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ABSTRACT 

The problem of phase measurement at microwave frequencies 

has been investigated and an automatic, recording system developed 

for use in microwave optics studies. 

(i) 

The phase plotter operates at 9.3 Kmc/s and measures phase 

and intensity of a field continuously along chosen scanning lines. 

The phase measurement is essentially independant of intensity 

variations of up to 40 db and the follow-up response during auto

matie operation is over 90° per second. The accuracy is • 5° in 

automatic operation and • 2° when operated manually. 

The system's operation depends on the) Homodyne technique. 

Automatic operation is made possible by the development of a novel 

modulator using ferrite microwave components. The plotter is 

designed to achieve system dependability and simplicity ~ the 

measurement of botb phase and intensity. 

The performance of the plotter is demonstrated by static 

calibration, by dynamic tests simulating operating conditions and 

by measurement of actual fields whose configuration is calculated, 

for comparison. 
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CBAPTER I 

Introduction 

1. 

In receat. Tears elect.rcaapet.ic wave theo17 bas bea 

sigDiticant}T adTa.nced thro'IJ&h contribations trca exper:l.aatal 

observations, particularl,T iD relati~~g Ddcrowave and optical phenaaeaa. 

'ftle basic aeasurEIIeDts ilm>lved are those ot the phase and intensitT ot 

fields produced b.T lenses or other radiators. Sets or points or scanning 

lines lJin! in plane sections ot a t.ield are obtaiDed and then collated 

into phase and intensitT cout;our maps. To tacilitate tbis work, au.talatic, 

recor<:Iag deviees are reqm.red to replace llaD\1al. procedures in order to 

increase the speed aad reduce the labour and aonotolV' ot repetitive 

aeaS\lrEBents. While aut<lll&tic intensi tT aeasuriDg techniques and 

iD.strm.eats bave been widel,T used tor some ti:ae, deT.l.ces tor phase 

aeasur•eat are IlOt 00111a0n. The research reported here bas resulted in 

the i:aproveaent ot phase aeasuri.Dg technique and in the develo}:aeat and 

construction or a new torm ot phase and intensitT plotter which bas 

tlexibilltT, dependabillt7 and JJ11T be used w.lth relative ease. 

The problem ot phase aeasuremeDt is not restricted to bigh 

trequeaq and :m:l.crowave field aeasuraaents aloae. Qaantities such as 

voltage, ClJrl'ent and aaplitier gaia at single trequencies have 

traditionaJ.l1' been aeasured in magnitude oD11', whil.e the eval.aatioD ot 

relative phase bas bee either neglected or iDdirect~ interred. The 

reason tor this is that the deter.m!Dation ot relative phase ~es the 

aeasur•ent ot tiae, and the hiJher the trequenq ot the quantit7 ~ 

aeasured the greater the cœaplexi tT ot equip!ent required. EYeR at power 

trequencies ld:lere voltage and curre:at u.pitude aeasureaents are straight-



torwa.rd, phase aeasursaents are interred trœ power considerations or 

ude b7 relativel.y coapl.icated apparatus. 

2. 

Durinl the past fi.tteen. 78&rs, the probl.• ot aeasur:Ln& 

phase has been givea increasiJI& attention over the entire trequenc;r 

spectrœa ot interest to the caaunication en&lneer and radio ~icist. 

In the audio and video trequeRc;r ranps, striDgent specifications ot 

pulse tranSIIissioa qœlit7, have restùted in the develoJaent ot a n\111ber 

ot techDiques tor phase meaiSUrai8Dt. At radio trequencies inclusive ot 

the Jlicrowave bands, the iapetus tor the developaent of phase aeasuring 

dmces has came trœ two sources - the aeasur•eat of the near fields 

ot radiating qstEDs auch as those illwlved iD llicrowave optics and the 

aeasureaent ot wavetronts in propagation etudies. The necessit;r ot 

collecting large BIIOUDts ot data in &IV' giva probl.Ea hae givm rise to 

the deaand tor measurilag apparatus wbich is capable ot rapid, autematic 

operation and Which provides a graphical record ot the resulta. 

'fhe plotter described here operates at a wavelelll'th of 3.2 ca 

and can aeas'Ql"e the phase and illtensit;r ot a field COiltiDUOusq along 

scaDid ng lines covering an area about 60 ca x 120 ea. The razage ot phaee 

aeasur•ent is essentialq l.iJiitlese ba.t ldtbin a sin&le SC81l is 

restricted to 3600°. The phase aeasur•e•t ia independant ot intensit7 

variations ot as auch as 40 db. In automatic operation the tollow-up 

response ot the pbaee aeasuring SJStED is better than 90° per second. The 

plotter ma;r be used either tor autœatic or manual operation. The accurac7 

1n manual. use is 2° and iD automatic operation, 5°. 
The autc.atic qstea was ude possible b7 the developaent ot 

a new JIOdul.ator which permi.tted the use ot the ~e aethod ot phase 

measureaent wbich preri.oul.;r was not dependable. 'fhe design ot the new 

aod.ulator was ll&de possible b;y recent develo}'aents ill the field ot Jlicrowave 



ferrite coaponents. 'fhe addition of the autollatic feature to the SJStEB 

bas been greatl.1' aided. by the growth of knowledge and techniques during 

the past tvo decades in the field of automatic control and sernaechaniSII8. 

In the éourse of developaent, the use of special.l.7 built 

dnices was aTOided as far as possible, and up-to-date llicrowave circuit 

tecbaiques and ccuaerciaJ.l.T aT&ilable coapone11ts were used. The denlop

~~ent bas resulted in the establishaent of a measuring tecmnque as well 

as the constraction of actual apparatus. The deT.lce, as presentl7 

constituted, shoul.d be eas~ reproducibl.e bT 8111' wel.l equipped Jlicrowave 

aacl el.ectronics laborato17. 'fhe plotter was sa.bjected to a Dlllber of tests 

and a "Proof of Perfor..ance" in order to daaonstrate its effectiveness. 

The thesis is ooDCeraed ld.th a stataaent of the basic probleas 

ilm>lved in the instr1Jilaat's denl.oJaem.t (Chapter II) and ld.th the solution 

of these problems (Chapt;er III aDi IV). In Cbapter V are described details 

of the plottert s construction and Chapt er VI reports the evaluation of the 

systemts performance by e:xperimEiltal procedures. OperatiDg instructions 

are added as an Appeudix. It is concluded that the plotter satisfacto~ 

aeets present needs b7 prorl.di.n« a rapid and accurate means ot aeasureaEDt. 

The rate ot aeasur•ent bas beeD increased by at least two orders of 

magnitude in coape.rison ld.th :a&ll1J8J. procechlres. As suggestecl in the .final 

Chapter VII, experience in operating the present denee i.Ddicates 

possibl.lities of a aore aabitious SJ'Stea. Ia auch a STStea, aethods of 

autoaatic data processi.Dg would be added to those of autoaatic aeasureaent, 

thus iBcreasing the rate of experilaental investigation bT another order ot 

aapitude. 



ciUP'fER n 

The Problea ot Autoutic Phase Keasureaent 

2.1 The Prob1E!IIl ot Measuring Pba.se 

Relati Te phase measureaent iaplies essentiall7 the 

detel"'liation ot short tille illterwls. This can be aohi8Ted either b7 

tiae measureaent, or b7 the ob~ern.tion ot a phase depe:ad•t phen<aenon. 

At 1ow trequencies a tille aeasureaent aethod is teasib1e. The di'Yidi.Dg 

line is at about 1 Mc/s. tor up to this trequenCT, electronic cOUI'.lter 

procedures can be used. w.l.th presentl.T a'9'8il.able instrtaeats. Be;roDd this, at 

hip radio and up to the m:l.crowaTe trequencies, recourse is talca to one 

ot several techniques in lddch soae particular phasiDg conditioa resulta 

in an observable phenoaenon and the phase is then obtained b,r iJ:aterence. 

Such techniques ra7 be caJ.led iDdicative techniques since the phase is 

aeasured with the help or an iDdirect iDdication. 

Since phase is a relative concept, the measur.ent ot an 

unJœown sipl. phase must be made relative to a reference sigD&l. The 

aeasursent is no~ made in tenas of a calibrated phase sbifter wbich 

is used to change the phase ot either the UDkDowD. or retereace aisaal uatil 

a desired indication is obtaiaed.. The phase shitter is thus the naeterstick" 

ot the phase aeasursent. The indicative methode can be classed in three 

groups: 

a. Direct ccaparison methode 

b. Frequency translation methode 

c. Hod'Ul.a.tion aethods. 

The tirst group contai.ns methode based on the wave inter

terence method in which an unlmown signal is added directJ.T to a reference 



s. 

sipal and the relatiTe pha.sing inf'erred f'rœz. the resultant. The 

measuremeat is pertozmed at the f'requeney ot the signale. 'l'he indie-.tive 

condition in this case is that, when the t1o10 signala are in 180° 

opposition a null resultant is obtained provided the t'NO signal magnitudes 

are equal. 

Methods in the secorxl group :aake use ot rrequeney translation 

(heterodyD:ing) to change the rrequenc;r of' both the unknown and reterence 

sisnaJ.s to a lower one at wbich the phase measurement caB be •de witb 

!l"eater ease. The phase re1ationsh1p must be preserYed in the course or 

the translation. 

The main deticieney ot these two methode is that the tw 

signala must be or essential.l7 equJ. ugnitude it a sharp mùl. and 

theretore good accuraey is to be obtained. If' the aaplitudes are DOt 

equal., ths one or the sigaal.s IR18t be adjusted in aaplitude to confora 

to that of' the other. 

'lhe third group inTolves attempts to oTercome the aaplitude 

problem. rus is achieved b7 mocltù.at.i:ng one or the sipals iD some a&mler 

such that the combined resultant bas an accurateq observable property 

wbich is & tuDction or the relative phase alone, indepeatlent or the relative 

magnitude. The priAciple of operation of the phase plotter described here 

belongs to this gelleral catego17. 

2.2. The Problelll or Autœaatic Operation 

The operation iDYolved in manual. phase aeasurtaeats is oarried 

out in three steps. The condition of the m.easveaent 1.8 tiret chosen, the 

actual. measurement is made and f'ina.l J 7 the condition and m.easurement are 

recorded. In the case of a mierowaTe field the condition is the spatial 

location at which a probe is placed to saaple the field. Heasurea.ents are 

&de at a nœber of' discrete points. ~ese are reeorded and Talues tor 
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interaediate points obtailled by' interpolation. The :mappillg ot a tield 

even in a single plane is a lengtq, repetitious and 110notonous process. 

It is desirable to devise meaas of ca.rr;vin& out the three steps of a 

aeasursent siaultaneousJ.71 rapidl..1' aud ill a contilluous tashion rather 

than tor a tini te set ot iJ:Idi vidual. poiats. A deT.l.ce lilhich is to be 
. 

autœaatic aust carrr out three operational. flmctioms without the 

interaediate intervention ot a hœaa operator. 

1be actual aeasurement of phase hiD&es on the tact that a 

reference pbase-shitter is adjusted. œtU some specitic propert7 ot the 

ooabined signal is obta.iDed. This is usualJ.T a mül or m:i.D:f.mta coDdi ti on 

and is a ~n teature ot all three ~~ethods outlined iD sec. 2-1. The 

mecbanics of the measureunt are thus those ot seeld.ng a balance. In an 

autalatic deT.l.ce then, the canbined. si.palllUSt produce a Sllitable error 

or acti vatiDg sigœ.l tor adjusting the reference phase shirter to the 

balane~ co!ldi.tion tbrough the ageDCT ot a sentlllecha.Di.•• The ultillate 

accuraey ot the aeasaraaeDt depends on the reterenee phase sbitter. 

However, automatic operation places additional dEE&Ild.s on this deTicets 

calibration and r&Dge. '!he recording of the iDto:rmation obtained should be 

preterably in a contilmous gre.pbical for.. 'l'bis requires a t1«>-co-ordi.Date 

recorder since the aeasurement is that of phase as a tunetion of position. 

Forthermore the response speed of the recorder aust be adequate to tollow 

the rate at wbich the aeasursents are made. The positionin& ot the probe 

is essentiall.7 a pr-oblea ot accurate :it.echanical. construction and precision 

distance measurement. 

2.3. Mor IDTesti,ptiops 

A nllllber ot llicrowave phase aeasuring deviees bave been 

reported in recent years and are outliDed. below. The7 are a.rrazaged accordiq 

to the tbree •jor goups listed ill sec. 2.1. 



2.3-1 Direct Wave InterfereDce Hetbods (Fig. 2.1a) 

A m:aber of writers haTe described. apparatus based on the 

direct interference aethod &Dd saitable for indoor laboratoey use. 

(Ajiok:a1, Beam, Astrahan, Hatà:ls2, cutler, ling, Ko~, LGQel4, 

Worth:i.D&ton5,). The derlces described ha Te the adTantage of sillpl1ci't7, 

but are essen\!~ .tor liB.IlU&l operation o~. Thq reqldre poiat-'b,y

point adjustaent ot inteasit;r as well as phase in order to obtain accurate 

re81Üts 8.IJd do not leDd themsel.TeS easil.7 to awtcaatic operation. Bines 

and Boelmker6, describe a aechwzed form of the interference technique 

b7 whieh a record is obtained of points of equal phase aloDg a scanni ag 

line in the field o.t a radiator. The arrang•ent is aot entirel7 autcmatie 

sinee urmal. attenuation adj\lS'tments are neeesS8.17 to aake the reference 

sip.l eqœl. to the mean intensi t;r of the .tield. 

2.3-2 FregueDCY Translation Kethods (Fi&• 2.1-b) 

A nuaber o.t workers engaged in JlicrowaTe propagation etudies 

aeasured phase fronts or the tillle of arrival of coaple.x vans at points 

distaat .trœa the source and deTel.oped phase aeasuriag apparatus suitable 

for the porpose. (HamJin, Gordon, La.Grone7). A renat apparatus for this 

as described 'b7 Brooks8, coeists basicalJ.1' of t1fO identical receiTers 

with a.nteamas pla.ced. a.t tw parts of the receiTed field. 'l'bq eapl.o7 doub1e 

beteroqne detection to an I.F. frequeaq ot l2 ac/s. 'fhe I.F. outputs of 

the receinrs are coapared in phase b7 a phase discrilliœtor and the 

relatiTe phase difference aeasured 1a ter.as of a capacitor phase shitter. 

Great care is taken to ensure tbat the phase relationship of the two I.r. 

outputs corresponds exactly to the orig:l.œl. phase relationabip ot the t'WO 

poilats in tàe aeaswed field. This dema.Dds identical receivers, consta.nc;r 

of local and transaitter ose1llator treqaencies aDd requires frequent 

recalibration of the STStem. 



PATH 

REFERENCE PATH 

TRANSMISSION 

SYSTEM 
UNDER TEST 

CALIBRATED 

REFERENCE 

Unknown 

Signal 

Refwenct 

PHASE SHIFTER Signal 

(a) DIRECT INTERFERENCE 
METHOD 

SYSTEM Unknown MIXER 8 Unknown I. F. 
1--·---1 1. F. 

UNOER TEST S gn al ~MPLIFIER 

HETEROO't'NING 
OSCILLA TOR 

REFERENCE 
PHASE 

SHI FT ER 

MIXER 8 Refe,...ce 
I.F. 

AMPLIFIER 1. F. 

(b) FREQUENCY TRANSLATION METHOD 

Fig. 2.1 Direct Interference and Frequcncy Translation Methods 
of Phase Heast~r"'ll~nt 

s. 



An indoor raqe apparatus which is coapleteq autœaa.tic was 

desiped b7 Barrett aad Barnes9. This derlce aea.sures phase at an I.F. 

trequency ot 30 ac/s b7 a phase detector follold.n& the hetero~ of both 

the unlœown aDd reference signals. Aaplitude inequ.lit7 ot the two signale 

is remoTed b7 usine lillitirlg saplitiers at the I.F. frequeney. The output 

ot the phase detector 8.Dd the probe position are recorded on a plotti.D« 

ta'ble giv.l.Jl! a aap ot the phase fronts. The apparatus glves ilaediate usetul 

intorma.tion about the tield but, because of the l.illited resolution ot the 

reco~ scheae, the plots obtailled are l.argeJ.7 qualitatiTe. 

2.3-3 MOdulation Techniques 
. 10 

(a) Phase Rodulation Worthington d.oaetrated that if one of 

the two signale in a phase aeasuriDg apt• ie phase modulated si.mlsoi~ 

at an audio rate, then the combined restù:taut w.Ul be aapl.itude moclulated.. 

The a.m. envelope can be detected !iviDB an audio sigDal. whose phase, 

relatiTe to the origi.Dal aodulating sipal, is the same as tbat of the two 

microwan signal.s. Phase is thus aea.sured at the audio trequenq. The 

di.f'ticaltiee in this uthod are the -.œer of producizlg phase aocbù.atioa 

and the utilization of the audio signala to achieve autaaatic operation. 

The phase aodulation aethod proposed 'b7 WorthiDgtoD involTed 11sing lon& 

lengths of wave!Uf.de which resW.t iD an mxwieldy' S)"Bt• at wavel.eagths 

longer than 3 cm. 

'lhese dif.ticulties were resolTed in an autoaatic phase pletter 

described by Burrell.n. The s;yst• t:l.rst heterodynes the two Jlicrowan 

signals to an intermediate frequency ot 6o ac/s and phase modulates one of 

thea. 'flle I.F. sigœl.s are then caabined aai the phase of the resulting 

audio measured b;r a phase detecter whose output is used to adjust. a se~ 

driven phase shitter. 'l'he phase shitter is a autœl inductance goDicmeter 
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a.Dd is used in the reference sipal chamel at the I.F. trequeaey. 

Rapitucle discrepancies of the two sigœls are reaoTed b7 A.G.C. applied 

to the UDknown signal i.t. ampl.i.tier. 'Ibis SJ'St• sutters traa its 

caaplexit;r aiDee it resorts both to JI.Odalation and frequenc;r translation. 

In addition, the resulting phase iDdieation signal is suitable oJ.ÜT tor a 

d.c. type servaaechanism requiring awkward d..c. aaplif'iers. 

A systea which produces phase 110dulation of one ot the llierowan 

chamlels directly' without resorting to loD& leqths ot wavegaide was 

deaonstrated b7 Lavrench12• A aotor driTen rotary phase shitter (roxl-3) 

was used in an experllaental s,stem as the modulator. While this appa:ratus 

wa.s not autoaatic, it dEDOnstrated the inherent siaplicit;r lfhich llipt be 

achieved it the phase modulator could be replaced b;r a aecha.Jdcal.l.7 

static deviee. Producing mochù.ation aechaaica.l.ly' requires aeans ot 

producing a reference audio signal and this is an undesirable complication. 

The measurement of phase could be oarried out ei ther in terms of the audio 

signal or by' phase shifting one of the microvave sigoal.s. 

(b) Single Sicleballd Mpdulation (Fr!guencz sh:itt) It oae of 

the signals in a phase measuring qste~~ is single sideband, suppressed 

carrier aodulated (frequency sbitted) 1 then the recœabined \JDknown and 

reference signala yield an audio beat note eqœl in trequeac;r to the aide

band-carrier differace. !he phase of the beat note relatiTe to the origiDa.l 

modulatiq sicnaJ. preserres the phase relationship of the two :adcrowa.Te 

sipal.s. 

A phase plotter based on this system is Jla.DUfaottared 

camercia.l.ly' (Karinerl-4). A m.echamcal frequenc;r changer is used. The 

phase m.easurement and the reference phase shitter adjustment are carried. 

out at the audio frequeney. This requires a specia.l.ly built 110tor-alternator 

w1 th an adjustable alterM.tor field pole posi tioning schane. !he field pole 
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adjustaent eonstitutes the phase shitter in the reference audio frequenq. 

( c) Double Detection §ystea 'l'his STStaa, wh:Ue 110t a 

liOdula.tion scheme, is ar1 indirect tecblli.que which elabora.tes on the direct 

interference method. Its use in an autcaatic machine was deseribed Dy' 

Bacon15. In this aethod the UDlmown and refereace sipals are comldned in 

a bybrid jtmction and thus both added aiJd subtracted. The d.c. (or audio) 

outputs ot the two detectors in the ba.lanced arma of the 1J1brid are then 

subtracted f:raa each other. One ot the signala :aust be modulated it an 

audio output signal is wanted. This ditterence output experiences a null 

when the· two input signala have a phase difference of tf /2 radians and 

the null condition is independant of magrdtude differences. The subtracted 

detector output, is use.:ruJ. as a serro error signal, and A.G.C. is used to 

maiDtain the servo gain w.LthiD stable lildts. A ujor objection to this 

scheme is that in order to tunction properl.7, the phase detector must use 

identical C17Stals. 

(d) Suppressed Qarrier (HoaodJDe) Method. A aethod involvillg 

aodlllation wbich resulta in a suppressed carrier signal was report;ed b;r 

Robertson16• In this aethod an audio sipl. is obtained tram the recombilaed 

sip.l which is partictil.arl7 suitable as an error signal to drive a servo

mecbaniem. The haJ10d1ne aethod is the ba.sis ot the phase plotter whose 

develo}aent is described in this thesis. 

The hcaod;rne m.ethod has been used ia ~ operated s;ystEDS 

b)" OrDstein17 and b7 V'ernon18 whose reports suggest that the technique 

aight be suitable tor autamatic operation. 
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CHAP'l'ER III 

The Hethod of Phase Measur•eat 

The aethod of phase aea~ent used in the qst• described 

here is based on the hœloqne prineiple proposed b;r Robert80nl6. The 

hcaod1De technique coRsists of coabin:ins an unknown aJld reference sip.l. 

as in the direct interference aethod with the exception that oae of the 

signala is suppressed-oarrier aapli tu.de-JIOdulated. The COJDbined mcrowaTe 

si!llals yield upon detection an audio sit;œl. which bas a unique relationship 

to the relative phase. A caœponent of the detected signal experiences a 

true mù.l inclependent of the relative magnitudes and is direetl.7 usable as 

a null indication tor mar:mal balanci!l«, or as a serYQIIlech&Diaa error sipal. 

The arrangea.ent of the phase aeasuring S7Bt• is sholm in the 

block diagraa of Fi!.3.1. Maaual operation consista of adjusting the 

reference phase shitter in order to obt&in a nl111 output A, 9t tuned 

amplifier w8 • Thus it the tra.nsalssioa qstaa UDder test underaoes a 

differentia! phase shitt, a correspondiiJ« change must be produoed b;r the 

reference phase sbitter ed the aeasureaent is ade in tel'SI.S ot its 

calibration. The develo}Bent or the phase aeasuri.ng syl!lt• placed Elllphasis 

on designing a dependable modulator, on deTising detector circuits suitable 

tor the phase error and intensity indication, aBd OB selectio! a phase 

shitter which would meet the reqairaaents of the s.rstea.. 

3.1. Analysis or the Ho.oàrae Principle 

The haaodyne principle is based on the tollowing considerations. 

A c.w. source is used to proTide both the UDknow and reference sipal.s in 

the phase aeasurin& qstaa. The unlœown signal is aodulated b7 a single 

audio frequeaq. The 110dul.ation is carried out by a balanced aodulator, 



ec 
MICROWAVE C.W. 

ec 

BALANCED 

MODULA TOR 

e, 

AUDIO 

MODULATION 

SOURCE 
~.~~. 

e,b 
TRANSMISSION 

SYSTEM 

UNDER TEST 

REFERENCE 

PHASE 
S .. FTER 

L_ 

e',b 

1 .. !PROBE 

0 oublt Sidtband 
Suppruud C arrltr 

Unkn own Sion al 

Hybrid 

Refe renee 
Carrier Slonal ec 

INTENSITY 

, tDETECTOR e., 

TUNEO Intensif y 
AMPLIFIER 1 .. 

2ws 

eal TUNEO 

AMPLIFIER w, 

Sional 

A Phalt Error 

.' .. 
1 
1 
1 
1 

1 
1 
1 

Sional 

Phaae Servo Fttdback 1 
----~-----------~ 

Fig. 3.1 Homod;o;ne Hcthod of Phase and Intensit.y Ueasur=ent 

~ • 



u.. 

resultin& in a double sidebaDd sip.J. ldth the carrier suppressed. Wben 

such a sigual is recombined with a c.w. carrier, in this case the 

reference si~, and then applied to a detector, the resulting audio 

signal bas the tollowin& properties: 

{a) If the reintroduced carrier is pbased so that. it would be in phase or 

Ir radians out ot phase wit.h the orip.nal. carrier, bad this not been 

suppressed, then the det.ected audio is pnre~ at the original aodulation 

trequeney. 

(b) U the reintrodueed carrier is in quadrature (± TT/2 radians) with the 

suppressed carrier, then the det.eeted signal is pur~ a second harmonie 

and there is an absolute null at the original aodulation .frequenc7. This 

null is independent o.f the unlœmm aad reference signal aap.itudes. 

( c) Bet.ween the extrEIIes ot the above two condi tione, the deteoted sipal 

bas a caaponent at the .fundaaeatal liOdulation .frequenq whose aaplitude 

varies essentially as the eosine o.f the carrier phase aD!le. Further.aore, 

the polari ty ot the tundamental eomponent reverses troa one side o.f a null 

condition to the other. 

'Jhe detector output havin& the aboTe properties •7 be aaplitied 

b7 a tmed. aaplitier to select the tundaaental cœponent. This ca.n then be 

used as an audio indicating sipal .for unual. measurtaents and is also 

suited tor actuating a servœechanisa. la the latter application however 

it is illportant to realise that althoqh the nu1l condition is indepeDdent 

of relative magnitudes, the aaplitude of the tundaaental detected eigne.l 

for ott-quadrature conditions is not independent. In aanual operation this 

is not serious since the gain of the tuned aaplitier can be easily' adjusted 

in order to obtain &OOd phase resolution. In the case of autoaatic operation 

this aust be achieved by soae tom. ot autautic gain control in order to 

aaintaiD the serTO loop witbin a stable regioa wbile preserT.iag adequate 

response speed. 



'l'he analysis o! the hœaodyne pr:l.nciple dEaOnstra tiq the 

properties o! the detected signal described above proceed.s as !ollows: 

I! a modulating audio signal is de!ilaed by 

and the uaodulated r.!. signal by 

e
0 

= Ec cos ~ct, then 

an amplitude m.odl1lated signal is 

where 

•a is the aodlÜateci sipal 

Ee is the carrier aplitude 

E8 is the Jaodulating sigD&l amplitude 

w is the carrier trequency 
c 

w
8 

is the aodulating !requenq 

15. 

E 
• = _.! is the ratio o! the :œodlalating to carrier aaplitudes 

Ec 
called the "'lodul&tion index" and aust be in the 

rance 0 < • < 1. 

The sipiticaace or the 81Jabols used here is also show. b;y 

Fig.3.1. ID 3.3 the seeond tem, Es cos(,.) t • cos <.l t, gi.Tes rise to the s c 

sidebands and when a IIOdul.ator is used wbieh suppresses the carrier, theo 

the JIOdulated sipal. without a carrier is 

e8b =Es coslü 8 t • eos<.ùct = ~ JRE
0 

[ cos(w c +w
8
)t + eos(w 

0
-w 

8
)t] 3-4 

:U a phase shift e is ineurred in the original carrier, then •sb beeaaes 

•;b i E0 {cos ( ( <>l0 .,. "'8 )t + e cos I ("' 0- "'8 )t - el} 3.5 



:: IIE0 1 COS(,) 8 t(cos t.) Ct • COS 0 - SiDW Ct sin 6)} 

When a reference signal, Eccoswct, at the orig:l.DAl carrier .trequeaey is 

t 
added linear:cy to esb' the resultant er is 

16. 

er= Ec [ cos~ ct+ mcos(.t.)
8
t costWct cos e- mcosw 8 t sinwct sine)] 3.6 

This is the resultant sipa.l obtained when the unlmcnm. and reference sit,nals 

are caabined.. The angle e asSUDles the sipi.tioance ot the ditterent:lal phase 

sbi.tt of the two paths. The iDde.x m assUIIles a more general aeani.Dg since it 

is no longer l.bdted to the range 0 < m < 1 iaposed in 3.3, but can assœe 

ariT positive real value. 'l'his is due to the .tact that the sidebaud and 

carrier magnitudes are independentlT Tariable. 

When er is detected to obtain aa audio output ea, corresponding 

to the aapl.itude envelope, then ea can be obtained tirst bT rewriting 3.6 to 

giYe 

8r = E0 J 1+ 211 cos w 8 t • cos e m2eos2 wst x cos [(.0 
0
t _ tan-1 acos w 8t sin e -

l+llCOSW 8t COS 6 ..! 

and noting that the qua.ntit;r under the radical is the amplitude enYelope and 

describes the detected output ea• 

Thus ea.= E
0 

{ 1 + 2lll cos~ 8t. cos e + a2cos2lù
8 

t} 1/2 3.8 

In order to exaœiue the hSl"'DDllic content ot tb:l.s liiB.vetorm, it 

is necessar.r to express 3.8 in a series form: 

ea = A0 + A:Lcos(J.) 8 t + -'2cos2w 8 t + '3cos3<t.>
8
t ••• 3.9 

Such a series then dsonstrates the dependence ot ea on the phase SDg].e e 

and on the index •• Onl.y the tlmdaaental eoaponent ~ cos w s t ot ea need be 

considered sinee all other CCillponents are rejected by- the tuned aapli.tier. 

A convergent series expansion •7 be obtained bT ap~ the 

binaa:ial theorem when 11 < 0.414. Such an expansion yields the tollowing 

expression tor the tumdaaental camponent ot ea• 



A_ cos Q st = Ec 3 ~ 1 ~ 5 -~ llCOS 0 - S Jlt"COS 9 + ~ Il COS 9 -

3 ~ 3 50 5 3 + - .., cos e - - m cos e + s 64 

3.10 

Frca. this it is evident that tor SI8J.l values of m.., the tundamental componemt 

magmitude A1 varies as the co&---ine of the phase an&le e. l'or nlues ot a 

approaching 0.414., A1 departs somewba.t from a pure cos 0 variation., but the 

essential f'eatves are preserYed., in tbat 'I_ is still ze:ro-valued at and 

reverses sign on either side of' e"'to/2 and eqaals mEc for e = 0 orfl'. 

WheD m > .414., the bi.nan:lal ; expansion is DO longer T8lid and 

resort aust be ede to a Fourier series expansion. 'l'he ugcitude 'J. ot the 

flmdaaental component can theo be obtained troa the follow.l.ng: 
'11" 

\" E
0 

~ j { 1+ 2a ccs~o> 0t cos 8+,.2eos2w 8tj 112 e~>slol 
8
t • dcos~~t 0t 

0 

,3.ll 

Frœ this, 'I. can be detemilled most rea~ for va.rious values of a and as 

a tunction of e by m111erical integration. The resulte of such a CODlputation 

are plotted in Fig. ,3.2 in which A1 is pJ.otted on a nomal1zed scaJ.e as a 

1"\metion of e for values of m rangi n& fl'Cllll 0 to 100. It should be notee! that 

Al as a function of e departs aost froa a pure eosine variation tor a= 1 and 

tends back to a eosine variation for values of • both 1ess than and exceeding 

unity. The graph of Fig. ,3.2 is not COilplete since 'J. is continuous tor all 

positiYe and negative values Of 9. 

The signal Al cos~ 
8 
t theretore gi yes a convenieut indication 

of whether the unkno"N!l sad reference sigœ1s are in quadrature vith one 

another or not. Since the DUll eolldition is the one desired., then the prescce 
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ot a tinite A1 cos l.ù st signal indicates a depa.rture from the mill. and that 

theretore an error exists. A1 cos w 
6
t, the tundamental component of the 

detector output, may therefore be te:rmed the "phase error signal" and will 

be reterred to as such in the remainder or the thesis. 

3.2 The Balanced Mbdulator 

The most important part of a homodyne system is the modulator 

since the usefulnees of the technique depends on the degree of carrier 

suppression which can be achieved. Any residual carrier li!Oul.d be a source of 

error, since it would be equivalent to a false additional arbitrarily phased 

reference signal (Robertson16). It is especially important for an autamatic 

systEill that the modulator balance should be invariant over long periods of 

operation and that its adjustment should not be a critical tunction of 

frequen~. Incamplete carrier suppression resulta in incorrect phase indication 

since the nulls of the phase error signal are no longer separated bU' 11 radians 

as a runction of e. 

3.2-1 Crystal Modulator. The modulators used by Robertson16 and Ornstein17 

used a hybrid junction with silicon crystals in mounts attached to the 

balanced arms. Audio frequency and d.c. currents were applied to the crystals 

acting as the modulating elements. Microwave c.w. energy incident on the H-

branch or the bybrid then resulted in a suppressed carrier modulated signal 

at the E-branch. This arrangement is a microwave analogy of the conventional 

bridge or ring type modulator used at lower frequencies. The degree of carrier 

suppression depended on how well the microwave impedances of the t~ crystals 

were matched. Balancing was achieTed by adjustiD8 the d.c. currents. However 

this balancing bad to be carried out frequentl.y, because of changes in the 

crystals. The balance was also dependent on the carrier frequency. This 

arrangement obviously is not suitable for an automatic system since it would 
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not be dependable OY'~ extended periode ot tiae. 

3.2-2 Ferrite Transmission-'l'.rpe Ba.lanced Modul.ator. In the ettort to over

eOII.e the detecte ot the crystal t7})e modulator, a microwave aodulator circuit 

was developed duri~ this investiption, using ferrite absorbtion aedlù.ators. 

These JIOdulators have becODle availabl.e camRerciall.y iR recent years along 

w.i th ma.u;r ot the reu.rkable terri te microwave deviees which are described in 

crurrent literature, (Hogaa19, Bowen20). * 
'.lbe circuit de.-eloped (Fig.3.3a) is a Jlicrowa.ve aœlogy ot 

a transm::l.ssion type œodul.ator. The modulatin« el•eats used are q,ralines 

(Cascade Research Corp. ). As shawn in Fig. 3.3a the incOJiing o. w. sipal is 

split into two equal paths A &lld ! b;r lqbrid No. 1. These two siguls are 

thee separateJ.7 aodulated b;r Q,ralines A aad Band the amplitude aodùated 

signale eA 8.Jld eB cœabined in Jtybrid Ho. 2. The total phase del.a7 ill each 

branch is made a:actl7 the saae tor the tw branches b7 adjustment ot l.1Jl:i ted. 

range tlap type phase shitters in each branch. 

It the llOd'Ul.&tion signals applied to eaeh braach are equal and 

:'fT ~. radians out ot phase, theu it can be d-.onstrated quite s~ tbat the 

output at the H-branch ot B;rbrid Jo. 2 1d.ll. be the carrier oril.J", whereas the 

output trom the E-branch will consist OIÜ1' ot the sidebaD.de. RepresstiDg the 

hybride by equivalent centre tapped transtomers allows the mcrowave circuit 

ot Fig. 3.3a to be represerated b7 the equivalent circuit ot Fig 3e3b. 

It the JIOclulated signala eA, eB :iJ.'l A and B reslll.t troa out-of

phase aodwation, then 

* Further descriptions ot applica~:j.ons ot ferrites at llicrowa.ve trequencie§_ 
aa;r be toœ:ad in: Albers-Schoenbert'""; !Brey &Bd C1art22; Chait and Sald.otis:G.:S • 
Cbait, Sald.otis and S:baons24; Mille%-25; Suhl and Walker26. ' 
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and 

eB = E0 l coscP
0
t- ~cos (w +t11 }t-a (w - W )t) L 2 c s 2 e s 

Sinee the output :fraa bra.neh H2 is proportional to the s-. of e! and eB' the 

signal at ~ is eH2 ex eA + eB = 2E
0 

cosw 
0
t 3·l3 

wbich is purel.;r the ea.rrier. 

The ou.tput e:J!::2 hom bra.nch E2 is proportional to the ditterence 

between e A and e:BI g1 vi.ng 

e.E2 <>< eA - eB = E,:a L cos(w c + w 
8

}t+cos (<..l c- w 8)~ 
wbich is the reqtlired suppressed. carrier sideba.nd. sipal. 

Expert.ental deaonstration of the e:f:fectiTeness of this 

aod:al.a.tor was carried out b.r t'NO tests. The first test showed the degree of 

carrier suppression. If the aochllation is appl.ied in phase opposition thea 

noraal. operation of the aodlilator is obtained aDd the power output at ~ ca.n 

be aeasured. If the modulation is applied in-phase tor the two JIOd.ulator 

branches then the side'bauds as wel.l as the carrier will cancel and, ideall;r, 

a mill outpg.t is obtaiDed at E:2 if there is a caaplete b&l.a.nce. HeasurEB.ent 

ot the power at :8:2 ..nder this condition thus iD:licates the e!:fectiTeness ot 

the modulator balance and the degree ot carrier suppression. Such measureme11.t• 

indicated a carrier suppression iD excess ot 60 db. 

The second test was an operatioDal one consisting of pl.acing 

the modulator into a closed circuit phase measuring SJ"Stea of the !orm shcnm 

in Fig. 3.1. The "TraDBIIlission Sy'stem Under 'l'est" was replaced b;r a phase

shi!~!ree attenu.tor and a second calibrated phase sh:i.:fter. 'l'he test coasisted 

ot wrying the phase ot the ttunknow" or the "reference" path and noting 

whether the nul.ls were spacecl b;r 11' radians. Departure !rœ thie spacing is 

indicative ot incoaplete carrier suppression. This test vas ea.rried 01lt tor 

a maber of relative •gnitudes of the "unlc:Dow" and "reference" signale. It 



was fotm.d that the sideband aaplitude could be varied by .ore than 40 db 

down relative to the reference carrier wi tbout introducin& an error of 110re 

tban :t 2!0 in the worst case. The reference signal could oncy be reduced. b7 

less than 30 db betore the same error vas observed. This test showed. tbat 

the systea would .tuaction eatisfaetor:i.ly provided the side'band. aigœl is 

used as the radiated test sisnaJ,. rather than the carrier. Fort.UDB.tel,- this is 

the arrang•ent need.ed it intensit,- aeasursents are to be made in a 

conveDient aa.nner as described in sec. 3.3. The aodulator was found. to be 

reurkabq stable giv:l.n! reliable per!oruace oTer periods of aonths w:l.thout 

readjustaeat. hrthermore, operational. experience indicates that frequenc7 

Changes of lOO mc/s at 9200 ac/s do not affect the modulator balance. 

The aeehanieal ass•bly of the JI.Odulator is shown in the 

photographs ot Fig. 3.4. This assembq also ineludes the J.c:cystron source 

and :taean8 tor frequeney measurEIB.ent. A ferrite isolator is used to ensure a 

constant loading on the source. The lt17stron shown ia a Sperry type 2IG9 

which was subsequentl.y" replaced b;y a Varian V-55. The photosraphs also show 

the ma.nner in which the separation of the 'UDlo:wwn and reference sigœ.l paths 

is aecom.plished b,y a directional coupler. '!'his is illportant in order to 

prevent. back-refiections in one pa.th from entering the other. The coupler 

also allows supplying the test path with the greater portion of the an.ilable 

power. 

3.3 The Detector Circuit and Intensitz Measureœent 

The usefulness of the phase measuring a7BtED depeD.ds also on 

the efteeti veness of tha t part. of the llicrowa.ve circuit in wbich the reference 

and unknown signala are c<nbined and the resultant dem.odulated. It is :üaportant 

that the combination of the two signala be acbieved. without alloving either 

signal to enter the pa.th of the other. This would result in interference 

patterns in the two paths and would thus be a source of error iD the aeanrement. 
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The detector circuit is turther com.plicated since it is necessar;r to aeasure 

the inteosit7 as well as phase of the unlmawr1 sigaa.l.. 

The detector arran&Ement which was developed is shown ia 

Fig. 3.5. The incœdng unknown signal is divided 'b7 a T j'onction, one part 

being applied to a com-entio:aal single C17Stal detector, the audio output of 

which is used for the iDtens:l.ty measurEDeDt. The secoad part of the unknown 

signal is coœected through a ferrite isolator (Cascade Research Corp. 

Uni.l.iBe) to the E-branoh ot a balanced lvbrid junction. The reference sipal 

is brought to the H-branch of the hybrid junction through the callbrated 

phase sbitter and a second isolator. The unkDown and reference sisnals are 

caabined in the balanced am.s of the qbrid and demodul.ated by' crpJtals 

placed in these branches. Hatching of the balanced am.s is ensured b.r a pair 

ot isol.ators. The audio output of the cr;ystals is added 1D an audio 

transtor~~er, the output ot wbich is the signal. •a• 

The tact that two crrstals are used iD the phase error detector 

is a fortuitous result of the need for good path isolation which reqaires 

tba t a bal.anced hybrid be used. The phase error signal could be obtained 

e~ well with a siDgle cr;ystal it other effective aeans ot ccabiDi.Jl& the 

two microwave signala were used. The pa.th isolation achieved b.r this schem.e, 

as indicated. by' measurEment, ia considerabJ.7 in excess of 60 db. 

The detector out~t ea bas the properties descr.ibed in sec. 3.1. 

and is applied to an audio amplifier tuned to the modulation frequenq <.0 
8

, 

thus prorlding the phase error signal A1 cos<.ù 
6 
t. 

The intensit7 signal, which is obtai.Ded by' detectiDg the 

suppressed carrier double-sidebard unknown signal, bas a agnitude llbich is a 

funetion ot the unknown signal intensi t,' alone. The trequeney ot the 11\tensi t7 

signal is the difference frequeney,. between the two sideba.Dds, namely 2w s• 

AD audio aaplitier tœed to 2Qs is aceordi.Dg].y used to provide the iBtensity 
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indication. A photograph of the detector assEIII.bly is shown in Fig. 5. 7. 

3.4 !he Calibrated Phase Shitter 

Wbile an effective balanced modulator aad suitable detector 

are esse:ntial if the haaodyne m.ethod is to be practical.l.7 fea.sible, the 

accuraey of phase measurED.eut depends 'Ultimately on the precision of the 

calibrated phase shi:tter. The phase shi:tter is the reference staœard of 

the measurEment and thus deteraines the basic accuraq of the systan. A 

number of different types of llicrowave phase sbirters are lmown and are 

described in the literature. They can be cl.assitied as follows: 

(a) Slotted Line Phase Sbifter - The ftmdamental. phase shitter is a flat 

loaded slotted wavecuide (Ragan and Hieaaœ27) in wbich use is •de of the 

linear phase-distance relatiouhip of a vave propa.gated in a retlection-!ree 

transmission systEIIl. The phase aeasur•ent can be made abeolute in terss ot 

distance and frequency. The range depends on the lengtb of the slotted 

waveguide. 

(b) Hovable Vane Type - The phase velocity in a waveguide can be altered b;r 

insertiDg a vane of dielectric material iDside the wa.veguide. {Halford28; 

Ragan am Hieaann27). Such a phase shitter resembles VSI'le type waveguide 

attenuators in construction, the losey vane ot an attenuator beiDg repla.ced 

by a dielectric. The total phase shitt thrau&h auch a waveguide section is a 

non-linear tunction of the w.ne position and the range of variable phase shi:tt 

is limited t.o approximately 180°. 

( c) Squeeze Section Type - The propagation quali ti es and thus the phase shitt 

through a rectangul.ar waveguide can be altered by distorting the cross

section of the guide {:Brady, Pearson and Peoples29). Such a deviee can be 

arranged by' applying pressure on the vertical or horizontal walls of a wave

guide. The range of sueh a deviee is rather limited. 

( d) Rotary Phase Shi:tter - The phase shi:tt through a eylindrical wavepide 

can be altered by insertiDg three "V&Des of dieleetric aloiJ& the axis of the 
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guide and rota ting the lliddle section about the guide a:x:l.s (Ba.mett3°; Fox13; 

Sichak and Lmne-31 ). The phase shift is proportional to the aqle of 

rotation of the middle vane and can be continuousl.y adjusted w.l.thout l.illit. 

(e) Ferrite Phase Shifter - the phase shitt in a cylindrical wave-guide ca.n 

be altered. by iDserthlg a rod of ferrite and subjecting it to longitudi.Dal 

ar tr&DSTerse mapetic field (Caeheria32; Sald.otis33). 

The phase shitter choseD for the phase plotter was a coaercial 

version (Hewlett-Packard Type X885-A) of the rota17 tn>e• Its choice was 

dictated by the requir•ents ot autœatic operation which iDdicate the need 

tor linear calibratioa, unliwited range . a.Dd adaptabilit;r to 110tor driTen 

positioning. During the develot:aent, the slotted guide and vane tJPe phase 

sbitters were also used but eventœlly disoarded, since the;r did not aeet 

all the requirements. A ferrite phase shifter was al.so used experiaentalJ.T, 

but the pa.rticular modal anilable was discarded becs. use of its liDii ted r8.J18e 

and the problem of noDl.inearit;r and h1'steresis. 



CHAPTm IV 

Automatic Operation 

Automatic Operation of the Phase &Dd InteœiV Plotter 

'l'he :œ.easuring qstea described in the preTi.ou.s chapter oan 

be COnTeniently adapted to autC~~a.tic operation. This can be acbiend b;r using 

a seno motor tor position:ing the reference phase shif'ter to maintain the 

phase-error signal in the l'lllll condition. The phase-error si&œl itsalt is 

used to actuate the servo aotor. As the 'tm1cDowJa. sigœl phase varies, the 

phase shitter tollows the ebange and the phase shitter position aeasves the 

1JDlœowD signal phase shitt. If the phase shitter position is made sel! 

recording, a record ot the unknown sigœl. phase shitt caa be obtained. 

In the type ot aeasureaente to be perto:na.ed b7 the plotter, 

the tmknown signal phase change is a restù.t ot moving a probe in an lUlknown 

field. It is necessary theretore to meastJre and record also the position ot 

the probe in the field. The phase must thea be recorded. as a tanction of the 

probe position which can be acbieved bT a suitable x-y recorder. The intensity 

si~ can be s1li:UarJ.y recorded as a. runction ot the probe position. 

The system a.dopted tor this plotter is ill.ustrated in block 

diagraa torm in Fi«• 4.1. and the essentia.l teatures and aDBJ.ysis ot the 

automatic system are considered in this chapter. 

'l'he modulation trequency used is 400 c/s which prov.l.des a 

phase error sigoal direct~ usable by an induction servo liOtor and also 

pro"fides an intensity sipal suitable tor a conventional., caaerciall.y made, 

intensity recorder. The autauatic s;ystea is thus as simple as possible with 

cca.ponents using relative~ straighttorward electronic circuits. Details of 
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the nrious aeclianical and electrical cœponents are described. in Chapter V • 

4.1 The Phase Servo 

SeYeral servo-motor schemes are possible tor dri:viDg the 

phase shitter. Both d.c. and 60 eps motors may be used., but it is ~a.t~ 

evident tbat an llltima.te systEIIl s:l.mplicity is achieved if' the phase 

indicating signal C8.!l be used direetq as the error sigoaJ.. 'l'his :l.B.plies 

using a two-phase, 400 eps induction sernMROtor and m.odulating the mierovave 

signal at this frequeney. The phase-error signal ean then be aapli!ied by' a 

relatively si/aple amplifier chain and appl.ied. to the servo-motor control 

lfinding. In this arra.ngEIIlent the servo amplifier does not reqtlire a chopper 

or other similar arrangement sinee the problan of audio to d.e. to 60 e/s 

eollTersion is avoided.. Furthermore, sinee the phase-error signal reverses 

polarity in passing throuD:l a nlÜ.l., there is no problem. in achieving a 

reversal of the servo motor rotation and the system is thus mùl seeld.ng. 

'l'his arrangEment is evident in Fig. 4.1. A 400 eps oseillator 

and power amplifier are used to drive the lllierowave bala.need modula.tor. The 

servo-motor is a 400 eps, two-phase induction motor with an integralq mo\Ulted 

induction tachometer generator. The reference winding of the motor and the 

excitation winding of the tachaneter are energized by' a power amplitier (Seno 

Power Amp. Ho. 2), the input signal of whieh is obt&ined from the modulator 

oscillator through a preamplitier (Ho. 2, Fig. 4.1). 

The control windi.J:ag ot the servo-motor is supplied b;r an 

identieal. power aaplifier (Servo Power Amplifier No. 1.). The input signal 

to Power Amplifier Ho. 1 is obtained from another preamplifier (Ho. 1) wbich 

ecmbines the phase error signal and the taehaneter generator output. The 

error signal is obta.ined from the bal.aneed detector via a variable-gain, tuned 

amplifier. The purpose ot this arrangement is as tollows: 

a. 'l'he phase-errer sigtl&l magnitude tor off-quadrature conditions·· in· the 
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m.icrowa.ve system depends on the intensity- of the UDlœown signal. as described 

in sec. 3.1. 'l'bis woul.d result in instability of the sen-o-loop tor bigh 

uknown signal intensities or in slow response tor low intensities. To 

overcom.e this difticulty- the servo-loop gain is maintained approx:illately" at 

an optilllum value by' a variable-gaia circuit incorporated in the tuned 

aaplitier. The !&in of this amplifier is controlled b7 the gain control sipal 

wbich is a voltage derived from the intensit7 si!Ml• 

b. Cri ticall.7 damped response of the servo is obtained b;y using veloci t7 

daaping. This is achieved b;y canbiDing the phase error signal with the 

tacbometer output voltage whioh is proportioDBl. to the sen"O motor veloci t,'. 

The tunction of Preamplitier No. l is to add these two signala in correct 

proportion and relative phase. This permits independant adjustaent or the 

servo gain and dam.ping. 

c. A turther tunction of the preamplitiers is to allow relative phasing 

adjustaent of the reference and control winding voltages. This adjustaent is 

required in order to acbieve the qœ.drature conditions essential tor two-phase 

motor operation. 

4.2. The Phase Shifter and Phase Recorder 

'l'he phase shitter is a rotary- one as described in sec. 3.4 and 

is continuousl.y adjustable. The a.ngul.ar position is linearl.y related to the 

phase shift and is indicated electricaJ.ly b;y a d.c. volta1e output from a 

'Helipott multiturn potentiœeter. This voltage in turn is measured and 

recorded along one co-ordinate of a strip chart recorder. The second co-ordi.nate 

ot the ohart is used to record the probe position in the aeasured field. 

'!he recorder is a aodified Varian Model G-10. Since the chart 

width is onl..y five inches and the effective range of the phase shitter is . · 

determined b;y the 'Helipot t às 36CXP, then the resolution ot the record is verr 

poor since the scale is 720 degrees/inch. In order to overcome this dif.ticult7 

a range adjusting circuit, the Range Control, is incorporated which allows 



effective expansion of the scale to 72 degrees/inch. At this scale the 

readability of the record is to about 2 degrees, 'Nbich is the accuraq of 

the phase shitter. 

4.3. Ana.J,nis of the Autaaatic Sxstem 

The operation of the phase plotter as an automa.tic deviee is, 

theoretical.ly at least, am.eœble to anal.ysis in tems of negative teedback 

control theo17. Its actual. pertonuaace ma7 also be determined traa tba.t 

point ot view. 

The a.naly'sis is based on cons:i:dering the phase of the un.lal0wn 

sigpal as the cœ.a.nd signal and the recorder pc position as the output 

signal of the S'J'Stem. The coœmand signal is a function ot time since the 

UDknown phase beccmes ti.Ae dependent as the probe scans the aeasured field. 

The phase plotter performance determination thus rests in tinding the 

response ot the recorder pen position to sueh input ti.Jae-functions. The 

following sections outline the anal.yt.ical procedures required for sueh an 

evaluation. 

The autOIIIB.tic phase plotter diagram shown in Fig. 4.1 can be 

rearranged as a sigu.l tlow cba.rt to bring into evidence the features of 

the negative feedback control system. The tunctioual block diagram of Fi.g.4.2 

is then obta.iraed. In this diagram OIÜ.T the tlow ot sigDals and the efteets 

on them of the 1ndi vidual caaponents are considered.. Thus, all the defiees 

wbieh are involved are represeated b;y aym.bol.s.· implying their input-output 

relationship. The follow:i.mg tabulation lists the deviee and i'uDction 

represented b.y each box and shows the sisnificance of each signal iuvolTed. 
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Xl.ements of System 

. 
Sipi!icance 

s,Dl'bol and component represented b;r Input Signal. OUtput Signal 
51Jabol 

I1 First Snnmri n& Point t 
esb"' ec er 

(Jtybrld of Detecter Ciretdt) 

Fl Cr,ystal Detecter Circuit ea 

F2 Tuned Amplifier e Al a 

F3 Variable Gain Amplifier 

L.2 Second Stmning Point - Preaaplifier 
No.l comldning phase error and El .. E5 
taehometer volta1es 

F4 Servo Power Amplifier Ho. 1 

F5 Servo aotor, gearing, potentiaaeter 
and phase shifter mechani.sa ~ el 

F6 Potenticaeter and Range Control 01 E4 

F7 Recorder Pen Sen-o-Drive E4 e 
2 

Fg Tachaaeter Generator el E5 

F9 Reference Phase Shi:rter - relationship 
of meeha.Dical position to ~se sbift el ec 
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Sigaal Designation 

Symbol Sigrdficance 

u.n1mow signal - the input cœaand signal 

reference signal 

resultant sigœl 

detector output 

phase error voltage 

:raoditied phase error voltage 

servo power aapli.tier actuating voltage 

servo aotor control windiD! voltage 

phase shitter shaft position 

potentiometer and range control d.c. output voltage 

recorder pen position (output signal) 

tachal!lleter output vol tage 

It is observed that this is a s7stEm irlvolving two feedback 

loops. The major .feedback loop iDvolves the reference sigaal e0 , vhile the 

subsidiar.y teedback loop iuYolves the stabilizing tachaaeter si!D&l E5• 

It the input-output re1ationship ot each el.ement were 

representable by a linear differentia! equation, then each ~bol could be 

made to represent the traasfer function of an elaaent. ReductioB fonaulae 

can then be applied and the overall transfer tunction relating e2 to e!b 

obtained. 

The elements involved in the subsidiar.y loop consist of 

coaponents lfbich might be represented by such linear relationships and the 

F F system would simplify to that of Fig. 4.3. The block 4 5 representa 

the elements in the subsidiar.y feedback loop. 
1+ Fll5F8 
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Untortunately~ the final reduction is not peraissible since 

eleaents F1 and r3 are non-linear. A complete formal analYsis of the 3,1stea 

ia therefore not possible. However~ piece-wiae linear approximations might 

be made in which case the system would be reduced within each appro:x:tma.tion 

to that of 4.3b. The transfer function would be 

Fl F2 F3 F4 F5 F6 F7 ••• 
1+ t 4r5Fg + F1F2F3F4F5r 9 

Even if the linear an&lYsis were possible~ the evaluation of 

a _g_ would depend on eva.luating the coefficients of the individual transfer 
esb 

functiona. These can only be found by lengthy experiaental procedures. 

The actual world.ng out of the analysis is thus not justifiable since the 

overall response can be obtained experilllentallY also. Furthemore~ the 

experimental overall response determination is more straightforward and 

simple in this system than determining the indi vidual rea pons es. The 

preceding theoretical consideration howeTer is a helptul guide When 

adjusting the systeœ during actual operation. 

The proeedures and resulta of testing and evaluating the 

plotter experiment~ are described in Chapter VI. 



CHAPTER V 

Mechanical Organisation and Cœaponent Details 

Details of Kl.ectrical and Mechanical Construction and the Organisation 
or the Phase Plotter 

In this chapter are recorded details of the organisation 

of the plotter equiJBent 8.Dd specifie intomation about individual 

electronic and mechanical ccnponents. Alth~h this part or the thesis 

properly follows in sequence with the preceding chapt;ers, the reading of 

the deta.iled component descriptions 07 be conveniently deferred until 

Chapter VI bas been read. 

5.1. Mechanical Organisation 

39. 

'!be mechanical organisation of the coaponents of the plotter 

is designed to acbieve fiexibilit;r or operation. The qstEII. is divided into 

tour parts. Fig 5.1 diagraaaticall;r indicates the arraD«EIIlent used for 

aeasureaents on a lens. One part consista of the inteasit;r recorder whose 

caœponents are mounted on a standard rela;r rack and is described in sec.5.5. 

The other three parts comprise the major portion of the systea. and consist 

of two standard rack cabinets and the probe aechaniSil. The first cabinet 

contains a central control panel, the phase recorder, the error signal, AGC 

and servo amplifiera. The second cabiriet contains the klystroD source, power 

supply-1 the modulation source and the balanced modulator. The probe mechaniSil 

includes an optical bench, with the probe positioniDg aechanisa, the detector 

and the servo driven phase shifter asseably. Appropriate cables interconnect 

the four major components allowing oTerall control rrc:a the aa.in cabinet rack. 

Photographe of these three major assemblies are shawn in Figures 5.2, and 5.3. 
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Fig. 5.3 
Screen with Lens, Optical Bench Scanning Uechanism and 

Detecter Assembly 
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5.2. Scanning Mechanisa 

'l'he manner in which a field is s08.DDed varies w.i th the œture 

of each measuraaent. However, a n\Dber of general principles must be followed 

to Jlin1 a1 ze possible errors fl'Oil this source. 

The probe used. is a flange-less open guide which bas beo 

shown to be a satisfactory probe for aeasure~~~.ents of this t1J)e (Bekefi34) .In 

the measurED.ent of intensit7 alone, the probe scanlrlng a field U7 be maved 

with relative ease sil'lce the deteotor C17stal is !ll01Dlted at. the probe and 

co:anected to the int.ensity recorder b7 a microphol'le cable. Phase me&sursents 

however require delivering the measured and reference sigaals to the detector 

asseœbly. Since the detector and reference phase shitter assemblies are of 

appreciable size, it is not convenient t.o JIOTe th• with the probe. The 

connections must be made w.ith wa.veguides and the unlmow sigDal connection 

requtres a aechanical linkage with rotary joints in order to allow motion 

of the scanning probe. 'l'beee connections .ust not produce a!J1' variation in 

phase during scanning. Precision phase-shift-free rotar.y joints are necessar,r. 

The liukage aust be designed to Jli.Dilaize the degree of rotation of the joints 

to red.uce auch phase errors as •7 be present. Flexible coaxial connections 

cannot be used inst.ead of a waveguide linkage because the fieJCin8 of coaxial 

cablee produces intolerably large phase shitts. This has been reported b7 

Burrell11 and has been dE!DlOnstrated during the plotter de.-elopaent by the 

simple test of insertillg a coaxial line in the measuring system and next.Dg 

the line. A coaxial liDe co:anection 1.1a7 be used for convenience in part of 

the reference signal path provided that it is not moved durins aeasur.ent. 

A silaple scanni.ng arrangea.ent is shown in Fig. 5.4. This was 

used by Farneu35 for a single scan aeasurem.ent along a lens axis. It will be 

noted that the probe is aounted OD an opt.ical bench and positioned by a lead 

screw. Usuall.y an area scan is required., in which case the optical be:nch is 
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m.ounted. parallel to the screen. 'l'he bench is on rails, allowing i t to be 

moved awa.y from the screen. An addi tional. guide linkage is used in the 

reference signal path. The probe can then be positioned to any point in an 

area of about 120 x 60 cas. This arrangem.ent is shown in Fig. s.3. 
The measur-.ent and the remote indication of the probe 

position during scaaaing is another vital part of the mecballical arrangaaellt. 

Because of the relatively short wavelengths used (3.2 ca) the probe llUSt be 

positioned and moTed with considerable precision. This is acbieved bT using 

the optical bench with a 110tor driTen lead screw. 'l'he angular position of 

the lead screw and thus the probe position along the optical bench is 

reported by two synchro generators. One provides the position signal tor the 

phase recorder and the second serves the intensit7 recorder. 

The phase recorder (Varian T,ype G.lO) is nomall.7 equipped 

with a constant speed chart drive. This has been replaced b7 a eynchro-aotor 

drive which positions the chart in accordance with the probe position as 

shown in Fig. s.s. Because of the nature of the cbart teed, the aotion cu be 

in one direction only and the arrangement does not proTide a true X-Y recorder. 

'fbis is quite adequate howeyer since the scans are always made in one direction 

onl.7 in order to a void back-lash errors in the scamü ng aechaniaa. The 

intensity recorder ia a true X-Y recorder and the chart positioDing is serTO 

driven. 

The accuracy of recording the probe posi. tion depends on the 

aecbanical precision of the optical bench and lead screw, on the synchro

generators as well as on the accuracy of the recordera and the cha.rt pa.per. 

The distance of the optical bench from the screen is adjasted 

aanual.ly between scans and the distance measured by ecales permanently 

aounted on the rails. 
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;.3. Detector and Servo-Driven Phase Shitter AsseRb1l 

The detector and phase sbifter asseœblies are described 

functional.ly in Chapters III and IV, and diagraaatical.ly shown in Fig. 3.3. 

'l'he mechanical assembly' is shawn in Fig. ;.6. 'l'he servo driven reference 

phase sh:ifter assembl.y consista of the following coaponents: 

(a) A Hewlett-Paclœrd Type 885-A. Rotaey Phase shifter whose stated 

accurac:y is 2°. 
(b) A Diehl Type s.s. FPE 49-51-1 SerYo Kotor and Ta.chOIIleter. 

(c) A Helipot, '17Pe A ten-turn 20 K.n.linear potenticaeter. 

(d) A Starling Precision Instrument !ype T.;o6 magnetic brake-clutch. 

(e) Limit switehes wi.th DtAI1'WÙ. eut-out and appropriate gearing. 

These components foœ an illtegral aecbanical asseably 110unted. with the 

detector circuit on a comœon base. The arrangeaent and tunctional relatioaship 

o:t the components is evident from the photographe in Fig. 5. 7. 

The limi t swi tches and magnetie brake-cluteh are required as 

protection tor the ten-turn potentiameter whose rotational ran&e thus 

determines the raqe of the entire phase aeasuring 57Bt-. The gear ratios 

are chosen auch that one revolution of the potentiameter representa a phase 

shift of 360°, giving a total range of 3600°. 

5.4. Intensity Recorder 

The instru~~.eat used for producing the intensi t7 records is a 

cœmercial deviee, the Type 373, Airborne Instruments Ltd., Antenna Pattern 

Recorder. It is a strip chart recorder in wbi.ch both the paper position and 

the pen motion are servo dri. ven. The pa.per drive res ponds to the scanning 

probe position and m&T be driven in either direction. The pen detlection is 

proportional to the relative intensity in decibels. This is achieved by a 

logarithmie potentiameter used in the error detector circuit of the pen servo-

drive. 



Fig. 5.6 Detector and Servo-Driven 
Phase-Shifter Assembly 
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Fig. 5.? Detail of Servo-Driven 
Phase-Shifter Assembly 
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The use of this recorder :f'ollows well established techniques, 

(Borts, Carruthers, Woonton36, Hamer and Foot37). The O!Ü.1' depa.rture from 

conventio:nal procedure is in the nattn"e of the intensity signal which is 

derived from the unknown signal as described in sec. 3.3. 

5.5. Details of Electrical Compgnents 

5.5-1 Audio Oscillator and Modulation Power .·Ailplifier Fig. 5.8. 

The modulation source consista of a conTentional Wien Bridge 

Oscillator and a Power Amplifier capable of delivering 20 watts. The source 

impedance is adjustable to a number of conveniemt values. 

5.5-2 Variable Gain Amplifier Fig. 5.9. 

The variable gain aapli:f'ier consiste esseatial.l.7 ot a JJOdified 

logari tbmic amplifier ( Carrathers38). In the original fora the input signal 

to the amplifier produces an a.g.c. volta«e whieh controle the gain so as to 

produce a loga.rithllic amplitude relationship between the output and input. In 

the modified :tom. used, the a.g.c. voltage is derived separa.tel.y from the 

intensity signal. A limiter is used in the a.g.c. circuit in order to prevent 

complete eut-off in the case ot extremely' high intensity peaks. 

5.5-3 The Tuned Amplifiera 

The tuned amplifier used :tor selecting the phase-error signal 

is a Hewlett-Pa.ckard Type 415-B Stanc:li.Jlg Wave Indicator tuned to 400 c/s. 

It is modified to provide the selected audio output for subsequent use in the 

phase servo amplifier. The visual meter indication is preserved snd is used 

for adjustment of the plotter prior to autanatic operation or when the B7Stem 

is being used in manual aeasurEIII.ents. An identieal aaplitier with the saae 

modification, but tuned to 800 c/s is used to provide the intensity signal 

required by the variable gain amplifier. 

A sepa.rate tmmble amplifier, adjusted to SOO c/s is integral 

to the Airborne Instruments Intensity Recorder. 



Fig. 5.S Ci rcuit Diagram of Modulation Source Oscillator and 
Power Amplifier 
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5.5-4 The Servo Preamplifiers Fig. 5.10. 

Preampli.tier Ho. 1 has two inputs and one output, allowing the 

cambiœtion of the phase-error and the output rate damping signals. Each input 

signal is separately' adjustable in phase and JIB.&nitude and the two are then 

linearly added. 

Preaaplifier No. 2 is identical to Ho. 1 with the exception of 

having one input o~. 

The phase adjustm.eats in the amplifiera allow proper quadrature 

phasing or the seno motor control and reference signals. The Egrdtude 

adjustaents pel"'lit optûrum servo gain and damping conditions. 

5.5-5 Servo Power Amplitiers Fig. 5.11. 

The two servo power amplifiera are ideutical• They are 

conventional Class-B push-pull power amplifiera, with a power output of 

appro:x:i.Jilately 40 watts at 110 volts. 'lbe final stage is broadl.y tuned at 

400 c/s. 

5.5-6 Recorder Range Control Fig. 5.12. 

The Recorder Range Control serves to expand the effective 

scale of the Phase Recorder. It is essentially a precision voltage divider 

with an adjustable series d.c. bias voltage. The r&~~ge eorrtrol all.ows 

adjusting the recorder ecale to ~ one of the following scale factors for 

any position ot the phase shitter: 

~ 

10 

5 

2 

1 

Full Scale Range 
De ~tees 

3600 

lSOO 

720 

360 

Degrees/inch 

720 

360 

144 

72 

Degrees/small division 

36 

18 

7·.·2 

3·.6 

Bange 1 al.lows a readability ot the record to about ~ since 
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Fig. 5.10 Circuit Diagrams of Servo Preamplifiers 
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the recorded line is fine enough to allow interpolation between the amal.l 

divisions of the chart. The recorder resolution is thus of the same order 

as the accuraa,r of the phase shitter. Provision is also made tor use of 

èxternal precision resistors to adjust the scale factor to ~ other 

desirable value. 
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CHAPTER VI 

Expert.ental ~uation of the Phase Flotter 

'l'he Experimental Evaluation of the Phase Plotter 

The pertol'II&DCe of the phase plotter was detel'llined both 'b7 

procedures w,ynt.hesiziBg artificial test signala and b.f subjecting the 

system to operational conditions. 

The test procedures are essential to demonstrate various 

important aspects of the SJ'Stem. The sign:iticant ones which were tested 

were the accuracy of the SJ'StEII aDd the response speed of the plotter at 

various signal intensity level.s. 

In the experimental eTBl.uation of the s;rst.•, honTer 1 great er 

stress was placed on the operational "Proof of Perfo~cen ot the phase 

plotter since ultimatelJ only the bebaviour in actual use can proTe it.s full 

effectiyeness. The operational demonstration of the s;rstaa consist.ed tiret 

of establishing suitable known, calculated fields and measuring thea ld.th the 

plotter to compare 11.easured and calculated resulte. Seco~ the operational 

demonstratioB showed how the equipaent can be used to make extensive 

measureaents in order to map a coaplicated field. 

6.1. Test Procedures 

The test procedures described bere demonstrate the two most 

sipd.ticant qualities of the phase plotter. These are the accurac;y of its 

calibration aDd its abillty to record rapid.l7 va17inl phase under extreme 

variations of intensity. 

6.1-1 calibration Test 

A calibration test of the system ca.n be Jl&de by' produciJl& a 

lœown phase change in the unknown or the reference signal pa.th~ The recorded 
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phase indication is then cODlpared with the kno'Wil phase change. Fig. 6.1. 

shows such a sam.ple calibration record made prior to a sequence of actual 

operational measur•ents. This calibration was made for the 720° range setting 

or the recorder. It shows tha.t the recorded reading is correct in each case 

within the tolerance of halt a sull division on the recorder cbart. Each 

division at this range represents 7.2° and the deviation tram the correct 

value is therefore 3.6° or less. The displaeeaent or position co-ordinate in 

this record is proportional to time and is used :merel1' as a conTenient aeans 

to separate the several rea.dings. 

'l'he known phase cha.Dge is produced by a manual.ly adjusted 

phase shirter of a type identical to that used as the reference phase-sbitter. 

The test is therefore an evaluation of the overa~ calibration of the s.ysteœ 

but is not an indication of the absolute aeeurac,- ot the reference phase 

shifter. It is a static test in the sense that the intensit,- of the unknowR 

signal is kept constant and that no atte~~.pt is made to consider the speed or 

response While the phase is being adjusted. 

This oalibration test for..s a conclusive demonstration or the 

accuracy of the system under static and slowly cbanging conditions. 

6.1-2 D7namic Test 

The dylwni.c beharlour or a SJ'StEIIIl can be indicated by 

determining the steady state response to sinusoidal excitatioD over a ran&e 

ot trequencies or b,y observing its transient response to a step tunction or 

square wave input. These are the tests normally apPlied to servaœechaaisas 

and automatic deviees (Brown and ~pbell39). 

In the case of the phase plotter the "input" is a change in the 

unlmown signal phase. The square wave test is the aore appropriate to 

demonstrate the response-speed of the system. It can be carried out easil7, 

though crudely, by manual adjustment or the addi tional. phase shifter used in 
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the previous calibration test. The phase sbi.tter range lllU.st first be 

aechanical.ly' limited to some chosen TSJ.ue and the setting tben varied rapidl7 

by band between the mecha.nical li.llits in a square wave fashion. This silmlates 

a square wave ot phase input albeit in an imperfect uœer s:l.nce the manua1 

adjustaent can only be ede at a fiDite speed. Furthel'll.ore, the amount of 

phase change or the "amplitude" of the square wave thus produced is not 

constant, again because of the shortcaœings of hand operation. The period of 

the square wave is at the convenience of tbe operator and is not necessariJ.7 

constant. 

Despite the shortcadngs of a manual.ly silmlated square wave 

input the dynamic perfor.ance of the phase Plotter was satisfactorïly 

demonstrated by euch tests. 'l'he essential point to be proven is that the 

phase plotter is equal.l7 responsive to sudden changes of as much as 180° 

even though the unknown signal intensity may varr- over a range of 40 db. These 

conditions appro.x:lmately' silllulate the situation wbich ex::l.sts in the vicinity 

of nulls or minima in the focal region of a microwave lens system as described 

b7 Farnell40. A series of tests was ca.rried out at different intensity levels, 

intensity being adjusted by means of an attenuator inserted in the unlmown 

signal path. Resulta of these tests are shawn iD figures 6.2, 6.3, 6.4, 6.5, 

and 6.6, which are the actual. recorder cbarts produced by the plotter in 

response to the manuall..y' generated square wave of phase input. The first ehart 

shows the response when the full intensity of the uaknown signal was used and 

the remaining four show the response as the intensity was progressivel1' 

decreased in - 10 db steps down to - 40 db. It is obvious from these records 

that the response is equally good over this entire intensity range. The phase 

cba.n&e to which the plotter was subjected b7 the test was approximately 180° 

peak to peak. 

In an attEmpt to isolate the eomponent of the phase plotter 
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system which is the limi ting factor in the overa.ll system response, an 

electrical square wave input, was applied to the Varia.n ehart recorder. The 

test signal was chosen to have a period and magnitude corresponcii.ng to those 

existing in the above dynamic test. The recorder chart obtained is shown in 

Fig. 6. 7. It is strildngly similar to the records obtained in the tests of 

the overall system. It can be concluded that in the present system the 

component limiting the system response is the chart recorder and that the 

phase-servo is as good as, or better than, the chart recorder. It is apparent 

from these tests that the response rate is 90°/seoond. 

6.2. Operational Proof of Performance 

Although the two tests described in the previous sections 

adequately indicate the phase piotter performance, the aost satisfactor,y 

demonstration of the system can onl.y be obtained operationall.y. In order to 

carr,y out sueh a demonstration it was neeessar,y to choose fields whieh could 

be calculated. with relative ease, established experimenta.l.l7 w:l.th reasonable 

confidence and l«>uld have properties suitable for a .tu1l demonstration of 

the phase plotterts abilities. 

The operationa.l demonstration was earried out in three 

distinct stages: 

a. The calculation and measurement of a lill1ted region of a simple field. 

The field chosen was that of an open rectangular vaTe guide placed in a 

plane screen. 

b. The oalcu1ation and m.easurement of a limited region of a field resulting 

from. two rectangular wave guides placed a fixed dista.He apart in a plane 

screen and excited in phase with equal. amplitude signala. 

c. The measurem.ent of a substantial area of the two-guide arra.y field and 

the drawing of phase and intensity contour aaps from the recorded resulte. 
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6.2-1 'lhe Field Due to a Recta.ngular Wave-gaide 

The problem ot radiation !rœa a rectangula.r wa.Te guide is 

described b;y a n•ber of authors such as :Barrow and Green41, Chu42, 

Shelkunott43, Horton44 and Silver45. In the f'oœ to be considered here it 

is the problem ot calcul.ating the field due to the radiation f'roa a.n aperture 

in a plane screea. The J>h1'sical confi&UI"ation asSUDLed is shown in Fig. 6.S. 

The co-ordiDate axes are chosen to have their origi.n at the centre ot the 
~ 

:z 

Fig. 6. g Geometry o~ Radiating Rectangular Guide 

guide mouth and the z-a.rls corresponds to the guide axis. The co-ordinates 

ot the point at wbich the field is to be avaluated are xt ,yt, z t. The x-axis 

is parallel to the H-vector and r-axis to the E-Tector. 

It is assumed that although the problem is an electromagnetic 

one, nevert.heless scalar dittraction theory is applicable and that the scalar 

Kirchhoff' theory solution can be used. 

If' i t is assum.ed tbat the tielcl in the aperture is the saae 

as if' the guide were continued indefinitely (Shellamottltii), theil it can be 



represented by 

E. (x,y) = P cos 1r ~ 
a 
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6.1 

Where a. is the wide dimension of the guide and P is an arbitrary amplitude. 

Furthermore the field point is &SSUIBed to be in the Fraunhofer 

region and therefore the distance f'rca a contributi~ poin.t (x,y,O) in the 

aperture to the field point (x' y' z') may be expressed as 

-~ 
R · 

-ll!. 
R 

6.2 

The field at (xt,yt,zt) assuœing distance zt constant, is 

then b 
o-{2. {,_ 

E. (xt yt): ...!_~ r COB ~ . 4n a 
r 

-o.-;'1. JO/! 

-jkr e dxdy 6 • .3 

u 1--1 in >::-.... /2 nd DOW r ::::: If , 8 ce R '/ a a . R )) b/2 

With this approxi.Baation and substituting 6.2 tor r, then 6 • .3 JJB.y be integrated 

to yield 

k:ax' 
E (.x' , 7,) = ~- • e-jkR • _co_s ___ 2R_ · 

~ 
• sin 2R 

4 R ~- ~ 2 ~ 
4 2R 2R 

The t:im.e dependence e-jwt is implied tbroughout. The f'Olll" terms on the right 

band side of 6.4 show that E(xt y') bas the properties of &D inholl:ogeneous 

spherical wave. The first tera iB a constant, the second representa a pure 

spherical wave and the third and fourth are ampli tude mod.:i.tyiDg tel"'ls 

dependent on the co-ordinates x' and Y'• 

The amplitude and phase of this field were coapated along the 

x' axis lddch corresponds in the pbysical case to a sca.nning line perpendicul.ar 

to the guide axis and contained in the H-Plane. The coaputation involved the 



71. 

nœaeric&l evaluation of the second and tbird terms ot 6.4 at a chosen 

distance zt and for a n\lllber of values of x'. The distance zt was chosen to 

correspond to 15 Â at the frequeney of operation (9,323 mc/~ The range of 

values of x' was frca. 0 to x' .:: 12 ?\, the interval.s of x' bef.n« chosen to 

gi. ve equal phase increments along the scanni ng li.De. The first and fourth terms 

ot 6.4 were disregarded sinee the first is a constant and. the tourth reduces 

to unity tor Y'= o. 

The calculated phase and the relative amplitude in a decibel 

scale are shown pl.otted in Fig. 6. 9. superimposed on the reeorded phase 

and intensity as measured experillen~ by the plotter. These graphe show 

that the aeasured values agree ver,y closely with the ealculations, especia!ly 

in the case of the phase. The agreaaent is particul.a.rly good ldthin tive 

wavelengths of the center line. The departure beyond this is attributable to 

the approxilla.tions interent in the theoretical calculation. The variation of 

phase and intensi ty, however, is ver'T gradua! and the capa. bill ti es ot the 

plotter are not ful.l.y tested, except to show that a sintle scan of a field 

can be made at a rate of about 25 ca/mi%1.-

6.2-2 The Field Due to two Reetangul.ar Waveguides 

A convenient field whieh bas regions ot rapidly ~ phase 

and intensi ty ean be obtained by using an array of two reetangular waveguides 

separated by a fixed distance. Such an arrangement is ph:ysically conveni ent 

and an approximate calculation can be made with ease. Fig. 6.10 shows the 

pb;rsical arrangement and dimensions. 

The caleulation was based on the f'ollowing assumptions: 

a. 'l'hat the field due to eaeh guide taken sepa.rately would be the 

same as that eomputed for a single guide in sec. 9.2-1. 

b. Tbat the eombined field can be computed by assuming the sepa.rate fields 

to be scalar, or that they have identieal polarization at all points a.nd 
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tbat the coabined .tield can be obtained b7 the additioll. o.t the real 

and iœagiBAry ec:.poneats of the separate fields. 

c. That the two guides are excited in phase and with equal amplitude. 

73· 

The real 8lld imapnary caaponents of a siDgle !\lide pattern 

were calculated fran the re sul ts of the preceding section. The real and 

imagina.ry coaponents froa each guide were graphically plotted, .the patterns 

being spaciall7 displaced b;y a distance correspondiD« to s, the spacing 
!J 

Fige. 6. 10 Physical Arrangement of Two-Guide Arra:y 

between the two guides. This is shown in Fig. 6.ll a and b. The real and 

i!lasinar;y components were then çaphicall:y added, giving the real and 

i.Jaaginar,y eoaponents of the combined .tield shown in Fig. 6.llc. The resultant 

real and i:aa~nary coaponents yield the amplitude and phase of the coabined. 

tield. 

This grapbical procedure is more expeditious than a nlDilerical 

process, since significant regions are immediately evideat whereas they migbt 

be lost in a numerical ccaputation involviJ18 a finite set of chosen points. 

The plots ot the calctù.a ted phase and intensity are shawn in 

Fig. 6.12 superimposed on the experimental . resulta obtained by the plotter. 

The agreement is particularl:y- good in the re81on between the axes of the two 
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guides. Within this region the sepa.rate fields due to both guides are 

fairly aceuratel.7 lmown as pointed out in the previous section. These 

graphe are a dœtonstration or the plotter's ability to measure rapidly 

varying phase in region of large intensity variations. The departure of 

the calcW.ations from the measurements can be attributed at least in part 

to 

{a) The asS'UIIlptions made in the simplified calC\Ù.ations, and 

(b) The departure or the experimental conditions frœl the assumed eon:ii ti ons. 

In order to investigate the second possibility, a measurement 

of the field was made along a scan o!Üy 11/3 wavelengths from the array. 

Reproductions of the actual records obtained are shawn in Fig 6.13 a and b. 

These records show that the two so~ces di.f'fer in phase by appro:x:imately 18 

degrees whereas the calculations assuae them to be exaetly in phase. In 

addition, these records are a strik:i.ng proof of the plotterts performance 

since the measurement of the phase in the region between. the two guides wa.s 

made at intensities which were so fl1lall. as to be illaeasurable by the intensity 

recorder, as shown in Fig.l3 b. 

A sample of an actual phase record is included in Fig.l3 c 

and of an intensi ty record in Fig.l3 d. These records were made dtlring a 

set of measurements and were produced b;y repeating a scan several times to 

provide a number of identical copies. 

6.2-3 Complete Area Plots 

The ultima.te purpose of the plotter is to produce intoraation 

for mapping the phase and intensity of a field tbroughout a chosen cross

sectional area or severa! su.ch areas in order to obtain a grapbical 

representation of the field. 

When a field is measured throughout a plane area, the intensity 

and phase may each be represented by a three düaensional surface. In auch a 
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surface, as indicated in Fig. 6.14 tor a }ilase surface, the x' ,z' co-ordina.tes 

Figo 6o 14 Phase Surface 

--T 

z' 

Measured Scans 

Phase Contour 

speci.t'y the position of a point in the chosen plane area am the vertical 

or elevation co-ordina.te represente the phase. The recorded scans produoed 

by the plotter are in eftect vertical sections ot this surface, b.Y PLanes 

parall.el to the x4 plane. If a larger number of such scans is made then the 

entire surface can be determined. However, this is not the most useful W8.'3" 

of shcnd.ng the surface and a constant phase contour map is more informe. ti ve. 

This corresponds to sectioning the phase surface by planes pa.rallel to the 

z-x plane and projec~ the outline of these sections on that plane. This is 

achieved by replotting the measured scans by the hodograph technique. In order 

to demonstrate the results wbich can be obtained, the field of the two-guide 

array wa.s measured. by 30 scans 1ying in the H-Plane and contailting the center-
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line o! the array. The scans covered an area approximately twelve waveleDgths 

square, centered at a distance o! fi!teen wa.velengths !rom the arra:y center 

along the center-line. 

The constant phase contour map is shown in Fig. 6.15 and the 

map o! constant intensity contours is shown in Fig. 6.16. Onl.y halt of the 

total map is shown on the asSUIIlption that the field is symmetrical about the 

array center line. 

Several teatures o! interest can be noted about these maps: 

(i) The phase map shows that the phase fronts are essenti~ circular 

( spherical. wave) and are centered on the center o! the guide (on the 

other hal! ot the map they would be ceutered on the second guide). 

(ii) The ripples caused b,y the inter!ering second guide progress lUli!ormly 

over the phase fronts as the distance tran the source increases. This 

progression lies almost exactly along radiale centered on the center o! 

the arra.y. 

(iii) The intensity map is sug!estive o! the lobes of the intensity pattern 

wbich would be obtained in the far field of the array. The rattern of 

the intensity map is also centered on the array center. 

(iv) The regions of iutensity min1wa evidently correspond to the regions ot 

rapid phase change (pba.se ripples) in the phase :map. 'l'bis is shown in 

the combined map appearing in the .f'rontispiece. 

The complete set of scans reqoired to produce these maps was 

prod.uced in one worldng day in about nine hours. It is est:i:laated that it 

ma.nuaJ. measurements were !easible, the time required would be approxl.mately 

six weeks. 
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The final proof of the system lies in its use for actual 

experimental investigations. The plotter bas been used in auch work by 

Farnell35 for the study of phase distribution in the focal region of a 

microwave lens. This included. measureaents and calculations along the axis 

of a lens as well as canplete area scans. The e:xperimental.ly produced field 

maps agree elosely with those predicted b.1 theoretical calculations. The 

effectiveness of the phase plotter is thus conclusively dEmonstrated. 



CHAPTER VII 

Conclusions 

The purpose or this inYestigation bas been to stuqy the 
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methods of, and to devise an automatic deviee for, measuring and recording 

phase of œicrowave fields. Such an apparatus bas been successfullT constructed 

based on the Homodyne principle. The application of this principle was made 

possible b.Y the development of a novel modulator circuit utilizing ferrite 

components. 

Tests and operational use have demonstrated the accurac,y, 

reliability and usefulness or the system. The significant reatures of the 

deviee are: a. the eli11ination of the magnitude problem and, b. the increase 

in the rate of accurate measurement as coapared with manual procedures. The 

magnitude problem has been eliminated to the ext;ent tha.t variations in 

intensity over a range of 40 db of the measured signal can be tolerated. The 

increase in measuring rate is by' two orders of magnitude since a scan 

requiring a day manually, is produced in appro.x1mately five minutes. The rate 

advantage is pa.rticularly useful for area scans. 

Conclusions and recommendations arising from the project can 

be divided into two parts. The first part contains observatioBS serving as 

guides to the limited objective of possible improvements to the present 

system. The second sugsests the possibllity of more aabitious apparatus 

eom.bining the functions of the present type of derlce with a data processing 

system to f'acUitate interpretation of the record.ed data. Tbese suggestions 

are written with the awareness that an effective, useful SJSteœ bas been 

built, proven and used but that as is the case in any machine, "if it works, 

it is obsolete". The pri:mary intention is therefore to point the wa7 for 



future developnents in this type ot measureaent. 

7 .1. Lbdted Improvements 
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a. The developaent of the plotter emphasized measurement of phase, whUe 

relianoe was placed on commercially built equipnent for measuring and 

recording intensity. It is apparent frœ operational experience that a more 

sensitive intensity recorder is needed to match the phase plotter's ability 

to measure low level signala. The aTailability of a reference signal suggests 

that a torm of synchronous detection might be developed to achieve this 

purpose. 

b. If an improvement in the aeasuring rate is found to be desirable, the 

present chart recorder will have to be replaced b.r one having considerably 

higher response speed. Since the present form of recording also li.Jiits the 

range of aeasurement, a different recording method might prove usetul. The 

present method is in analogue fora and the possibilities of a digital one 

should be investigated. 

c. The servo dri ven phase-shitter will require improvEDent or a different 

phase shifter will need to be developed if any significant increa.se in 

response speed is to be obtained. A ferrite phe.se-shitter 'With a transverse 

rotatiDg field ofters another worthwhile problem for research. 

d. The scanning mechanisa presently used is motor driven along one co-ord.inate 

only. A canplete mechanical redesign is indicated in order to obtain true 

x-y scanni Dg and provisions should be made for three dimensional scanni ng. 

7 .2. Advanced Systems 

The implementation of the above changes depends on the dsands 

of future measurem.ents. It is evident however, that any further increase in 

the rate at wbich measurements can be made will not be a major contribtttion 

to the 'Whole problem of experimental procedure. Measured resW.ts oan alread7 

be produced much raster than they can be processed and analysed. It is 
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apparent that there is need for a system which would replace the present 

manua.l graphical processing of recorded data as in the case of plotti:ag 

contour maps from transverse scan records. The present plotter produces in 

one day data requiring many days of a.nalysis and replotting. 

' . a. If the final form in which the data is wanted is lmown a priorJ., then the 

plotter could coneeivably be altered to suit. An example of this is the need 

for contour mapa. It is possible to rearrange the scanning mechani.Sill so that 

the probe would f'ollow ei ther constant phase or constant intensi ty contours. 

In this case, however, two complete sets of measurements would be required 

in any one problem. This type of solution to the data handling problœ w:uld 

f'urthemore provide only a more specialized derlce having a restricted 

application. 

b. A more general and flexible schane is suggested. The data obtained by a 

field measuring system consista of' five quantities. These quantities are the 

intensity, the phase and the three space oo-ordinates locating the point of' 

measurement. The proposed deviee would record these que.ntities in digital 

f'o:m for every measured point. The nlllllber and spa.cing of' points could be 

arbitraril.y chosen ani varied at will. The records could be in one of the kno1m 

forms such as magnetic tape or punched cards. The recorded data would then be 

introduced into a digital canputer to carry out the processes of re-arrangea-ent, 

interpolation and curve smoothing which are currently perfoœed manuall7• 

The essential problems to be resolved in order to achieve 

such a system would be: 

i. A further increase in the rate of measureaent 

ii. Design of' three-diœensional scanning and position measurement 

iii. Digital recording 

iv. Choice of' final form in which recorded data is required 
(i.e. contour maps, three dimensional surfaces, etc.) 

v. Programming of computer to perfo:na data processing. 
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In conclusion it is noted that the principal tunction of the 

plotter which has been built, or of other aore sophi.sticated B7Btaas wbich 

may yet be devised, is to provide graphical representation of certain 

physical aspects of electromagnetic fielde. Inasmuch as such a visualization 

is an aid in furthering the underetanding of these fields, then the work done 

in this research has been a useful contribution. 
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APPENDIX 

Operating Instructions 

Operating procedures for the various component parts. of 

the phase plotter are generally self-evident and follow normal 

practice for electronic instruments. Soma parts of the system, 

however, require special attention during initial adjustment and 

calibration in order to obtain satisfactory opera-tion. These 

adjustments are not needed frequently but should be made a~ about 

half-yearly intervals. The components concerned are ~· the: balance.d 

modulator, : b.!.. . the variable gain amplifier a.g. c., . _g, ... the servo 

preamplifier phasing and ~· the recorder range control· and recorder 

calibration. 

(vii) 

a. The Balanced Modulator As described in Secs. 3.1 and 3.2, th~ 

reliability of the phase measuring system depends an th~ degree to . 

which the carrier component is suppressed in the output of the; balanced 

modulator. Two., adjustments are available in the modulator to achieve 

adequate ~ carrier suppression. The first ensures that the' signals in 

the two branches are delayed eq_ually in phase. As shown in Fig •. 3. 3~a 

a trimmer phase shifter is provided in each arm of thŒ: modulato:r:. 

which may be adjusted to obtain this condition. The . second adjustment 

ensures that the : degree of modulation ïs equal in each branch of the:J 

modulator. This is important to the proper suppression of thœ carrier 

since , theferrite modulators are of the absorbjion type and modulation 

is thus achieved at the expanse of the .carrier level • . In order to 

obtain complete · carrier cancellation at E.2 of. the: A2 hybrid (Fig. 3. 3-a), 



(viii) 

the carrier components in the two branches must be of equal ampli-

tude aB well as ih phase. This therefore implies equal percentagœ 

modulation in ea~h branch. Adjustment of thamodulating signal e at s 

each modulator can be. made by a simple potentiometer control.~ Tha· 

tests which need to be carried out to determine the degree of carrier_ 

suppression are outlined in Sec. ;.2-2. 

b. Vœriable Ga±n. Amplifier A~G.c •. _ The function of the va,riable ga:Ln 

amplifier as described ih Secs. 3.1,. 4.L and 5.5-2, is tm maintain· 

the phase servo loop gain at an optimum value. Adjustment of the; 

basic gain is made during operation to suit the: mean intensity leve.l. 

of the measured signal. liowever, a feature ~ incorporated in th~ 

a.g.c .. system to prevent complete eut-off of the variable gain 

amplifier (and thus of the· servo-amplifier) in thœ presence.~ o:e· 

extremely high intensity signals. This consists of a'. diode limiter 

(viz Fig. 5.9) which prevents; thœ a.g.c. signal from reaching excessiv&; 

values. The limiter bias is provided b.y a pen-light type dry cell which 

requires periodic replacement.< The semiconductor diode in thœlimiter 

also requires periodic testing to assure proper functioning •. 

c •. Servo· Preamplifier Phasing . Correct operation of the phase:. 

servomotor requires that the reference winding excitation and the 

control winding excitation be in phase quadrature; ( viz Fig. 4.l). 

Ih addition, the rate damping and error signail.s must be combined. iin 

phase opposition for stable operation. The purpose of the servo 

prea.mplifiers:. described iin Sec. 5.5-4 and Fig. 5..10. is to: provide:• 

the~ necessary controls to achieve these: conditions. The · quadrature 

phasing of theo control and reference signals is carried out by 
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measuring the relative phase.: of the) output of the:: two pow.e:r. amplifiera; 

while the:: servomotor is running at full speed • . Monitoring terminals 

are provided for this purpose at the output of the; two pow.er amplifiera. 

The phase measurement can be made with an oscilloscope or more 

conveniently with an Acton. Laboratories Type 320~ A/B Audio Phase 

Meter. The error and damping signal phasing can be measured similarly 

at monitoring jack plugs provided on the:: panel oi' Preampl:ifier No.l.,, 

w.hile : the phasing adjustment is carried out with the.: appropriate-; 

controls. The degree or:· damping may also be altered by adjusting:, th6' 

error and damping signal amplitudes independently. 

d. Range Control. and Phase Recorder Calibration The range:· controL 

provides scale expansion and· zero suppression for the:: phase: rEWorder.. 

This is achieved by a voltage divider circuit of which the~ Helipot . 

used for reporting the:· microwave phase shifter position, forms an 

integral part. (viz Fig. 5.12) The zero level suppression is pro

vided by means of a d.c. biasing source.. The range control. will. 

operate satisfactorily if it is supplied from a regulated d.c. source 

with 200 volts. This voltage may be measured, at terminais. provided 

on the range control panel and adjusted to the · required value . Thœ 

d.c. bias for zero suppression is derived f ·rom dry-crells-. A cali

brating adjustment is provided to e-nabl!e; a step-wise zero shift 

corresponding t 'o full-scale deflection on the, recorder • . This 

adjustment requires establishing a one volt potential at the; input 

t to the : zero . suppression circuit and voltmeter terminais are provided 

for this~: calibration. Thœ phase recorder proper requires , occasional 

calibration adjustment since its operation as a potentiometer type 
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r ,ecorder. depends an a reference cell.. This calibra:tion is ach:iieved-. 

most readily by replacing the: microwave phase shifter Helipot by 

an equivalent one, which can be s.et independently of the. phase:: 

measuring system. The recorder calibration can then b.e adjusted t :o 

gi ve the correct pen deflection corresponding to the,: Helipot and 

range control setting. 


