers, The test rig as used woyld apply to any poniometer
syeten in vhich the bearings were not a function of this stator impedance.

In other cases the impedance lebelled in Figure 2 of Plate 16 would
necessarily have to be a dummy antenna simulating the ecxaet stator input
impedance.

17. There was no observed differcnce in the aecuracy of the DAU goniomoter
with and without the 330 ohm resictors egeross the stators, In Bande 1, 2,
and 3 none of thc ponionctere tested exhibited bezring orrore in excess of
2.5 degrees, 1In Band 4 the DAU goniometer grow progressively worse until
at 30 megacycles it produced errors ac large as & degrees, The DAO gonioe-
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meters did not give crrors in exeess of 3 dcgreoes throughout Band 4, but
the new factory DAO perforred better than the used Dupont DAN, For the
moet part all of the errorc were octantal in naturc with somec axial dis-
placement at the highaet frequencies,

18, TFor all of thc frequencies tested, the unused factory DAJ goniometers
showed less error than the used Dupont DAJ goniometere which definitely
indicated that mechaniczl wear added to bearing crrors,

19, The octantal spacing error for the DAO /4 Adcock Arrey was computed
for 14, 22, and 30 megacycles. This error is positive in the first octant
and inecrcaces with freguency to a2 meximum of about 3,5 degrecs at 30 ncgae
cycles., The goniometer error, which is alse octantal, was negativz in the
first octant, so that the two errore tend to noutralize one another, It
happens that for the DAO goniometer the tio errors practically cancel.

RECO' RE DATTCNS

20, Frou sensitivity conriderations above, no specific rccommenda<ions
may be offered concerning the desirability of one goniometer over another,
It is recommended, however, that whenever the DAU goniomoter be used in
conjunction with DAJ~a installation:s the 330 ohm resistors bc removed from
acrocs the two statore,

21. In consideration of the results of the poniometer acecuracy tests and
also in view of mochenieal advantages not mentioned in this report, it is
rccommended that the DAU goniometer might be employed in Bands 1, 2, and 3
of the DAJ-a equipments, It is further recommended that from accuracy
considerations the DA0 goniometers be used in Band 4, It would be desirable
to provide nev or rebuilt DAD goniomecters for Band 4 sincc mechanical wear
seemed to increase the bearing errors.
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APPENDIX 1

Theoretical and Constructional Consideration of
Apparatus_for Dotormination of Gonlomcter Jxrors in

the High Froguency Range

Introduction

le Prior to this investipation the Laboratory had not developed a suite
able means of determining coniomcter errore in the high frequency range.

& pather uncertain method which had been used in the past concisted in
"wacking up" thc unkrown foniometor against the FH-3 goniomcter and noting
the differcnce in bearing for zero differcntial voltage., The uncertainties
and disadvantages of this method of analysic are too numerous to discusse
here, but cufficec it to sey that the teehniquc has been considored with
disfavor, cspoeinlly sinco the accuracy of the FH-3 goniomcter is not def-
initcly knovm, Furthcrmore, the Fle3 goniomcter does not eompletely cover
the hirh frequency range, it being designed for the DAR band frorm 1 to 20
megaeyeles,

2, In accordance with the reguest of Buthips in roference 1 for an ace
curacy cheek of the DAU and DAJ goniometers over their working frequency
range of fron 1,5 to 30 megacyeles, the Laboratory inveetigated mothods for
the dotermination of goniometer errors in the high froquency range., In
reforence €, the British had reportcd a method of voltage variation of known
amourts by constructing = resistonee wvoltape-dividing network. The appara-
tus was reported to have been used succcssfully over the low and redium fro-
quency ranges, but the sct-up prohibited ite use at hirh frequeneies. The
Lzboratory decided to follow a tvwo-eourse program: (1) begin & long-tern
project to develop mutunl-inductarce attemuators and (2) atterpt to modify
the Britich syston to apply to the high frequeney range. The first of thcse
projects is still under invertigation and will be the subject of a subscquent
report, The latter projcet has been completed at least tentatively and is the
subject of this Appendix,

Specific Roguiremcnts

Se In order to understand fully the problems encountercd and the speeific
requircnents in the developrent of goniometer accurecy tcst apparatus which
Will be sufficicntly reliable, 2 bricf theoretical analysis of the gonioncter
principle will be ureful. The conventional inductive gonionetcr consists of
tio fixed "stator" coils placed in space quedrature to one another to climds.
nate electromagnotic counling and a single rotating "search" coil vhieh roves
about in the ficld produced by the stator in such a mechanical menner as to
simlate the pick-up from o emall rotating loop in a similar field in space.
Assuming o voltage to exist in cither ctator, then, the rotor dcvelopes a
sinueoidzl voltage variation as it movos continuously through 360 degrces.

In Figure 1 of Plate 16 is shotm a sinple =chemetie diapran of the arrange-
nent of the goniomcter coils,

4, To make the analysis goneral, the coupling law will be taken in its
most general fornm:
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¥ = K VL, ; A, sin n8 (1)

by =K \‘fgl;__- B, cos né : (2)

5¢ Here, ijj and 1.2 arc rmutual .{nductances as indicated in Figure 1 of
Platc 1€ and X is the maximun coofficient of coupling botween the stator and
rotor, Also, 4, and Bp arc constants depending upon the configuration and
electrical characteristice of the goniomcter also assyne:

Z) = 2371 + Jelg Zp = Typ v Juig

liosh currents have boen ectablished, as ipdicated ir Figurc 1 of Plate 16,
to facilitate the anclysiss By and E2 are assuned to be in phase.

Eq = Il i1 = 3. T.'.l Ir (3)
BRR=Ip%-ju 1, (4)
o - Ir (Zr T J‘J_Lr) . J.)”l Il — Jt.d I:z 12 (5)

Solving cquations (3) and (4) for I ard I in terus of Iy:

Z
eggfiuipl ™
2y

Substituting equations (6) and (7) in cquation (5):

I, (2.4 Jwly) = § wify (By 4wl L) # 30l (B2 4 JuilIy) (8
r \“r r 7 2,1 !') w (_%2_1') (8)

IT Zr * Jw LrIr = Jw lEl " u_‘-2:'-5l21r 4 JiER2 ‘u.;zﬂzzlr (9)
21 71 Z2 Z

folving for 1.t
'_{r -J. U(E-lel 4 3-1232;

(10)
- ap

Zr 4 JhJLr { {4)2(.:'-11 { i‘.ia )
% *"a
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For a null, lct I, be zero, thus E, = 0; then
liy%Z $ MEgZ3- O (11)

Equation (11) indicates that the boaring angle @ definitely depends upon
the stator impedances if they are not oqual, vhich is to be expected. Now
let 273 z 23, and then:

1 Ey # 1bEy- O (12)
. W2 A (13)
27 E1

Thercfore: o

——

Kyl 575; AnSinde 3 - )

K Vigl, )1_. B, Cos e
n =

¢v|.sﬂ

Ee Equation (14) shows that the bearing angld, ©, is independent of the
stator input impedance provided it is the same for both stators.

Te Assuning the meximum docfficient of coupling to be identieal between
cech stator and the rotor and that the sclf inductancce of the stators are
equal, the equetion recduces to:

. A_Sin NQ
2z e = - @s)
=B, Cos NO 5y
;AN
ey
8. For the case in vhich the pure sine law relationc hold, i.c., no
goniometer error, n is unity and An - Bn s

e

...E._hl_g——. s 7an & = - T2 (16)
Cos © 5y

This equation shows that the bearing is a function of the voltages appcaring
across the stotors when: (1) these voltages have the same vhasc, and (2)
there is no error in the poniometer, In other vords, by producing in the
stators tuo woltages Ey and Fp of the some phase, cquation (16) czn be used
to determine the bearing vhich viould be obtaincd in an ideal goniometer.
This provides a standard upon which the eorrect bearings ean be ealeulated
fronm known values of E and Ep, From $hic theoretical discussion it is seen
that the bearing does not change with the input impedance provided the input
impedance is the same for both stators., Furthermore it makes no difference
what type of component is used for the voltape division, provided the inped-
ancc of both stators remains practically constant throughout the entire
frequency range. It was decided that 2 resistance division would be most
suitable over thc 20 to 1 frcquency range studied since it could be made
more independent of frequency. Further, it was desirazble to make the re-

T BRSO Tk ~10-
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sistance very low compared with 140 ohns so that the input impedance would
renain as constant as possible for 211 combinations of voltege. The
schenatic diagran in Plate 16, Figure 2 indieatcs thc general principle of
the test apparatus desired. The ecual voltapge terminals are marked by the
nuncrals and the goniometer stators arc marked AB and CD respectively. By
placing these stator terminale at warious taps on the resistance dividing
circult, the different bearinge arc produced. The correet bearings for any
setting nmoy be eormputed from equatinn (15)., A list of the bearings obtaine
able and the scttings recuired nmey be found in Table 1,

Develonment of Test Apparatus

9 From thc theoreticcl discussion presented in the last section it
scered advisable to use resistances of small value to effect the voltage
divicion., A brief consideration rcvealed that three equal resistors in
scrics would be the simplest circult giving sufficient bearings for a good
error curve. Consequently, the first test rig consisted of three carbon rod
resistors physically placed along thrce sidec of a squarc ané electrieally
connected in ceries across the output of a signal gencrator., Tach of thesc
recistore was made from 2 piece of carbon rod one=fourth inch in diameter
and two and onc~half inches long, and cach had a d-c resistance of 0,07 ohns,
The resistence netivork vice provided with four taps, onc at cach ond of the
ect and the other two betwcen the resistors., At each tap vas placed & 70
ohnm resistor leading to 2 bananna plug which cxtended through a shield box
to provide external taps. The different outputs were taken from these oxe-
ternal pluges into the stator coils of the goniometer., This test set-up was
found to have eonsiderable crror and blur up to 50 percent.

10, One of the first and obvious revisions was to shift thoe location of the
four 70 ohn resistors, These vierc placad in scrics with the balanced stator
leads and the subsequent voltage division taken at the rcnote ends of the
resistors, This resulted in torrminating cach stator in 140 ohms at all tirmes,
The bluwr was greatly reduced, but the perfermance wac frr from satisfactory.
The chicf disadvantage was in naking the three carbon rods cxactly the same
r-f rceeistance, cspeeially since 0,07 ohr was such a gnell value.

11, For a further modification the sare generzl arrangenent of elements
was used, but the carbon rods were cach replaced by four motched ten obn
rosistors in parallcl, giving three 2.5 ohm resistances in serics across the
signal gencrator, A neasurcment of the voltages across the taps showed that
the voltage outputs varicd when the stator lecads were reversed, It was be-
licved that this was due to the fact that cone side of the signal generator
and conscquently one side of the test rip was grounded. To avoid this an
unbalanced=balanced transformer wos placed betvecn the test rig and the
signal generator, and another voltage neasurcrment was made, This neasure-
nent shoved 2 decrcase in the difference of readings by reversing the leads,
but not a conplete clinmination, By slotting the holes through which the
pluge cxtonded, thus rcdueing eirculating ecurremts, the difference vas come-
plctely renoved., However, the test apparctus still shovied aprreciable error,
The impedance of the resistance dividing nctvork was measured at 30 mepacycles
on a General Radio 91G=A bridge and was found to be 80 ¢ j200 ohms, This

@t b
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indicated that the notwork was far from being a pure resistance bit; that
there was actually econsiderable inductance nresent.

12, In order to reduce thc cffects of induetcmec ond capacitance, o that
the stator impedances could be maintained proetically constant, 2 speeial
design was made, and the fincl eomdlete systenm ineluding the balanco-to-
unbalanced transformer used to isolote the rosistances fron the systen
grourd is shown in Platc 17. The aetucl voltage dividing netiork is shown
asgevbled in Platc 18, It is made up of threc sots of four carbon resistors
in parallel, each rosistor having @ walue of ten ohms, and eaeh set 2.5 ohms.
The four reeistors vhich rade up & set vwere mounted betwecn tio bross eape,
7/8 inch in diarcter, 1/4 inch in length, clong the eireunferenco of a 1/2
inch eirelc (see Plate 19). Thesc brass cops were tepped to enable 2
conneeting rod te be threcded intc it, The connecting links vere nade of
brass and the comnlete scteup joined into onc unit by usc of the connceting
links, This unit wee sliphtly urder six inchos in length, The connceting
links contained the leadr to the taps and alco the provisions for mounting
tho sct. The lends of the resictors werc rountec througk the brass cap thus
giving o regligible lend length to the resistor. Inpedanec corurcronts
were also made on this finol teet rig uring o General Radio 9164 Inpedance
Bridge. The folloving reeults wotc obtaineds

At 1 legacyele: Comnlex , Irpcdance
fron taps Inpedance

12 2,5 %+ jo 2.5 10°
2-3 2,51 jo 2.5 {00
3-4 2,5 % jo 2.5 i0°

1-3 5.0 4 jo 5.0 i0°
il 7.5 % jo 7.5 10°

At 15 llepacyele:

fron taps

1e2 2.5+ jo.8 2.6 117,7°
2-3 2.5 % jo.8 2,6 17,7
3=4 2.5 + jo.g 246 IlZ;?E"
1-3 5.0 4+ §1.7 5.2 118,80
1=/ 7.5+ 33.2 8,1 23,1
At 30 llegaeyeles

fron tops

1-2 2,6 + j1,5 3.0 130°
2-3 2,6 4 31,5 3.0 130°
3=4, 2,6 + jl.5 3.0 1§§f
1"'3 5.2 "‘ j3.8 604- L3_£6¢2')
1=/ 7.8 + j6,5 10,1 39.8°
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Calibration of Test Rig

13, In order to obtair somc iden as to the aceuracy of thr test rig
conetructed, the beorings viere eompared on the British FPH-/ cquiprent which
ir in actuality n>thing morc then a complex oscillograph with tvo identiecnl
belanced receivers, A definite advantage of the FH-4 is that when properly
aligned the bearing indiested is the reesultant only of voltage mapnitude
applicd to the receiver inputs and is not 2 functior of the phase differ-
cnee betueen the tiio input sipnals, The phase differencc, hovever, is
discerniblc from c broadening of the pattern into an cllipse, which method
of deterzining phase shift is froguently coployed in eonjunetion with con-
ventional oseillographs, The particular FH-L used for this comparison oxe
hibited a certain amount of i=f leakapc between the output eircuits feeding
the oseilloseope plates which could not be eompletely ncutralized, This
condition eaured an indicatisn uncertainty of about :-;.clerz'ree, so the come

- wrison cannot be considered rore accurate than £ 1 degree. The results
of the culibration are chovm in Plate 14. The difference betuccn the eel-
culated test rig bearing and the FHe4 observed bearing does not excced two
degrees tProughout the working frequency range of the DAJ-a equiprent, Be-
causo this difference was o small, error corrcetions were not applicd to
the subsequent data taken, It was further obrerved that the maxirur phase
shift between thc inputs fronm the test rip ot any frequercy was 10 degrecs,
found at 30 repacycles at o ealeulated bearing indication of 161.6 deproee.

Bffect of Phase Thift Upon lull-Type Bearing

14, In order to deterrinc thc effeet of 2 phase chift betwcen stator in-
put voltages on a null-type dircetion finder, it will be ncceesary to extend
tre theory vhick led to couvation (16). To do this, just multiply both
nerbers of equation (10) by Zp so that E. s I.Z, and thus:

(16) : |"r.11T31 , 5 Ez] (3)
i 5
L2r =Bz _ 2] T_"_ = S " (17)
Tt bk g T 22
Z1 2!
Assunc
Zy=23 ond My = Cy Sin &
fﬁz = 01 Coes &
Then
Ir » jwCl (2, €4n 8 4 B Cos & ). 2. (18)

Z)2r 3 jlywly & oF CyF

Introducing a phase shift @ into tke voltage of one of the stators, tho
volteges beeone: '

B , E2€j¢ s ond E,
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Then

Er = JwCily

ok (%7 c4n 0 4 E» 30 Cos o
Z7p 1 jZqwly :.:.u2012 Ll 2 " 'e—l (19)

let:
jwcl ZI.

2
ler i jZl u_aLr A LU201

Ca

Thir ie done since the only voricble of intercst. is 8, It rust be remembered,
however, thnt Cp Fere is a veriable with .

Therefore:

B, = Cp [B fined B¢ % cos o) | (20)
A eimple inspection of cquation (20) shows that By is nov a eomplex voltage,
Setting equal to zero would thercfore be meaningless fron the practical
standpoint since the ordinary goniometor cannot provide for redueing both the
real and imaginory conponcnte of o voltage to zero sirultancously. In other
words, on inductive goniomcter acte not as 2 phare diseririnator but as a
magnitude diserinination of the rcsultant rotor voltage. It thus becomes
obvious that it is the absolute valuc of E, with whieh the goniometer rotor

output ic eoncorned. Expanding the factor £ J®  in'cquation (20) in terrs
of & conplex trigonomctric expression:

Bre Cp[BSin©4 By Cos§ Cos @4 jE, Sin @ Cos o  (21)
The absolute value of Er2 is given by:
. ) . 2 2 3
E2 =Cy;(8) ¥In & & E, Cos § Cos )% g, e1n? § Cos® © §(22)

Althourh it may scem obvisus at this poirt that !Erzi ccn never be zero
for an cetwl goniometer, 2 short theoretical digression will prove the
arcuncnt,

Suppose fErzl be zero; then:

B2 £ir2 0 # 28, Cos ¢ Cos & Sin & # Ey° Ga” § = O (23)
Divide 21l terns by Cos*® s

Es? tan®6 # 2B,E, Cos $tan 6 B2 = O (24)
Solve for tan @ 3

= o o B 2
tan 8 = -2...:1E2 Cos d% i V’AEI E.2 Ces é e 4_[‘3121_322 (25]

o
26,
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tan € = -20E; Cos & ¢ J2E;%; Sin¢

- (26)
252

tan 6 = -B; Cos¢ ¢ JEp Sing (27)

EL.I.

But cquution (27) ic not physicelly reclizable since:8 must be & real angle.
Thorefore, | Er ! eannot be zero, This conditicn ie pencrally rcferred to in
the literaturs as "bluwr", There is no null, and the bearing indication
conciste of 2 mininmun signel, This beering value_may be determincd theo-
retiecally by taking the pertisl derivative of | EI.2 | with respeet to © and
-.(:-ett)',ing the result cousl to zero for & ninimun, Operzting upon equation
22

2 | Eri J’Er' s 2(E1 Sint-§ B, Cos ¢ Coso ) (41!‘.1 Cose =E, Cos$ Eine

6 . o @
2 28
-2%;2 €4n 2§ 81n € Cos = 0 i

Sctting > ’Er, equal to zero:

ol e

E,;® €in @ Cos @ 4 E,E, Cos ¢ CosPe ~E,E, Coz ¢ cin® @
“Ey? Cos? § €in @ Cos @ ~Ex? Sin®¢ €in @ Coc @ s O i
Cellceting and re-arrconping torns:
(E12 - 72) €1n 0 Cos & = By B, Cos §( £in° 0 = Coc? 6 ) (30)
(B2 - 52) “4n 2 @ = 2,0, Cos ¢/ Cos 2 @ ‘ (31)
Finclly:

tan2 0 = 2By Ot g (2)

2
By - B,
Equrtion (32) shows that the observed bearing angle € is a funetion of the
phere difforence ¢ as well as the voltape mepnitudes Eq and Fp, By letting
¢ be zero and oxpressing tan 2€in terns of &, equation (32) is scen to be
identiezl to cqueation (1€). The orror in degrecs, duc %o the introduction
of the phasc shift ¢ between the two stator voltages is piven by:
25,5, Cos ¢
= 1/2 arc tgn - v v i - arc tan = B

£2 =R Ey

DECLASSIFIED




APPENDIX 1

This crror function is based upen the assumption that the nagnitudeos of thé
voltares do not change but there is only ¢ vhase shift betwcen them. The
folloving caleulation is for a phase shift ¢ = 10° when Ey = 3Bp:

E‘(BEzz) Coe 10° & e e . B

= 1/2 are tan -
9ExR - Ey? , 3,

* 1/2 arc tan - €_(0.985) « are tan - 1/3
g

1/2 arc ten =0,739 = arc tan «0.333

= 1/2 (36.4) 418.4

& 0,2 degree
From this computatior it ic scen thut thc maxirum phase shift, cncountered
in the test rig only, produces an crror of but tuo-tenthe of one degree.

Therefore, the phase differédnces inherent in the test rig conctrueted are
not sufficicnt to ecoure rignificant bearing crrors,



Torminal Scttings and Bearings Obtoined
From Test Rig Construetcd

TABLE I

Stator Terninal Scttings on Test Rig

(“ce Plate 16)

DECLASSIFIED

A B c D
1 4 4 L
1 4 3 | Z
2 /A 3 4
| A 2 4
2 A 2 4
2 4 1 4
3 L 2 4
3 4 2 4
4 4 1 L
4 3 1 pA
4 3 2 4
4 2 1 L
4 2 2 L
4 1 2 L
4 2 3 4
4 3 3 4
4 1 4 4

Beering Obtained In
Degrees

18,4
2€,.6
33.7
45.0
56.3
63.4
71.6
90,0
108,.4
116.6
123,7
135.0
146.3
153.4
161,6
180,0
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BOTTOM VIEW OF SONIOMETER TEST RIG
WITH BALANCED-TO-UNBALANCED TRANSFORMER.
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