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FPOREWORD

Short wave directlon finders serve as one of the
meane of lomg distaxrce radio navigation. Thelr essential
cdvarntage 45 ths abiliiy %o cover large dlstances with re-
Tlotively little power consumed by the trapsmitters. The
only factor $hat 1limits to s certaln extent extensive use
¢f chort wave radic direction findgers ia the insufficient
direction-finding accurscy. The problem of reising the ac-
curacy of redio directicn finding ail short wavez is there-
fore quite urgent,

‘ rhe available litarailurs on short-wave rzdlo navigsa-
tion 12 contalned essentially in Jjournal articles. Yet, 8
aeed is felt for papers that gereralizZe and systermatize
theaze varised dnta, which sometines are contradictory.

Tt is the aim of this book to f1ll to some extent
thie gap and tharedby ald the astudents ip the correspanding
sectlons of courses on radlio navigaiion.

¥e consider in this text tke construcilon princlple
end block dlagresms of short wave directlon finders, we ana-
1vze their operating features, and nake recommendations con-
carning the choice of differeat versiors.

Particular attention 1s pald to directlon finders

with long




base, which ensure relatively high accuracy of direction finding. This
feature makes radic direction finders witn long base the most pro-
mising.

Since conditions of propagation of radic waves determins to a
considerable extent the accuracy of short-wave radio navigation, it
1s necessary to tauke ianto account the features of propagation of radio
waves when choosing or designing directicn finders.

In Chapter I, written by candidate of technical sclences, lec~
turer O.V.Belavin, are considered direction finding methods and blook
dlagrams of long-base direction finders, Chapter II, written by candi-
date of technical sciences V.A, Veyteel!, gives a brief gurvey of the
mest characteristic errors in radic navigation, dus to conditlons of
the xmak route, and recommendaticns on means of ralsing tae accuracy
of dirsction_finderse.. In-Ghapters III, IV, and V, written by candi-
dats of technical sciences, V.S5. Wl'yanov, are investigated the
operaiing featwes of two-channel inertialess direction finders, and
an analysis is given of the apparatus error when continuous and pulsed
radio :signsis ars used.

Uhapter VI, written by V.A. Veytael!, is devoted to the selec-
tion ard investlgstion of ths phase-meter block, which is the flnal
stege in tihe direction finder that operates with signal conversion.

The text contains the firast publication of results of original
research on the error of the receiving circuits, and phase meters of

lspcratory models built at the MAI/Moscow Aviation Institute].
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In writing Chapters I and 1I, use was made of data on foreign
long~base radio direction finders, the description of which can be
found in the literature cited at the end of the book.

This work, wnlco i3 the first attempt of dissemination of
different material on short wave radio direction finding, is naturally
not free of errors. The authars will receive gratefully advice and
critical remarks, wialch should be addressed to the Moscow Aviation

Ingtitute,




Chapter I

METHODS OF DIRECTION FIMDING AND BLOCK DIAGRAMS OF LONG-BASE
RADIO DIRECTION FINDERS

1. SHORY-WAVE RADIO NAVIGATIORAL SYSTEMS

The use of the means of iong distance radioc navigation mskes it
possible to guide airplanes over long diatances with a minimus number of
surface-based redio navigatiou points. For owr country, the development
of a system of long-distanee radio navigation, operating with satis-
fastory aceuracy at distances of several thousand kilomsters, ia of great
significanee.

Radio-navigational means with s range erseeding 2500 kilometers
can be attained by using long or short waves., The possibility of
using radio waves in the centimeter band (reflescted from the troposphere)
is still doubtful, However, the use of long raiio waves calls for
transaittera of ccnaiderabls power. Radioc navigation means operating at
these waves are bast mads in the form of redlo beacons, with only radio
recsivers aounted on the alrplanes.

In - addition, it is easy to prodwse in the long-wave band
artifiecial nolss, which prastically covers the entire band, Bven in the
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absence of man-made noise, random interference from neighbaring redio
stations may frequently oecur. The high level of atamospheric stetie
at long waves leads unavoidably to an increase in the powmer of tus
transmittiong devicss, The foregoing feotors reduce ccasiderably tus
basis advantage of radio navigational systems at long waves -~ the
high operating reliability (in the sbsence of interference)}.

The use of short radlo waves (in the band from 3 to 30 Mcs)
reqiires no high power wransmitters, and transmitters with an anteana
power on tha order of ssveral hundreds of watts are adequate. A shori-
wave radio navigation system can be produced in a direction-finder
version, by locating the radio directiocn finders on the surface of
the esrth. In this cass the operating time of the system transmitters
may bs quite insignificant., The operstion of such a system is very
difficult to detect, The productionof man-made atatic is also made
difficult.

The problea of developing a long-range dirsction finder gystea
at short waves reduces to the solution of problems connected with the
possibility of ilacreasing the accuracy of radio direction finding. The
existing radio direction findsrs for short waves, of the Adecock type,
produce large errcrs when operating et distances more than 1,000 kilo-
getors, and frequeptly cannct operate at weak signals,

It ls neceesary to consider the possibilities of producing short
wave radio direction finders, which result in considerably emaller

errcrs, In sauch radio direction finders, the distances betwesn antennas
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or groups of antennas exceed a wavelength. They are cailed long-base
radio direction finders and are considered in the presant book.
Nstwrally, 1% xust ba borne i mind itnat shorv-wave radio
directicn finders cennci inswre Ln gsasral aigh oporating reiisbility,
owing tc the characteristic conditions of snart wave radlo propaga-
tion., It may also happen thet radlo navigation systems operating
a* short waves will nct be able to insure tne same accuracy as long-
wave systeas. Nevertheless, conditions may occur under which the use
of short wave gystems of nsvigation msy yleld the necessary eflect.
One must thsrefors ccasider short-wave radlo navigeticn syateas as

almost essentlal supplemsnts tc means operating at long waves.

2, GAWRT-BASE RADIC DIRECTICN FINDERS

Radioc direction finders, whose main antenna system element is
a locp, operete well ln the msdium wave bead (0.2 -- 1.5 Mcs). They
permit radic direction finding with s mean squared errocr not exceeding
}.3, under the bast cmnditions,ﬁﬂ]' . Ia the short-wave band, loop-type
radin dirgetion findsrs produce large serrcrs, dus primarily to the
sevudiar feutwres of propsgation of gihort radlc waves, which are re-
flested from tiae loncsphere, The errurs ariss asg & result of the
chansze io the aagls of polasrizetion nf the wave upon reflecticn Irom
thke icnospinsre.

Tne appsarance of errors ln a loop directlon finder upcn

chanze in angle of polarizetion of the radio waves is dus to the
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reception of the eleotromagnstic field on the horizontel parts of the
loop. Therefore, separated antennas were used in the next stage of
devalopment of railo directica fladings at short vases, FKadlco dirce-
tica finders with sepsrated antennas are called Adecock type radio
direetion finders.

The directivity pattern of an antenna systea consisting of two
antcnnas, separated by not more than 0.1 of a wavelength, is the sams
as that of a simple loop. These are short-base radio diresticn finders.

Various versions of redio direstion finders of the Adsock type
have bsen proposed, in crder to reduse further the aignal recep-
tion level on the horisontal feeders of the anteana systea and to
roeducs the anteana effeect. Data oo the investigatioa of various
vorsions of Adcook typs radio direoction findera ars given in the wall
kaown work by V.V.Shirkov/13/.

Revertholess, esince plokup does exist in the feeders, radio
dirsction finders of the Adcock type are not free of polarisation
errors.

Matters are improved somewhat by using separated loops instead
of separated antennas. This reduces the polarisetion errors and
inereasss the interfersuce rejection of the mdio direction findara)
but still does not solve ths problem of the effective utilization
of these radio direction finders fo long distance and exaot direction
finding at short waves, Owing to the short base of the Adcock type
radio direction finders they produce largs errors, due to ths influence
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of scattered reflection. In addition, it is difficult to increase
the interference rejection of such radio direction finders, far they
a3t receive signals from all directions. Furthermore, the uss ¢f
gsharply-directional antennag is frequeatly excluded. All vnls leads
to the conclusiocn tnat radio direction finders with short ¥ basa
cannot be reeoamended as a foundation for the construction of exact
red o direction finders for shiort waves, cparating at dlstances of
several thousands kilometers. We therefore lsave out bere tns des-
oription of various block diagrams of short-base radio dirsction

finders, referring tine reader to tiw literaturegg, 16, 127.

3. LONG-BASS RADIC DIKECTION FINDERS

Tns larges errors dus to the imflusnce of gcattered reflsctions
apd variations in tne argle of polarization, jnherent in stert-base
radio direction finders, nave nacessitated & search for a sclution to
tne precblem of increaaing the accursey of long distance direction
finding at short wsves by emplcying long-base radio direction findars,
Already at the beginning »f the thirtdes, in investigeticns performed
al the Ceniral Radio Labaratory oo the stability of heaerings on the
Leningrad-khavarovak line/1/, a long-base sntensa zystem wus eaployed.
Approximately at the start of the farties, radio direction finders
with long base havs been developed intensely in Germany. In the
widdle of the fartiss, radio direction finders with long base fcund

application on a largs scale in England. The results of the work by
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Rors with such redio direction finders was published in special
reports on the investigation cf conditions of direction findings
at sbort waves/167,

The known material on radio direction finders with long base
has shown that these direction finders aust ensure a conaiderably
greatsr direction finding aeccuracy at medium waves and a certaln in-
crezse in accuracy of direetion finding at short waves., In spite of
this, there is stilli e lack of literature that considers the possitle
block diagrams of radio direction finders with long base and direction
finding methods. In the design of radio direstion finders with long
base, qusstlons erise of the advantageous chcice of an antenna gystex,
of the direction finding method, of the block diagram of the receiving-
indicating apparstus, ete. Furthermore, &ll thsse problems must be
related to tne direction finding cooditions. The choics of diraction
finder persmeters must insure a reduction in the different errors dus
to ths definite characteristics of dirsction findings at short waveas.
Yot the literaiiurs hardly touchss upon such questions. There are many
beoks devoted & tc the lnvestigation of direction finding errors at
short waves by means of long-wave radio dirsction finders. But the
authors cf these bocks lnvestigate principally the theoretical prob-
lems, without dwelling on practical recommendations regarding the
chclee of parameters and circults for radic direction finders with
long base. In the pressnt text we consider the principal methods of

direction finding at short waves, block diagrams of lc \g~base radio
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directimfinders, and recommsndations on the desiga of radio dirsetion
finders from the point of view of reducing the apparatus errars.

Long~:88e radlo dirsction finders cen be called sector flndars,
sdone usuelly the hearicg is msagured within s narrow oty ol angles,
If the position of the sectir cap be changed, then, msiwrally, it is
posaible to find the bearing to a aignal irom any direction.

4L, LIRBCTION FINDING HETIODS
Cosparison of Axplituies

Mawotion finding can be ocaxrried out by radic directlon finders
of lopg base by uaing the method of comparisca of signal amplitudses.

dasime that wo hevs tuo groups of sntencas, the horizontal sec~
tion of the direstivity patterns of whleh are shown im Fig. 1.1. The
voltages at the cuipuis of the antennse can be writtea as |

E\=Ef (3.8 Ey=Ef,(8, 6}, . (1.1)

where lg—. slevation angle,

& -~ baaring measwred from ths direction chosen as ths refsr-
ens¢ point,

2, — amplituie of the voltage in the dirseiion of ihs maxi-
eum of the pattarn.

1f we take, for exzmplo, the ratio or the diffsrence of the

amplitudss, vwe obtain the following formulias

Ey LG 9; .
£ f2 (4 0) ’ (1.2)

Yy==
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n=E,[f, (B, 0)— /. (B, 0)] «, (1.3)

where ¥ and 1) - readings of the direction finder indicatar in
the fizmixamt former and in the latier cases.

The ratio of the voltages, as seen from (1.2) depends on the
bearing of the arriving signal and on the elevation angle., Farmula

(1.2) can be represented in the form

v=J(3.8). (1.4)

Differentiating, we obtain

of (8, ¢ r(6. 8
dvem L. g 1 2TCD g, (1.5)

Relation (1.4) can beomlled the direction-finding characteristic
(Fig. 1.2).

The slope of the direction-finding characteristic determines the
direction-—fix;ding scale, and the lnstrumental accuracy. The narrower
the lobes of the antenna directivity pattern, the greater this scale.

The advantage of a direction finder employing amplitude compari-
son 1z that 1t takes into account only the amplitude relations of the
signals, and the phuse relationms do not play any role at all, In
practice the directivity patterns of antsnnas contain more or less
pronounced side lobss, In addition to the principel sectors, there
appear on the direction finding characteristic also false sectcrs,
shown dotted in Fig, 1.2, Considerable difficulties arise also in
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connection with eliminating the influence of the "altitude® errar,
inasmuch as
amtxkinentury the elevation angle enters into Eq. (1.2).
A block diagram of the receivimg-indicetling wald of ths radlo
direction finder fur amplitude comparison is shown in Fig. 1.3,
Actually the diagram shows a two-channel recéiving-indicating
unit. The voltage from the output of the sscond channel controls in
Al stugs, whicn changes the gailns of ths channsls simultansously,

mainteining toe voltage at the output of the second chennel constant.

Ld

Z=="Fia 0
Plg. 1.1. Arrangsment, of the directivity patterns of two
antennas in divectlon {inding by the amplitude-comparison method.
1 — direction of the zerc reading of the besring, 2 -- direc-~

tion of the incomlug sigual.
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Fig. 1.2, Charastaristic of direction finding of a finder

operating by the amplitude—comparison method.
@ — aignal bearing, ) — readisg of radio direction Iirier,

Fig. 1.3. Blosk diagraa of redio direction finder, operating
by the amplitude-comparison msthod.

E — voltage of the first antenna group, E; — voltage of ths
seqond antenna group, 1 - vaoltage applied to indicator, AGC —
automatic gain control stege, 1k — first channel, 2k - second
channel,

The voltage at the output of the L{irst channel is
| HM'-—-E,K, (1.6)
where K 1g the gain of ths chancel.
Accordingly, the vcltage at the output of the second channel is

um}amkfzconstzc. R ) )

Ingsrting the value of the gain from Eq. (1.6) into (1.7) we
ses that the voltags at the output of the first echannel is proportional

to the ratio of the vuitages at the input

F

um ut—s':-. (1.8)

The magnitule of ths apparatus errors of an amplitude-compari-
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son radio direction finder is determined by the operating quality
of the AGC cireuit, which should operate very sffeotively, When
abxx Lne input voltage is changed by a factor of 103, the output.
voltage at the output of the second channel should ciaange only by
ssveral percent. Usually saemixfsm an amplified AGC circuit is used.

In addition, the apparatus errors of the receiving-indicating
3t depend cn the field intensity of the received radio station., If
tas lnput voltage ir imsufficient to operats the AGC, the circuit
yields large srrors.

A variation in the directivity patterns also leads to apparatus
errors. This veriation should not exseed 1% at a 0,2° bearing
ageuragsy.

The possible occurreuce of various apparatus errors makesg it
inpossible to ccnsider the amplitude-comparison method as basic in
radlce r};jxect\ion finderg with long bases, It can play only a subsidiary
rolz, This mthodw;: used ﬂ frequsntly esrlier, when the factcrs
that determine the stability of the phase characterietics of the

raceliving appsratus at short waves ware not suffioiently studied.

Siow Rotation of the Directivity Peattern

Another method of direetion finling is based on a slow rotation
of the directivity pattern. In this nase the aignal amplitudes are
not compared simultaneously, but successively in time,

The directivity pettern of the antenna system, which haa a
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sharp null, was rotated by smoothly switching ths antennas with the
aid of a special device, By rotating the pattern, one finds the
pogsition at which the signsl is not recordsd by the indieater.

In the early radio directica finders of this type, ths indicatar
used was an earphons connected to the output of the receiver. Diree-~
tlon finding by aslow rotation of the directivity pattera can be
readily explained using ae an example the Wullenwever radio dirsction
finder with a sine compensator (Fig, 1.4). The antennas aystem of
this radio direction finder consists of broadband antennas, arranged
in a eircle. Located in the center of the antenna aystem is a
direction finding booth, in which 1s located the sine compensator
and the recelving apparatus.

The antennas sre connected la groups of four each and are
phused to one direction by means of artificial delay lines, located
in the sine compensator (see Fig. 1.4). The delay time from one
antenna to another should chbange sinusoidally, and this 1s why the
poasing appuratus ls called a asins~sompensetor.,

The alne coxpensator comsists of a dual cylinder with non-
conducting walls., The inner cylinder ean rotate independently of
the outer one. On the inner and outer cylinders are mmmiait placed
metallic switch dlades, between which the necessary capacitive
coupling is produced. The delay lines are connected to the blades
of the iunternal ecylinder, and cables from ths antennas sre connected
to the blades of the external cylinder. Located on the top of the
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sins sompsnsator is a bearing scale, When the internal eylinder of
the sine eompensator is rotated, the dtagwams patterns of the groups
ruoiate smoothly,

¥
"‘T"T"”\"\}“‘ 4

Fig. l.4. Bloek diagram of ths antenna system of the Wullen-
wever directimfinder.
Rgo — resaiver, SC -~ gine gompensator, DE - delay elemanta.

Sacoth rotation of the pattarn is attalned by the fast that
betucan two bladsz of the inmar eylinder ars placed three Llades of
the oater cylinder. The outputs of ths two groups of entennas are fed
to a switsh, vhich can connsat them either for additiocn or for muw
Seasiims difference (Fig. 1.5).
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~9;f=a‘ | - 180° |

Fig. 1.5. Directivity patitern of antenna groupa for different

connections (left -~ comnection for sum, right — for differeace),

The gearching for a signal occwurs with the dirsctivity patterns
connscted for summetlon. In this position the inner cylinder of the
sine c¢oampensator xmxtm rotates until a maximun sound is received, and
rooghly, accurate to ssveral degrees, one determines the bearing of
the redic station,

After the signal is detected, the directivity pattern is
switciad over far difference and the direction finding is continued
for minimuwr audibility. In the case of a long base, severel minima
are obtained. The operator selects the minimum corresponding to the
readings obtalned during ths ssarchk, Ths instrumertal accuracy of
bearing determination is on theorder of several tens of minutes and
depends here on the patterns of the antensa system &and on the signal
to noise ratio,

As in the case of audio radio direction finders, we can
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speak of a sensitivity modulus, taking this term to msan the produt
of the angle of silence by the intensity of the signal field.

The lnstrumential accurscy incrsagesn with incrsssing frejeniy,
since at higher frequezacles the directivity pstternas are sharper,

The presence of apparatus errors ls verified by means of an external
heterodyne. 7Thls msksas 1t possible to introduse the necessary cor-
rectlons in the besring readings.

Drecviun finding is aluways along a perpendicular to the bass,
thuas insuring maxizum instrumental accwracy. A rsdio direction finder
operating Ly the methyxi of slow ratatlon of the dirsctivity pattern has

. lew cparaiing efficisncy, This ahortcoming is inberent in &ll
metinds of non-simultuneocus coamparison of 3jgaal amplitudes. There is

no instentanecus rsading in thle cass,

Rapid dotation of tha Directivity Pettern

The inaufficilent operating efficiency in siov rotation of ths
directivity pattern can be clinminated to & considsrsble extent by
using rapid rotation of the directivity pattiern of tae antenna gystea,
For exmmple, 11 is posaiblie ¥ rotate mechanically tha internal cyiinder
of tie gine compensatcr, It is sasy to undarstand thag,with this,
the input voltage of iks recsiver will be modulated in amplituds.

If the directivity pettern has sharp nulls, then the vcltage at the
output of the receiver wiil not contein thne carrier fraquency, and

will bave only the side bands, The block diagram of the radio
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direction finder, operating on the msthod of rapid rotation of the
directivity pattern, as shown in Fig. 1.6,
4dssums that we have a reference generatar, the voltage of which
is synchrcnized with the position of the rotor of the motor wnich
rotates the directivity pattern. let in the almplest case the
directivity pattern have the shape of a Fig. 8. Thea the dkx voltage
at the input of the receiver, if the voltage of the carrier frequency

i{¢ also gregent, uwill be proportional to the quantity

sin wt [1 4 m sin (04 Q1)) (1.9)
and the reference voltage will be proportional to
sin QF. (1.10)

The receiver will ssparate out the veltsge of the envelope, the
frequency of which will te equal to the frequency of rotation of the
diractivity pattern. If we measwrs tne poase differences of the
voltages at the cutput of the receiver and the reference voltage,
it will equal the bearing of ths signal, We see that in this amsthod
use 13 zads of addliticnal farced modulation of the signal as the
directivity pattera is rctated, and phaze measwrament is carried out
at a low frequency.

In rotating a diagram whieh has several minims, as occcurs
in direction firders witn large buse, the voltage at the
receiver output does not have a fundamental frequency component of

the reference veoltage, and contains only harmonics of this freguency.
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The wmmitkxy bearing reading becoass ambiguous.

Fig. 1.6. Bloek diagram of a radio direction finder based on
the method of rapid rotation of the directivity pettern.

1,2, 3, and 4 -~ antennas. dpr -- rotating device for
direativity pattera. Rec ~ recelver, Ph — phase meter, M — motor.

RVG ~- raeference vollage generator.

The overall directivity pattern of twe groups of antenaas
connscted fx differeniially can be repressnted in the form
J (8)==sin nd, (1.11)
whare e -~ besring
n -~ an integer, charscterizing the directiw properties of

the resultant pattern (in the case of a long base).
When this pattern rotates, the voltage at the input of the
receiver, taking into account ths additional csrrier-frequsncy voltage,
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vwill be proporticaal to the gquantity
sinet{l+msinn(8--Q¢)]. (1.12)

Obviously the voltage at the output of the receiver will
contain the n-th harmonio of the refereace voltags. Ths frequency
of the reference voltsge must be multiplied by a factor of n. The
vheze meter measures the phase difference

p=n, (1.13)
Thus, the coefficient n characterizes also the ambiguity of the
readicg.

However, the method of rapid rotation of the directivity
pettern has substantial shortcomings, First of all, the interference
rejection is greatly reduced. At short waves, interference from
neighboring radioc stationa manifest themselves quite strongly. In
the case of slow rotation of the pattern, the operator can listen
separately to the signals from the radic stations, entering invo the
pass band of the receiver, and to match the strength of the signal
at the ocutput of the receiver with ths position of the pointer on
ths sine-compensator scale, This elimimates to a considerable extent
the Influence of signals from neighboring radio stations on the
results of the direotion finding.

In the cass of fast rotaticn of the directivity pattern,
all the gignals which are received simultansously by the antenna
system are modulated, and the signal of each rsdio stetion gives an
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envelope of one and the sems frequency. The phase meter averages
the readings and gives as error in the direction finding. In this
s ol tha dlrsetdeon (indicg is susject to 3 certein time lag.

Teking thess shortccmings intc account, %he method of rapid
rotation of the directivity pettern can bs recomaended only when
it is assumad that the aignal from tie direction-finding radio
alitlon, cnecating in a continuous amocde, will be surilclemtly strong
acagsred wiln the sigaals of tha neighboring stati~as., A techalcal
realizstion of this method invoives certain diificulties. In tue
case of & loug base the pattern can be rotated eiiher wechanically
or by electroniec mvitching of the antennas. The interference re-
Jection is also reduced by the reed of smployiog detectlon when
ssperaiing ths envei.ope., in thls case, & detericration of the signal
to molae ratic way occwm,

¥hen tiae radic staticns operate ia iths telegraph mode, the
ashhod of rapid rotation of the directiivity pattern can bs employed
if the phase meter Laas low lpertis, It must be nuted that the
rotztion of the dlrectiviiy pattern can be realized by slectronic
switehing of the anteanas, lere it is naxaxsxxyxts essential thet
the pattarn be rotaled by 360°. Modulation of the signal can be
chtained aloc by swinging the antenns sheracteristics within a
apacified weetor, This idea leads to radlo direction finder schemes
witia long bases, basad on differeat swzwmiseaxtiwx converslions

of the signsl as they are amplified, prineipally in one channel.

&9




Yeasurement of Phase Differences (Phage Method)
A block dlagram of the phase method of direction finding is

shown in Fig. 1.7. The phase difference is measured beiween voltages
in two antennas and thls difference depends cn the base (distance
setween antennss) and on the bearing of the signal (ses below, Pig.

2.3). This dependence is expressed by the foramula

9.:1-"':1 sin 0 cos . (1.14)

For small bearing angles, the formula ocan be regresented in
the fora

2zd

=== 6 cosp. (1.15)

4 comparison of this rarmula with (1.5) diacloses that the
direction {inding scele dspends on the ratio of the bage of the
wavelength.. By increasing the base 1t is possible to incresse con-
siderably the accuracy of directiion finding. This advantage of the
phase msthod as regards accuracy drops out Zamediately if the base
1s taken Immm shorter than the wavelength. Thersfore the phass
method of direction finding is not employed in short-base direction
finders.

Formula (1.14) leads alsc to several other fastures of the
phase method of direction finding. The scale of bearing reading
is a ncalinear function of the phase shift angle. The linearity of

tae scale increases the cloger the direastion of the direction-
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finding radio station 1s to being perpendicular to the base.

If the base is longer than ths wavelength, then even whea
ths poasible direciion of the Aincoming signel 1s confined to one half
plane (owing to the pressnce of a screen in the sztannasystem, an
ambiguity may occwr in the reading. Agsuming that the bearing of the
signal changes by X 90° we can see from (1.14) that tak phase
shitt of =T will be repeated if the base is successively in-
crsased by half a wavelength, Consequently, the number of sectors
of ambiguity, Ns’ wiil ba given by the lormula

N=12. (1. 16)

Thus, the phase methul ix lsade to ambiguity in resding.

fepeading on the wavslength, the resding scales will be
dtfrerant, It is thersfore nucessary to have grapas to convert ths
indicatar readings into bearings of the signal. In theee graphs ihe

parameter is the wavelength,
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Fig. 1.7. Blook diagram of the pbase method of direction
finding.
1l and 2 — antennas. Ph —— phase meter, I - irdicator.

Finally, it is easy to see that a change in the angle of
arrival of the radio vave leads to errors, whioch are called "altitude"
errors. If ths angle of elevation is not mesasured simultansoualy with
‘the direction finding, the operstcr will assume that the phase shift
is dus only to the bearing of the signal and will caloculate the

bearing froa the foraula ond
p=-—"sin ¥, (1.17)

where ' 13 the bearing meamsured in an inclined plane.
It is mare correct, however, toc use (1.l4).
Comparing foramulas (1.17) and (1.14) it can be noted that the
altitude error of tae signal
AB =6’ — arc sin (sin 6'/cos B). (1.18)

It is thus seen that the phase method gives a non-uniform
seale of direction finding and altitude errars. However, the non-
linearity of the scals and the altitude errors decrease when the
directlon finding 1s closs to & perpendicular direction to the
base. Therefore phase direction finders are sectur direction
finders. I{ is simultaneously possible to cbtain the bearings of
signals only within & narrow sector of angles nsar the perpendicular
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base. The principal advantage of phase direction finder i{as the
pegaibility of increasing the accuracy by increasing the base.

Tne nesd for uuing graphas to convert tae rusdlags of the
indicatar ilnto bearings iur vach wavelength reduces scamewhst the
operuting effiaoisacy of the direction finding with a long tase.
douaver, L2 ons attempis to realize completely the accuracy in short-
Cara directlon finders; then it i3 also necessary to cave grapns of
tre radlo deviation, which in this case should bs plotted for eacia
frequeucy separately.

Consequently, the praseancs of graphs for the ccnveraion of
tm8 re~dings cf the indicator into rearinga of the signal im direction
lindere with long base, in the reslization of the maximum possible
azcwracy, 1s nct a new regulrement. The arxbiguity in the long-base
direction finders 1s eliminated by certain known methods, suck &as
enpioyirg in additicn a shart base,

I the pacond buse of the rsdioc directicn findsr is squal to
fali’ the wavelerngth, trnen the ambiguity will be eliminated witnin
the (onlinas 2f ome half plans,

Conssquently, the passe method mskec 1t possibls tc increase
considzrubly lha accwracy of direction finding and is particularly
convenlent 1n sector radio direction finders, whon the sectar of the
signal bearing does not exceed several degrees near the dirscticn of
the perpsudicular tc the base of the direction finder. Recelving-

irciicating apparatus of the direction finder is in this case the
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phags meter (see block diagram, Fig. 1.7).

5. AMENNAS OF LONG-BASE RADIC DIRECTION FINDERS

It is first necessary to oonalder the featurss of the anteasa
systems. The antenne system of long-range radio direction finders
should be sufficiently broadband, to insure reception of aiganals at
frequencies from 3 to 30 Mcs. Ths antenna system should furthermore
have & definlte directivity (principal lobes of the diagram), and
have where possidble no considerable aside lobes. Finally, the antenns
gystem should be constructed in sush a way, that the sector of
direction finding can be rotated smoothly or discretely, insuring

directicn finding of signals within 360°,

Single Antennas

Antenna systema of a radio directinmn finder with a long base
can consist of individual antennas, as well as of groups of antennas
so interconnected as ts obtain the reguired directivity patterna.

The antennes included in the groups can be both directional

and uson~directional. The requirement of switching the sectors leads
to the necessity of arranging the antennss in a oircle and of using
switches,

The requiremsnts that must be satisfied by a single antenna

are above all a sufflcient coverage of the frequsncy band, Con-
sequently, the antennas should be broadband. Individusl antennas
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Fig. 1.8. Asymmecirical
vertical dipcle.

\

: fuSMcs

S

Fig. 1.9. Directivity pattera of asymmetrical vertical dipole
with reduced wave resistance (in the presence of a scresn).

S\
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should furthermore have a directivity which 1s determined
by the use of the entire antenna systen,

The simplest antenna 1s an asymmetrical vertical dipo-
le (Flme 1.8), which represents a cylinder made up of a net
ol vErblealliy suspendeld wires, suspeuded vertically on a none
conductlinz vass, 4nd jclined below into one rouveon woint. ne
resistance oi the antenua matches the leeder earloyed (ususai-
ly 75 ohms).

A canopy made ol & wooden ring is mounted on the top
. side, and the conductors are stretched along 1its radius, A
ratehling resistance ls connected bvetween the cylinder and the
CLI0DY o

Antemna operatlion can be lumproved by usling a screen
paie 0f Wire meah, stretchsed behind the antermsa at a distan~
¢2 of a guarter of Lihe average wavelengtih. An apnroximate di-
reeLlvity pattern oo an antenna with screen, conalstinzg or 32
vertlical conductars and & canopy, is shown in Fig. 1.9.

It is possible to use in a direction finder a rhombic aantenna
[%], wileh makes it posalble to obtain coansidsrable direciivity,
produces a symmetrical cutput, and is also broadband. However, for a
rhombioc antenna 1t is necessary to employ a considerably greater
working area. A4s a single antenna one can use also a long-conductoer
antenna (Beveridge antenns)}, which represents a long wire supported
on poles, On the end of the wire one connects a matohing resiastance
[11/. 'The lsngth ¢f ths antenna should be several times the
vavelength (up to ten times), i.e., spproximately 200 meters.
Raturelly, the installation of a Beveridge antenna calls for a
larg: srea,

The calculation of the parameters of broadband antennas for
short wWeves have been discussed sufficiently in deteil in the
li‘cerat-ure[l, 2, 11;7.
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Groups of Antenpas

The directivity can be inproved by joining individual antennas
ir groups. 7This iecomes particularly neczss:cy if ths single
antennas consist of vertical broadband dipolas., Far dirsction
finding it is necessary to bave two voltages from two groupe of
antennas and a device for switching the sectors over. The character
ol the directivity pattera of two groups of antennas msy be different,
depanding on the method of direction finding. It is posaible to obtain
tio directivity patterns, the maxima of which ere in the same
direction (Fig. 1.10). The antenna groups must be pleced in this
case in such a vay, as to insure the necessary dimension of the base.
If u direction finding method based on amplituds comparison is used,
it 12 necessary to obtaia voltages from two antenna groups, whose

directivity patterns start out in ome poiat, but at differant anglas

; ( } ﬁﬂ(;;l?i:;;}ﬁau
ey |

Fig. 1.10 Pig. 1,11

( Figo 1011).




Pig. 1.10. Directivity pattern of two groups of antennas
vhen phased in cos direction.
Fig. 1.11. Directivity patterns of two groups of antennas

when phased in different directions.

To HF smplifier To HF amplifier

Fig. 1.12, Arrengement of phasing of antennas in two growps
in one directicn.

AA ~— antenna amplifier, DE -~ delay elements, MN — electrical
axis of the first group of antennas, M'N! — electrical axis of the

second group of antennas,

31




The antenna system of a long~base radic directiocn finder
usually consists of a definite number of individual antennas,
loenied along a oirtle of selected radius., For example, in ths
Wullemwsver dire c tloa finder, there are forty antonnas arranged in
a circls 60 meters in radius,

Each group ususlly consists of fowr antennas. To foraz a
Zoup of antennas, as canr be readily sesn in the dlagram of Fig.
i.:2, 1% 1s necoasary to coanect delay eiements betwsen the anternas,
and these can be made in the form of artificial lines or cable
secticns. To bs able to sultchthe sectors, the delay slemeats are
placed in the receiving~indicating unit. The delay elements can
&3 sonnocted &2 shown in Flg., 1.13 in each antenna, and with this
thoe usve registance of the common feedur should dscresse, dapsnding
cn the number cf eniennas in the group.

The dslay elements can be connected alsc between antennas,
&2 shown in Fig. 1,14. In this case thers should be comnected to
tne erd of the feeder of each antenna a resistance equal to ths
wave rosistance of the antenna feweder, The antenna feeder should
be connected to the delsy line through & decoupling element (usually
an actlve resistance),

Naturally, the decoupling element will not make itpossibls
to transfar the energy completely froa the antenna to the common
feeder. The gain of the antenna system, when such a

connection dlagram is used fcor the delay lines, is reduced. The
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The voltage transferred from one antenna to the commoa feedsr tihrough

t he decoupling element is

Ry
u:“r?—-"u‘

) R; + 124
where %3 is the impedance of the decoupling element,

. (1.19)

Antennas

’ﬁ ‘6 ﬁ ii”

Common feeder To receiver

Fig. 1.13. Connsetion diagram for the delay elementa in each
antenna.

DE — delay slsasnts,

Fig. 1.14. Connsotion diagram of deky elements bstween
antennas,

DE = delay elemeats.

Practice has shwwn that the resistance of the decoupling
elemsnt should be fouwr or five times greater than the wave resistance
of the feeder, and this will cause the field distortion in the
common feeder to be szall,

The signal traasaitted by one antenna into the input of the
receiver wiil be attenuated by a factor of fowr or five. This
leads to a reduction in the signal to noise ratic at the input
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of the receiver, Sinrce several antemnas are connected to the common
group fesder (for example four or five), it is found tbat the signal
voituge at the rec:iver input frcm the antenna group will be ine
ssme as the voltags from the signal antenna. Thus, the msthod of
connecting the delay elements shown in Fig. 1.14 1s less convenient
from the energy point of view, However, in the circuit shown in
Floe 1,132 it is difficult to make use of the signal power galn,
sinca tre wave impedsnce of the final feeder may be very szall and
difficulties may arise in transforming the vcltages in the input
c¢ircuits of the radio direction finder.

The cocansction cf the deiay elements is called phasing of ihe
antonnasin the group. When phasing in accordance with the circuit
shown in Fig. 1.13, it is quite difficult in prxtks practice to

ovbtain a smooth displacement of the directivity patiern. The secters

[¢
™m
w3
[na
(4

: switcined only discrstely, The sector switch is shown in
fig. 1.15 in the foerm of contacts in the circuit of each antenna.
Ir the cass of phesing in sccordance with the circult snown in rig.
1.24, 1 is easier to effect a smooth rotation of the sector. How-
ever, it was perhaps necessary to take energy considerations into
account primarily, since & smooth rotation of the sector is not

an essential requirement in all cases.

'?_ -’i Jj. Oi ST- Antennas
oo B - - - - - nle o
Yy Y

! -DE

To receiver
el
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Fig., 1.15. Connection dlagram for sector switch.
1, 2, 3, 4, and 5 — antennas, 1%, 2', 3', and 4! — switeh
ocontacts, DE — delay elements.

Improvement of the parumeters of the anteans systsm and of
tiw stability of the dirsctivity pattern can be chtained by uaing
grounding, Usually it 1s effected by means of radial wires connected
to .3 concentric ones. A grounding grid is obtained, which is
buried at emall depth (approximately 0.5 meters) in the earth. The
grounding grid is located approximately at a distance of one wave-
iength from ths antenna cirvle aat on cne side or another. The
principle of the grounding device does not differ in this case at
all from the principle of the grounding device used for antennas for
main 1ine radio communication at shart waves/2/.

6. METHODS OF MEASURING PHASE DIFFERENCES

The block diagram of the receiving-indicating unit of a
pbase radio direction finder represents essentlially a high frequency
phase meter. The circults solve ths problem of amplifying the
sixg signals and measuring the phase diffserences, Depending on the
method mf used to measure the phase differences, the suitable
circuit is chosen for signal amplification.
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Sometimes, for convenience in the analysis, it is possibls to
sxpxxaku segregate those blocks of the radlo direction finder, in
wiilch the paass difference 1s messwud, and other blocks, in which
the aignals are amplified. Since the methods of signal amplification
in sector radioc direction finders are determined essentially by the
nethods used to measure the phase difference, we shall start the
analysis of the block dlagrams with a study of methods of measwring

phass differences.

Methods of Direct Measwrement of Phase Differences

In the direct measwrement of phase differsnces betwsen e twe
voltages, one fixea definite luatants of instantsaneous voltages in
tbe chsnnels. The phase difference ig determined from the dlfiference
in time for these ingstants,

The fixation of the definite instants of time leads to the need
for using pulses. Assume that there are two voltages in two channels
fig. 1.16). When the voltage in each of ths channels passes thrcugh
gero and starts rising, ths phase meter gsmnerates narrow pulses. The
pulses obtained from the voltage in one channel are used to trigger
a sWegp stage, tho voltage from which 1s appiied to the horizontal
mfxx deflecting pletes of a cathods-ray tube.

The pulses generated by ths voltage of the ssoond chaunel,
are applied to the vertical deflecting plates of the cathode ray

tube. As a result two pulses will be seen on ths oscillograph screen,
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and the distance between these two will imiicate the phase difference.
The advantage of this method 1s that the compared phases

rmay talong to voltages that congist of a very small number of

complete cycles. One can hardly expect nere good inlerterence

imaunity. This method is good in laboratory practice, when

the voltages in the channels are free of noise. In practice, natur-

ally, the devices that generate the pulses operate at a fixed level

of input voltage. It is therefore advantageous vo amplify the voltages

in the chennels in such a way, so that amplitude limitations can be

practiced. This will make it possible to exclude the dependence of

the phase-difference measurements cn the amplitudes of the input

voltages.
U,
S f
u; [&"N\
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Fig‘ lolb I‘ig. 1'17

Fig. 1.16, Voltage diegrams in two channels, showing the in-
stants when pulses are formed for the measurement of the phase
differences.

uj-voltags in the first channel, up; -~ voltsge in the second
channel.

Fig. 1.17. Voltage diagrams at the output of dc generators.

u} — voltage in the first channel, u; ~~ voltage in the
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second channel, uj, —- voltage at the output of the dc generator.

It is posglbie %o modify scmswhst the pulse methcd ef phemsg-
d»iisrex‘lzi.maam‘emﬂnt aad to iacrease its interferencs (m
smploying integration. ln this case, as prevbusly, ons obtains first
tuc saries of pulses. These pulsss ere then used to trigger two
Gc voltage gemerators, with differemt polaritiss. The pulse of each
sories sterts one generatcr, and shuts off the other. The voltags
disgrams at the cutput of these two generatars are ghown in Fig.
1.27. If wamioos we now comnect to the output of the genmerator
cireuit an ave‘mgin.g network, then the polarity in the megnitude of
the voltage &t the output of this network will determine the phase
difference. The phass differsmce of the input voltages can be
mesgursd hers within =t 180°, A p\ﬂ.sed-in'bagral method of phase
diffurence measursment has yaat interfersnce Zm although it
deos reguire that the Llnput voltages aontain several dozens of
cycles of oseillations. Different trigger circuits can be ussd as

generatars,

Compensaiion Msthods of HMeaswing Prage Differsnces

The idea of all the compensation wthods is based on cannscting
into one of the channsls a phase ahifter, which cospensstes for the
pPhage shift betweon the voltages in the channels. Verszioms of this

metbod differ by the methoda of compensstion. The compensation oan
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realised either automatically or manually. In addition, proviaion

¢ an be made for different indicators, whieh fix the inatant of
elimination of the original phase shift. The phase difference 1s
read directly on a scale that indicates the positioa of the oandle of
ths phase shifter.

Ia the non-sutcmatic versions of compeansation, visual ar
auditory indication is used. A typical method is that of comblaing
the signals. An example of this method is shown in the block diagram
of Fig. 1.18.

u’g__—_——t

Uze ‘
J o, SRR

Fig. 1.18. Diagram of phase-different measurement by the method
of combining of the signals.

w - voliage from the output of the first channel, w, -
voltags from the output of the second channel, BA —- block for ampli-

tude balance, PS — phase shifter, G — sweep generatar,

Assuse we have a two-beam oscillograph with a common sweep for both

beans. The direction from the firsgt channel is applied to the
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vertical deflecting plates through & phase shifter. Tne voltage from
the second channel is applied to the vertical deflecting phase of
Lt second electron gun through an amplitude-balancirg stage. Twe
sine waves will be seen on tie streen, one under the other. iere,
naturally, it 1s necessary to synchronize the frequency of the sweep
generator witn that of the signal, By changing the position of ths
prage-anifter knocb it is possible to place the sine waves exactly
ons under the otbher. It is now possible tc shift cne of the beams
verticaily and to equalize the sine waves amplitudes in such a way
that one sine wave merges with the other, by means of exact setilng
of the phase shifter kncb. The phase difference is determined from
the position of the pnsee shifter knob, The merging of the sirns
wave yives & very nlgh sccuracy of phase difference measurements,
approvimately te 10,

A shortcoming of this version of signal coambination is the
lovw npsrating efficiency, for much time is consumed in performsnce
of each messurement.

another method of realizing the method of compensation is

shown in the block diagram (Fig. 1.19) where a voltage-summation sta-

e (:vumning;anit) 1ls used. Here, tco, one vcltage is applied
through the phase shifter and then to the suwaming unit, and the
cthsr to the summing unit through a network that baiances the
signal samplitudes.

It is quite obvious that if the phase shift between the
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voltages and the antennas is sero, the amplitudes are ideatiml, and
shifter

the phase aikfs produces a phase shift of 180°, then the voltage

at the output of the summing stags willbe gero,

Us PS {

__’4 s Rec
u.:"zn—-'————’

Fig. 1.19. Scheme for measuring the phase difference by the

oethod of eompemuon, using a voltage sumaing stage.

u) - voltage froa the output of the firat ochannel, up —-
voltage from the output of iha second channel, BA ~- amplitude
balancing block, 38 -- summing stege, Rec -- receiver, i - indicator,

The operator listens to the signal at tha output of the re-
calver, When the signal at the output is detected, the opearator
turns tha knob of the phese shifter until a ainimua signal
is produced. He then belances the amplitudes of the voltages iu
the antennas, attaining a sharper minimum. Tne phase shitt between
the voltages and ths antennas can he read oz the knoh of the phase
abifter.

In the diagras (see Fig. 1.19) the dotted line sbous the
connection between the indicator and the phase ahifter, produced
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by the operator.
It is naturally possible to use instead of a summing stage a

voltre differunce stago. This does not change the weti.d at 13, but
now an original phase differeace of 0% will correspcad to a zero shift
in the phase shifter,

An ‘~~ortaut factor is that whean using s summing stage it is
poasible obtain amplificaticn in cne channei and to increase the
sensitivity of the setup. Ths accuracy of the phase-difference mcasure-
ments 13 not worse nere than in the case of combination of sine waves,
and the operating «fficlency is also low.

if the phase difference of the initial voltages changes rapidly,
then sn autozatic measursassat of the bearing becomes practically im-
possibla. An avtomatic rotation of the knob of the phase shifter is
however lmpossible to realize in a circuit with a summing stage, since,
in addéltlon to rotating the knob of the phase shifter, it is necessary
to balance the amplitudes. A system is obtained with two interrelated
controlled elements.

Instead of combining sine waves, it is possible to use the
method of combining pulses.

Let us imagine two sinusoidal voltages, the sams as in the
pulse methods of measwring pmmse shifts . If cne of the voltages is
used to obtaln a circular swesp on the cathoda ray tube, and the
pulse from the second voltage is applied to the central elsctrode,

then a clrcle with a pxdws pulse will be produced on the screen of
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the cathode ray tube. As seen on the block diagram (Fig. 1.20) the
pulse from the second voltags is obtalned in stages which are

connected past the pnasa shifter.

m. —
o > o
s 59
8A
2
4 /

—e P3 PSN | .
az ,1

Fig. 1.20, Diegram for msaswring the phase differences by
the method of compensation and combination of pulses.

u; -~ voltage from the output of the first channel, u; ——
veliage from the output of the second channel, BA — amplitude
talancing block, PS -~ phase shifter, PSN -- pulse shaping network,
90° -~ phase shifting network producing a 90° phase shift., I —-

indicator, Amp -- asmplifier,

Also applied to the central electrode of the tube is a
pulse from the voltage of the first channel. In this case two
pulges will be seen on the screen, directed away frcm the center of

the circular sweep to the periphery (Fig. 1.21, left). If we now
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rotate the knob of the phase shiftexr, then ths secoad pulse will be
shifted along the clrcular sweep and finally will merge with the
marker pulse,

The method of combining pulses has low operating efficleady,

but is in wany cases more convenient. For example, if a

pulse radioc navigation range finder is on hand, then the pulses
discussed above ars alweys cbtained in the range~firder equipment.
These aro the interrogation and the response pulses. GConaeguently
it is possible tc measure very well the phage differences at the
pulse repatition frequency, in spite uof the faot that the second
veltege 13 non-sinusoidal.

lLet us iadicate that the inatrumertal sccwracy of any phaae
metor can be increased in principle by an unlinited aumber of
tines by multiplying the frequency. In the example given above it is
posaible to multiply the pulse repetition frequency and to msasure
the phase difference with greater accuracy. Howover, by increasing
the awsep frequency in the pulse method of measwring phase differencss,
it becomas unavoidably necegsary tc rsduce the lsagths of the pulses,
or else they may uccupy the entire circle on the screen and the
measwemsat Joses lts meaning.

Multiplication of the pulee repetition fregusncy sad use of the
puase mesaurement metbod undoubtedly contribute to greater accuracy
of reading. However, thie accuracy stlll remains considerably lower

than the accuracy cbtained when measwring phase differences at the
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pulss filling frequency.

In the case of a continuous signal, there are no principal
imi+tations on the increase of tre instrumental accurwucy ol panss
dirference readings, for sxazple, by rfrequency mulliplication. In
practice, however, the posaible instrumental acourasy of phase-
difference msaswements 13 alvays limited and is determined by the
etability of tho apparatus and by the conditioos of propagation of
radio waves. In addition, iu frequency multiplicetdor the reading
becomes ambiguous, and this will require a subsequent perfarmance of
several rough and accurste weasuremsnts.

tlarker
.pulse

Signal
pulse

Fig. 1.21, Diaplay of pilses on a screen with circle sweep
wnen measuring phase differennes by the compensation method (left —

pricr to merging of the pulses, right — after merging).

Practice has shown that the best accwracy of phase~difference
measurements in various direvtion finders usually amcunts to 0.1°.
In many cases accuracy up to 1° is quite adequate. It must nut be
forgctten bere that toe measwrement of phass differences is usually
carried out in a ramge of 360°.
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Finally, methods 3xist for automatic compensation of phase
differences. The use cf an sutomatic compensation scheme for phase
dif cvrences 1s poesi®la vhon exact balancing =f ths voltage ampiitides
L1 the channel: is unnscessary. Ag 1s known, the use of a sumaing
voltage stage calls for amplitude balancing. Consequently, it is
necessary torreplace this atege first of all by scmec other stags
woich weuld respend only to phase differences and unich would yield,
regardless of the voltage ratio, & zerc voltaze at the output for a
. given phase difference, Such a atage is a phasgse detector,

The dlock ciagrem of an automatic compcnsatlon scheme for
phase diiferences, using a phase ds%ector, is shown in Fig. 1.22,
The princival eluments of the network are & phase shifter and a1
phase dutector. Ths phase detector prcduces at the cutput & de
voltnge, proporticnal to the product of tae input voltages and tas
sine of the phass saift bef.ueen them, Conssquestily, independent of
sce amplitudes of ime input voltagas, Lf the phase shift ls fully
compuncated by the phass shilter, the voltage at the output of the
poase detector is zero,

The veltage fron the cutput of the phase datector is spplied
tc the motor control circuit, which rotates the knob or thne puase
srdfter. After the initial posse shift betwesn the input volteges
has bean compensated fcr, the motor stcps.. Thig scheme has now &
higher operating efficiency than those considered sbove., Naturally,

if the measured phase shift varies rapidiy, & dynamic measurement
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error appears. The method of msaswring phase differences with
automatic compensation has a certain tims lag bullt im, cwing to the
uge of a follow-up drive, This tims lag msodesxiswymxwedxyy nay
pxaxiarsyrassckdsae be inoreassed by the choice of the parameters
of ths controli circuit and of the filters connected past the phass

detactor,

Y, - +
('}-'"4‘ 28 PD
g
|
,'
1
(7

fig. 1.22. Bleck disgram for the measuremsnt of the phass
Gilferepce by the method of automatic comperaation.

W — voltage irom ithe output of tbhe firct channel, uwp —
vcitaye from toe output of the sesond chaanel, PS5 — phass shifter,

FD — phese deteoctrr, ¥ -— motar, S — control aysten,

Tae automatic compsnsaticn scheme 9as high interference
imman ity and should bs used wlenever a low rate of variation of

the phase differences of the input voltages is expected. The acowrac;
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of the measurement of the phase differenco by ths compensation method
amounta to app-oximately 1°,

The aulcmatle compensatlon scheme for the phase differences
losss the advantage cI' tha possibllliy of ewaioyinpg & ulngie coaer . d,
airce it in nezeasary 1o upply ic the phass dstactor voitagss which
are already quite highly eaplified. It is impossible to connect the
phase delsctor in the input siue of the Llock diagram of the radlo
dirsection finder, for it is pocaibls to obtaln sufilcient gain at
dc, anma dc 1s necessary fcr operating of the ccatrol circuit. It i3
probably slapler technically to construct two identical receiving
devices, inctead of a stable ampiifier opera*ing with a dec gain

on thse crder cf ssveral nillione.

Indirect Method of Msaswring Phage Differencas

lumercus methods of meauswring phase differences are baased
on the trsasformation of the signal phase differences im such a way,
an to be abls to uwau the cmplitude ratios to deitermine ths unknown
dirfszrence, or slse tc replace ihe measur~ment of phiss differences
at nigh frequency by messwiment of phase differsnces at lou fre-
queccy, or slse to use some method of indirect measwrement. The
aazieet way {o make such a measuwrement is with the a1d of a phase
agter with a phease detector, the Llosk diagrem of which is shown in
Fig. 1.23. 7%t ia seen from ths diagram thst *he two voltages are

£

applisd mm the two rhase detectors, and one of “he voltagss is
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3hifted in phaee by 90°. As a -esult, two do vcltages are produced w«t
the output of the phese detectors, and th3se voltages are proportional
to tha product of tho emplitudes of the input vcliages and the sins
and the cosine of the phage shlft angles respectisely. It now
remeins caly to compare these output voltages in magnitude and to
take their ratio. Thls voltage ratio is cetermined in an indicator,
whish 12 essentisglly & dc¢ ratlio meter.

Depending on the indicator, differeant versions ol the scheme
czn be used. The indicator may be a magnetic needle placed in the
field cof two mutually-perpecndiculer coils, fed from the outputs of
the poase detectors (see Fig. 1.23). Usually the necdle of the phase
mter is placed on a magnetic ring whick rotates inside the coils,

Tne ¢oils are fsd frcm the cutputs of the phase detectors through

direc* current azplifiers, Such an indicator scheme has 8 certain
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Flg. 125, “icok diagram of paase meler Witn punse cs®o2iiTs,

U - voltage fror the cutput of the first channel, v, o~
voltage from the output of the second chascnel, 90° - petwork
walch zhifts the voltage phase by 9C°. LTA -- de ampiifier, T3, T, —

fiest phese detector, T3, 4y -~ second phaze jatesior,

Ir secter radle Qirection finders, operating under coaditlons

cof strong interference from nelghboring siations, it is important
to take the bearing at that lnstant, when there is nec
signal Trom the Interfering staticn (whor operating hy talegraphl.
in this case Lhe Jarge time deliay of the pointer indicator mey be
harmTul., Tnerefore ic short~save sector radic direciion finders,
which neve phass maters with pnase detectors, it la sometlnes better
to use a cathode ray tube as a ratic detector. 4 bilock disgraa
ol the incicator is shows ia Fig. L.%4.

Ag can ba seen from tac dlagrum, toe dc velitages from the out-
puts of the pusas dutectorse sre commutated, in order to obtain on
ties tibe a line (instead of a spot) directsd awsy from the center.
Ths sawtooth voltages cbtained after coumutmtion, the amplitudes

ol which are proportional to the voltages from ths output of the




phase detectors, are sppiiled to the defleoting plates of ths tuba.
The phase difterence is devermined from the alopes of the 1lins ca the

tube,

¢ - Com ] 1

GCV],

4, =8 ] Com

- )
Fig. 1.24. Block diegrem of an indicator of 3 phase meter
with phase datectors using a zathode-ray tube.
u) — voltage from the output of the first phase detector, u2 —
voltage from the output of the sesond phase detsctor, Com — commutatar,
GCV — generator of commutating voltage, I — indicatar, Y —

reading of the phass meter.

The scheme with the phase detectors is particularly convenient when
the phase difference i1s measured at a low difference frequency. In
tols case it is possible to emsurs good stability of the phame meter
parameters, to decrease the influsnce of the variation of capacitances
in the circult, and to obtain greater interference rejection, by
taking one of the voltages to be greater than the other. &

more detalled analyals of the opermrtion of a phase meter with pbase
detsctors and imk a cath>de ray as inmiicator is given in Chapter VI.
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i Flg. 1.25 + i

Jige 1.25. Block disgram of a "sum -~ difference” phase
metar,
B .= voltage from tne first group of aatenras, w, — voitage
i 2

voltags _

from the second groug of sntennas, S8 — ,summing stage (sum stage),
DS - voltage dlfference stags, 90° -- phass shifting stage (50°
phage shift}, 1 -~ first amplifying channel, 2 — second amplifying
ctannsl, I -~ indjcator, ¢ -- reading of phase uster.

¥ig. 1.20. Vector diagrem of the sum and diffsrence of two

voltages, of egusl ampiitudse.

A rether slmple method of converting a phase difference iato
& voltags
. swpiitude ratio ic the Yaum -~ difference" metnod. A block dia-
grax of a poase meter cperatling oa the Fsum ~- difference® principle
i3 shown in Fig. 1.25. Ie tols circuit there are twc veltages with
phase shifts -qﬁ,"z and n{/z. When the amplitudes of these vcltage

are squal, as can be seen from the dlagram (Fig., .26}, the sim of

the voltages is
O ; ¢. .
usm»Jl/sulwtcOS—g, (1.2
and tne difference of the voltages is
_ .
u = 2Uc05mtsm—2—. (1.21)
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If one of the voltages 1s rotated by 90°, say the sum voltage, two
in-phase voltagee are obtained, the ~mplitudes of uhich are pro-
ot onal to the sdne aid ta» cosine of helf the ergle of the
orlginal phese shift. If these voltages we noe applisd to a two-
channel aaplifier with equal pnese shifts and with equal geins,
then the ratio of the voitage amplitudes will remain the same at
“he utputs of the channels., After applying the voliages from the
output of the ampiifying clennels t~ the deflecilag plates of the
cathode ray tube, we sha.l obtaln on the screan a diametral lins,
the siope of which indicates an angle equal tc half the angle of

t.ne phase shlift.

gl L 4
tg vem — =ty — , 1.22)
& u, g 2 {
¥ is the engle madse by the 1iae on the indicator.
Hence
et (1.23)

A3 can be seer, tha circuit based on the use of ths "sum —
diflerenca®™ stagc bas no time lag, bud requires a two-channel
suplifisr. When the gaias of the channels or the phase shiftn are
nst the seme, the slope of ‘he line changes or else iis presentation
on the scresn turns into an ellipse. Any detuning of the chanaels
also cen lead to apparatus errors. The apparatus errors of suck

networka are considered in greater detail in eubsequent chspters.
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The reading srsle when using the "sum ~— difference® method
is reduced to one nalf, In addition, only balf of tvhe tube scrwen
ia uosd, In penorsai:z raiic direcilen fimders, wiw seconG non—w:t king
heif of tie tube screen ias boyl used for resdiag iks {requensy cr t.e
direcstion~finding radio stations, for example, by msaswring toe

leagthe of the lines.

7. AMPLIFICATION CIWCUITY FOR SIGRALS IN LONG-BSSE SHORT-WAVE
RADIO DIRECTICN FINGE

ic various vecerving-inileridng radio direction finding
schemos 1t 13 secsassry to aaplify the sigasla, Depending cn ths
method chossn to msasure ihw pnase dilferences, different amplifice~-
tron cleculis can be used for the asignhals, It must be taken
inro sccount, nowever, that two signals arrive from the antenna
EX OUD#E .

Soagaguentiy . il no signsgl conversicn is wmesde at the input
for the purpuse of measwring the phass differences, it becomes
tesessary to apploy varlcus two-channsi eeplifying circults, the

incipel problsms 1i which 1 tha anmplification of the signsl with
retantion of the amviiiuds and phtse o orly the phase relstiums.

If gignal converszicn is prscticed, the principal application
can té in onz channal, amvst frequently ir an intsrmediats~frequency

amplifier of & sugerhsterodyne receiver,
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Thus, the amplification circult mmy be single-chanisl and

tuc-channel,

Pure Sing'e-~Channel Amplificavion

The term "pure single~channel amplificaticn" will denote here
circults in which the two aignals are amplified in one and the same
receiver. If the signals are separatsd in time (prlse), they can
be displayed separately on tne indicstor screen. The distance between
pulses on the swesp line will cbviously determine the difference in

phases of the pulse rspetitica fregueacy.

’,- ______ ‘.7

/ /4

| - 1!
o—o0 \/
u S 8Rec |—dSa f fouty
: b w L oty

‘L-O-'F;

Fig. 1.,27. Diagrum of single~channel emplifier with switching.
W - voltege from the first group of antennas, w, - vcltage
from the second group of antennss, S} and Sp ~ gynchroncus switches

at the input and output, Rec -~ recelvar, F — filter.

Pure gingle-channel amplification is usually not employed in
redio direotlion finders with long base, since it is necessary that

the direction finder measure a high frequency phase difference,and
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not the phase differemnce of the pulse repetition frequency, and it
is furthermore unecessary that the radlo direction iindsr be able to
opersia with 8 ceatdzasus slgaal.

Pure single—hannel ampliricetion is used ia various radlc
navigation pulse systems.

“iben operating with a continucus sigaal, it is possible to
arfect artificially time sepuraticn of tha =zignals received by tihs
antennss. For this purpess Lt is aecssgsery to use a circult incorporat-
ing switening of the oulput and input (Fig. 1.27). 4As can be seen
from the dilagram, tis zignals from the artenuas are amplified
alternstely i# time in one and the ssme direct emplification receiver.
Ngturally, in this case tine queation ariges of remembering the phase
of one of the algnals at the output in the absence of this signal
from ths input. The phsse must be wemorized av that iratunt, when
the switch applies tc the receiver the slgnel from & secoud anteana
group. The mamerization of the sigasl phasa can be realiszed in
first sapproximaticn Ly means cf filters with narrouw bandwidths.

for direction fimders with long base at short wevee, such
& scheme cannct be rscomusnded, because the switihing produces
addilional crogs taik, since not cnly ithe main signal is transformed
intc pulssa at the laput, bul also the t signals from neighbaring
radio stations. The wid+h of tbe spectrum iroam each input signal
is determired by iLhe swilching frequency.

The spectrum cf the output signsl will consiat of discrete
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bands , the spacing between wnich, in the frequency scale, is equal
to the switching frequency. With this, the components of the spectrum
of a strong * radio staticn of neigaboring frequensy
may enter the recelver, and produce croes talk. No such cross taik

is producad if the pulse signals are received from the ether. This
detericration in the iaterference rejection may be reduced somewhat
by ckanging the switching frequeacy. Then the signals of the neighbor-
ing radlio ptations will s3hift in thr passband of the receiver, and
the signal ¢f the station to which the receiver is tuned will remain
stationary on ths frequency scale. However, an arrangement for
changing the awitching frsqusncy makes the radio dirsction finder
aore compllcated. Thus, ths schime of single~channel amplification
with switching of the iaput and output can hardly be recommended

fcr use in sector short-wave radio direction tinders. Fiually, there
are swh singie-channel amplification circufts, in which il is
uecesasary to amplify only one signal, once the imput signsls from
the two antennas are converted. Such a case occurs when measwring
phase differences by the compensation principle using a stage

for sumning or subtraciing voltagss.

A radio direction finder operating with aucn a circuit has
low opsrating " efficiency. It must be noted thrt this amplifica-
tion circuit cannot be cousidered av pure single-channsl, Versions
of tuls cirouit will be given below,
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Anplification with Frequency Separatlon

Anotler type of circuli, based cn th: smplificetica of a

slzual in a 3ingle crannsl, are oircuits wita wwe vollages cf aliga’ly
differing frequencies.

Since the differemcs in the frequsncles of toe two signals is
srall, the awplifier will not produce ary substantial poase in
amciitude distortlions,

Let us considsr a amethod for a singie~channel amplification
with saparation of frequencies and double corversica.

The tagk oif the circult is to amplify two signals and main-
tein thelr phass relationz. A simplified block diagram of the first
froquency conversion is shown in Fig. 1.28, as can Le scen, we have
hare a lcw frequency and a high frequorcey boterodyne. aftar the
alxar M-3, the dif{erence and the sum of the frequencies ere
separated by filteras. The voltages, which differ somewhat from

mixers of
each other in {requsncy, are applied Lo ordinary,\supsrbsterodyne
recoiving channels M-l snd M2, Thw voltagea prodwed at the out-
puts of toe mixers are scmewhat diffirent in frequeacy, and can
taerelore be smplified in a aingle channel.

It is technically difficult to reaiigze the first convereion
networic, owing to the complaxity cf the probiea of separasting
tuc rearly equal vcltages past the mixer M-3. The differency

frequency usually reaches severalnhundrsd cycles, and the hetero-
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dyne frequeacy is several megacycles. A solution of this problea
of separatlon ol signals of axk close hizh
frey.encles 1s po o sinle in practice tarough the ume of querts
fiitere.
It is quite clear, howsver, that it is necessary to retuns
the receiver, and ccasequently also the quarts filters. Obviously,
in the cxse of csuscti tuning of the receiver it is herdly possible

tc realizs the flrst-conver sloa acheme.

A, A
79
o ) L—-—’:’

H ¥ befn-s

Fig. 1.28. First conversion cireult for produwtior of two
algaals which difrer alightly in freguvency.

A, and A, —~ anteanass, M-1, M-2, and M-3 - aixers, F —
filtere, IF — interasdlats {reguency ;hpliﬁer, H~F -~ low frequency

beterodyns of fraqueasy ¥, H~f - deterodyne of high freguency fg.

B
The secund comversica wakea 1t possible to obiain voltages of con-
stant fraquency ai the cutpui and 4o carry out the measurement at

low frequency. The second conversion circuit is sbown in Fig, 1.29,

and the stages that enter into the block diagram of the redio
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direction finder, which are used prior to the input ~f the common

intermediate frequency amplifier are the same as in the circult of

Fig. 1.28.
F,
. -2 iy U
L —-Q—*ff_u 2}
__ﬂ |F
1- F U‘)M M.J F.z

U,
! I 2F-F,
el F-3 |- e prmp it -1 |

A-F

Fig. 1.29, Circuit for second conversion to obtain two low-
frequency signals, which retain the phase differences of the hlgh
frequency sigaals.

IF — ocommon intermedlate frequency smplifier, M-1, M-2, and
M3 - mixers, AMP -- amplifier, ¥F=1, F-2 end F-3 ~ fliters; :2 —
frequency divider with coefficlent 2, W and w, -— input vcltages,

H-F} — heterodyne of low frequency F

‘1, u, voltage at the

output of the mixer,

The limits of variaticne of signal frequsncy in the
intermsiiats frequency amniifier are ijmlted by the bandwidth of
tie input riiters (see Fig. 1.28). By choosing the bandwidth of the

intermsdiate frequency amplifier several times larger than the
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frequency F, it is possible to obtain setisgfactory nouality of gain
of both signals in the intermsdiate freqrency asplifier.

A broadening of the banduwidth of the intermediste frequency
amplifier muay lead to tae appewmrance of intsrfereace from aneighbaring
radio scwations,

et us trace the variation of the phase differences of thne
voltages from the two antennas in the circuits shown in Figs. 1,28
axd 1.29,

let one of the voltuges at the input has tue phase shift -#cfa,
and the other a prase shif% -SPB.

After the first conversion, thie phase ¢f the voltageswiil
be respectively

%=y ter (1.21)

- ?5 - ?}:’ Yr,

whare {.‘3 g and c}*F are the phases of ihe heterodynes of the high
and low frequency (ses Fig. 122). These voltage phases w!ll be
retaised at the output of the intermediate frequency ampiifier after
ampiification.

lne phase of the voltage from the output of vhe mixer M-l
will cbviously be

B "k S T (1.25)

whers ?Fl is the phase of the voltage of the heterodyne of

frequency F; (see Fig. 1.29). Consequently, after the second con-~
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version of the signals in the mixers M-2 and M35, the phase of the

first voltage, of frequency 2F - Fy, will be

23p+ 25— 00, i1 26)
anl Lhe phase of ths sscond voltage, of fregusncy Fy wili s
@fter cnnvergicn)
P - (1.27)

rinelly, the {requency and ibe phase of the latter vwoltage is
divided in two and then the nhasge of the vwcltage w, at the output
will be

¥ ,
_..znf ) (1.28)

Ths diffarence in the pheses of the output voltages w; and we

will %e ¢
¢ g ¥ o ¢
2”.F ‘. ‘?PS - q".‘ —— .......2.’_. . (‘ . 29)

frem wolch it 1s clear that if the low frsgusncy heterodynes remain
cobwrent, ' and if fuarthsrmore the
following relation holds

Fome L F (1.30)

3

then toe additionsl phase difference, which 1s produced by aiagle
converazlon, will be zerc. Tae cchevrence of both low {requency asterc—
dyns can oe snaured by cbtaining a voliage of frsawency f- from the
i terodyns of frequaticy F. From the circuite shown in Pags. 1.28

end 1.27 it is clear that the conversion of the signals complicates
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¢ 2 3ly the recelving appar=tus. Tre» idea of slix2lifying the
conversion patuwork lies in utiliszing methods of additional sigual
modulation or uaing heterodyning of a.fl.gnals. This makes it possiblJ
to measure ths phese differencas at low frequsncles snd simp’ifiss

wiosstantially the receiving deviceas.

Single~Channel Amplification "ith Conversion cfS1lgnaiaby Additional

Modulation

Phe block diagram cf the radio dirsction finder is shown in
Fig. 1. %C. Hera the ratio of tze phases of the input signals, of high
freguency, 1s converted first in a "sup — difference™ stage
iato an a.mp_lit{z&e ratio,. The amplitwle ratio is tnen converted,
by means cfadditionalmcdulatioa, into a pbase of an eanvelope. The
phase meter measurss the phase fifference between tow valtuge at
the output of the receiver and & refaresace voltage cf a low fre-
QusLCY heterodyne, which producss farced medulaticn of the signals.

The msgnituias of the voltages at the output of %he "sum —

difterence” stage are deterained by formulas (1.2C) end (1.21).

After tbe phase of one of the voltages is rotated vy %%, we obtain

the follcwing voltages of the balanced modulatcoa:
== 2.
&, .= 2 sinstcos 5
(1.31)

u, . —=2U sinet sln—;-
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90°
{ }
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f { ' ' -:E Rac
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Fig. 1.50. 2mplificstion with signal conversion by additional
mcdulation.

1l and 2 — antennas, S5 -- sur astage, US — difference stage,
3M-1 and EM-II -— balanced modulators, Rec -~ receiver, &-F —
gsnarator of frequency F, xR -~ frequency doubler, 1 -- indicator,

F — filter, 60°% — stags shifting the voltage phase by 90°,
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The spectrum of the voltages at the output of the halanced
aodulataors obviously coasists of sideband frequsnoles. The valuss |

of these voltages are

uy =2UK sinetsinQ¢cos ¥ ;
(1.32)

8y ==2UK sin ot cosQt sin X

The total voltage, if the galns of the balanced modulatoras
K) are identical, will be
Bo,==2UK sin et sin (9t+%) . (1.33)

After deteotion, the voltage at the output of the receiver is

b, r==UKsin(2Q¢+¢). (1.34)

The voltage of the low frequency muterodyne is

u,=U,sin Q¢. (1.35)

Ingsmuch as the voltage on the receiver output does not contcin
the first harmonlc of the modulation-frequsncy vcl*age, it is
necessary to double the Jrequency of the referenmce voltage, before
it 1s &pplied to the phase meter. The phase metor measures a
phase difference, equal to the difference in nhases of the initial
high frequency vclitages.

This signal conversion is considerably aimpler. Each balanced
modulator is made with two tubes. Ths phase-shifting netwarks can
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be made either with tubes or with resistances and capacitances,

A high frequeacy phase shifting stage ocbvicualy employs = tube. The
"oum —— difference’ stags cat be sufficlently broadhand aud employ
high frequeacy transformers,

A shertcoming of the circuit with signal convarsion by forced
modulation 18 the poasqibility of occurrence of additional apparatus
arrors., The inequality of the gains of ihe two modulstors, in-
sccuracy iu the sstiing of the phase saift at 90° in the low and
high ireguency networks muv lead to apparatus errors, which must
be taken into accouat by plotting a calibration curve for the con-
varsion of the phsss metar readings into besring. Natwrally, one
should etrive to meks the apparatus errors stable. This makes
it unnecessary to samploy {requent calibration.

If the ratioc of the amplitudes of the lnput signals chbanges,
a directlon find. r operating vitih a single-channel amplification
scueme and with conversion by additioasal mcdwlation produces errcon-
sous resdings, awi this iz another snortcoming of this meihod.

Radio direction #liding with short waves iz accompanied by
fading of the sigrel. It is thercfure more advantagecus to
develop a phasc-typs rsdlo dirsction findar, in which ths change
in the retic of thn signal amplitudes at the input does not produce
errcrs in the reading of the phase difference. One such conversion

gceama will be congiderad below.
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Single-Channel mplification with Signal Cogversion by the Heterodyne
Miinod
A block diagram of the single-channel amplifier with aignal

conversion by the heterodyns method is shown in Fig. 1.31. The

voltages at the output of the radio dirsction finder antennas are
u,==U,sinwf; (1.36)
sg== U, sin (vt 4 9), (1.37)

where Cf is the phase shift, determined by the direotion of the

incoming signal and by the length of the base.

Ty,
= N =
)
2Yu
&4 vBy Roc F
G-F

fig. 1.31, Circuit for aignsl cunversion by ths heterodyne
mathod.

HFA — high frequency amplifier, 1 and 2 -- input volteges,
PS — phase ghifter, Rec —— receiver, F ~~ filliter, I -- indicator,

G-F -~ generator of frequency F.

An electronic phase shifter, which operates from a low

frequency reference generator, is connected in the receiving channel
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associated witnh one antenna.
The voltage et the generator output is
te=Upsin (R¢+ 3,), (1.3K8)
where ?g -- initial phass, )

Tie voltage at the output of the phase shifter is

u, =U,Ksin (ut—i—Qt-}-q:’). (1.39)

It is clear from (1.37) and (1.39) that iue input to the
receiver will be two voltages, which differ slightly in freguency.
After amplification and detection, the beat frequency voliage is
separated.

The voltage at the receiver output is

U, =UU,K cos (R¢— ¢ 7). (1.40)

If we now place a phase meter, which measures the phbase
difference between the reference voltuge and the voltage from the
output of the rcceiver (after first shifting ths reference voltage
900 in phaee)}, then %he reading of the phase meter will equal ths
initiael phase shif{t batween the voltages and the antennas. The
phas meter will indicate & phase differevnce

V==, (1.41)
where )) ia the reading of the phase meter.
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; w0 {51 |- 2
Uim ~ Vot
i T | I

90° | 6F |

Fig. 1.32. Block diagram of electronic phase shifter.

1 — input voltage, 2 — output voltage, 90° — p&ae
shift stage producing a 90° shift, B-I,  B-II — balanced
modulaters, G-F — geaerator of frequency F.

The change in the ratio of the voltage amplitudes in the
antennas leads to a change in ths amplitude of the output voltage,
but ihe rea:‘.i.ngs of the phass meter remain unchanged.

In ordsr to insure good operation of the phase meter upon
coange in the ratic of the input-voltage amplitudes, it 1s aecessary
to install, in addition to the ardinary automatic gain control
circuit, alsc a olrcuit of automatic control for the signal strength
at the receiver output (low frequeacy). In this amplificetion schems
it is poseible o employ an electronic phase shifter.

The elsctronic phase-shifter circuit (Fig. 1.32) is known as
tue circuit used for separating a single sideband fraquency iam radio
transnitting devicss/107, The phase shifter consiste of balencsd
modulators and phase-~ghifting networks.

If the amplitudes of the voltages at the inputs of
the baiancsd modulators are equal and if the geins are equal, then
the voltages at the outputs of the balanced modulators are:
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u, = U (sinwt cos Q,; (1.42)
uy =LK cos ot sin 2f, (1.43)

where XK is ths gain cf the balanced aodulator.
The summary voltage
L, = KU, sin (wt4-21), (1.44)
avidently contains only one sldeband Irequency.

It is of interest tu analyze in greater detail the circuit
obtained when the gains of the balanced modulators are not the aane,
and to clarify ine character of the receiver output voltage for this
cass,

The voltage at the antenna outputs can be detormined from
roruuiss {1.36) and (1.37). Lei us denote by a the ratio of the

galns of the balanced modulators:

Ka
TR (1.45)
and Ly k the ratic of the amplitudes of the input voitages at the
antenngs
=
k=T (1.46)

Then the voltages at the ovtput of the balanced modulators

u; = U K, sin wf cos Qf; (1.47)
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Forsula (1.37) can he represented in a differeat fora

u,=Ussinwlcosy--U,coswtsing. (1.49)

The total voltage at the receiver imput is

u, =U,[(cos - RK, cos 2t) sin wt 4 (sin ¢ 4 kaK, sin QF) cos w?].

(1.50)
If we denote
A=co;p--kK, cos R, (1.51)
and B = sin 3+ kaK, sin Qt, (1.52)

than the valtage at tie receiver input can be represented in
the form

i, =U,(Asinot<+ Bcoswt) ('1.53)

or

i, = U, sin(wt4e,), (1.54)

where Uin is the anvalope of the hign frequency voltage
U =U,VA B (1.85)
ff 1 is the phase argls, on the nigh frequency sida, the tangent

of which is
tg o= B/A. (1.56)

The phase angle :f 1 48 of no significance to the further

analyais.
It 18 nov necessary to determine the voltage at the output
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after detection. The ampiitude of the envelope and the phuse
are functicns of time. The frequency of variation of the amplitude
and of the phase anzls of the onvelope are determined by the Ire-~
gusncy of the referer -2 generator.

To analyae the detection products, we suall consider the
characteriastic of tre detector to be quadratic (for the sake of

simplicity):
i =8u% (1.57)

Then the voltage at the output of the receiver will be
U, =BK (A4 BY), (1.38)
where ¥ is a cosfficient that 1s determined ty the gein of the
raceliver,
It is of interest to kncw ths voltage of the first and
second harmomics. Leaving cut the constant component, we obtain

tor the first narmonic voltage
2U,UBK, V cos?9—+a?sin?s cos [Qf -arctg (atgo)]:  (1.59)

ard for the secocnd harmonic voltage

pUUK?

Ly

&

(1 —a-)cos 2L (1.60}

If the reference voltage is shifted ahead in phase by 90°,
befure 1t is applied to the phase meter, then the latter will show
the phase shift in accordance with formula (1.59)

v=arctg (atg o). ‘ (1.61)
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It follous tberefore that if ihe gains of the balanced
modulators are net equud, the circuit will introduce an errcor
AYP in the messuremsnts of the output pnasse differeace

d¢ =arctg(atgz)—73. (1.62

The apparatus error ACI'/' can be takea into accouat in
callorating the radic direction finder, and it is important here
that it be stable, 1f smail phase differences ars messured, for
sxampie, on tae longer-vwave partion of the band, then by increasing
the coafficient a it 18 possiktle to obtaln an artificial increase
an the scele, Siuce the 3cale of the radio direction finder,

i.e., the number of degrses of pnase shift between voltages in
ths antenna per degree of bearing of the amignel, depends cn the
frequency, tisn by changing the coafficieunt a in accordance with
ti: fyrequency it is possible to equalize the scale of the radio
direction finder,

In tbe calcuiation of bearing, it is more convenient to
nave & gscale for the phase radio direction rinder, waici is linear.
However, it must be borne in mind that as the coefficlent adeviates
from unity, the voltage oy the second harmoaic at the input of the
receivar increases, as follows from foraulas (1.60), and the
amplitude of the first harmonic becomes Jdependent on the memsured
pbase ghilt angle. Therefore, if one 18 conceraed vwith high

stability and good waveform of the output voliage, the coefficient
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a must be cnosen tc ve egual to unity.

An advair.gde f the passc-iype radic dicecricn finder is
taat it employs the rinclpie of separ.ting tne neat l'requunc;
for the conversion of tne signals, rather tisn moduiation cf the
signals In this :cnnectlion, & signal of oaly twc . frequencles
i3 ampliiied in tre raceiving channel, and aot of tunree frequencies
(ce:rier and two sidevands), as xcurs in trp case of signal con-
vargion by additicnal modulation.

(ne otber reussrk must be made. In the biock diagram (ses
Fig. 1,3i) tnera are ghown abesd of the pnase shifter two nigh
rtraqusacy amplifisrs. It is esseantial to have the two nign-{rs-
quency anplitiess at the input tuned by a 3ingie kaobt fur tuc
reagons.

First, tne phase shifter aay attenuate the signa), and the
absence of preaxmplification in high frequsncy may
Catarlcate the algnal o nolse ratlio at tne raceiver input, This
pertaing in particuinr to & mechanical pause shirter.

Secondly, tne pnose shiiter may he sssentially a nonlinear
eiuvment, Oor exampie, wWwnen an electronic phase shiiter ls used.
Thes presenco of a noalinear eiemsat 2t ihe input of tk3 receiver
acy .eiad Lo the appearancs oi' eross-moduirtion distortions and
ts & detericoratica in the interferances iwnualty of the radio

divwction Sioder.
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One nmust >t think, however, that the prasence of two high-
Iewqusncy ampiiricuti-o stuges at the input of tha receiver
eliminates toe basic advantages of singie~<hannsl ampiiliceticn
scheme. Tue principel is still in a standard single-channel
receiver, In addition, it le easy to maie idsutical two relatively
hrowdbond amplifiers at high frequency. Toe principal difficulties
in (re two-channel sysilems arise when the intermediate frequency
s 2lifiers are to bs velenzed in phaga., Therefore tow use of
nigh frecusncy esmplifiers in ths phase-type radio direction finder
zircuit, altbough it does complicate the circult somewhet, it doss
incroags sw)stéétially the actual sensitivity of tle radlc direction

{indsr.

Simiie Two-Channal Amplification

Simpls two-~channel amplification is essential in . realization
ol the method of phase-difference measwrement by ths "sum —
dlfforence® method with s cethode ray tube as an indicater (see
Fig. 1.25). Both smplifying channels amust satisfy ths requirerent
cf aguality of the gains and of the phase sidfts., This sguality must
e atbained not only for a single point of the resonance charactsristic
out wdtain Jbe beaduidih of the tranamitied Srequencies for all
peiats, ar slsge insurumental errors will appsar. In varlous schemes

usad to measure passe differances, these errors will vary.
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A detailed mnaiyais of the instrumentsl errars in the case
of & twc-chanrel avaowe i3 given in later chapters. Tt wes previcusly
az:umed toat when e sigaul 1s rocervad uu e fure of & suiy i@
carrier frejqusncy, the raquirements inmpcsad on tie coannels can
:e relaxed, compared wita reception of a pulse sigoal. It nas now
een .

proved, however, that the megnitude of ths instrumental errors

remains approximately the same in either ca=e.

anplification wiln Use of Driver-iregusncy Veltage

A two-cnannsl amplification scheme employing a driver-
frequency voltage, appiled to the jutermsdiate -fregusncy amplifier,
is stown in fig. 1.32, Ons applies here to the inputs of Loth
intarmediate- frequancy amplification chamnneis a driver-frequency
voltage, wWnlch diffars insignisicantly from the
signal frequency.

Ths voltage appesring at the output of the channeis will
have a Irequency

L —fo, +F. (1.63)

whore 3 —— valus of the intsrmediate freywncy dwring cetuning;

fg; — the same dwring exact tuning of the rscelver to
the redic station.

When the receiver 1s exactly tuned tu ths recelived redio
gvation, then the frequsacy of the signal in the intermediate

frequency channels will be fgi. The frequency of the voltage
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appearing at the output charnels will be F,

-1 IF p—e{D-1 }———-
s T | 7
4 -2 IF
s

p~-2 !
.
= za Rt

Fig. 1.33. Aamplification with use of driver-frequency
voltags, appli~d to the intermediate frequency amplifier,

M-l and M-2 — mixers, H =- f8 -~ receiver heterodyne.
DFd - driver~frequsacy heterodyne, IF —- iatermediate frequency

amplifier, D-1 and D~2 -~ detectors, I — indicatar,

Tnere exists several versiona of umplification with driver
freiusency. One can apply the driver fraquency voltage not to tbe
intsrmediats frequsncy amplifier, as in the preceding case, but
to the inpute of the receivess (Fig. 1.34) and to use automatic
frequsncy control such that the frequsmcy of the output voltage

ropains wachangsd. Here one tunss the driver-{rajuency heterodyne.

“THRec il T
7 .~
_/.. J
//
uzo_mﬂga "f“—'—'—".‘{‘ F-Z}
T /// R i
“7; AFC
4 T
| ~————iDFM

77




Fig. l.34. Two~cuannel amplifisstion of signals using
ariver-irequenc: “clonge kppadsd te ths recsivar iaputs.

Uy and Wy — input voltages, iiec ~- receiver, F-l and - ~—
filtera, AFS -~ autometic fruquency cuatrol, DFH — driver frequency

hetercdyna.

L plotv of iie algnals on phase~frequsncy charecterigilcs
of the IF channels is snovn in Fig, 1.35. Danctirg the phass cf
boterodyne of the dwi driver frequency by (f“ i @6d the phase
shiits of the eignel in tie first sod second chanaeis raspectively
by g}Zi'g and ;;L"“s, we obtein the additioael phase shift woich tns
:z;gn;;lﬂ exporlence after sapllfication. Assume that twe signsis
are fed Lo the iaput of the intermedliate iregqusacy amp.lfler with
8 pasge 3ndft beitwacn tusn or Ywe Z(]‘s. In the rezseiver, the
sexk driver frequency voliage will eip3risace & phage saifly (/7 'd

-Hfm- in the firast channel and (f’;‘“d + ¢y iu the seccnd cpannel.
Then {ze pbase shifts of ,t«he clgnal end of the driver fra-

guw.eoy will be: for the voltages at the output of tbe intermdliate

-

requency ampiifisr of the first ~nannal
+e Tl )

%+u53
ani for the volteges g%t the output of the intermediate freguency

(1.64)

o¥ ths secomd chennel ~— 42
KARE (1.65)
¢, + s
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Fig. 1.35. igrangessnt of the sigunals on the frequsncy

scale wnen using a driver frequency voltage in a two-channel
amplificetion acheme.
1 — phase characteristic. of tie firgt channel, 2 —

prase characteristic of the second channel,

The detectars of the receiving channelsg separate out the
veat frequencirs cf the beats between the aignal arnd the driver
frequsncy.

The phase difference at the output of the receivers, based

on tus beat frequency, can be represented in the lora
20, + (9 @)~ (9, — 97). (1.66)

Thus, in a circult with a drive: frequency, the additional
phase shift in the smplification 18 dus oniy ic the fnequality of
the relative paase shifts in the channel betwsen the driver frequency

and the signal frequancy, and not tc the absolute phase shifts. In
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other words, the resultant phese shiit ir the amp.ification will
depund only on thy cifferansss in thw siopes of 106 phase clmrscter-
iastles of he channels, l.w¥,, on ths equivialens ¢ o1 tre cimiuislo,
will be iadenendent of the deiuning. Tnisg resuwlt can ps seen from
tns phase characteriastics of twe channsls {(see Fig. 1.35;.

Formula {i.66) oan e rewritten

2¢ 4 s¢ —4p,,

WhE UG
* )
b9, = ¢ s, ¥ -
. ’ {1.67)
A== .~ |
2 57 P4
nl 27}
Lo many redic direction tinders thw renese used Lo empllily
whe zignaisx with & driver frequepcy was resauized successfully, Tte

chenge in vae poase siift of the siguai duiring tas tunl.g oF ire

rseciver, aven withous spesiel trimaing of the channels, is reduss
. ]
¥ & fseter of many times Ln tne pregence of & driver frequercy.

s, for exawpis, in one of the euperiments without a driver fre-

GUErty tue crdinary recelvers produced s 180Y plhese anlft, end uits

& drivaer fragusney zerely .49, within tbs interpadiate fre-
guency busdwidta.

However, indapandent of Lhe versica of the driver-fregusncy
senewd, the {ellowing sipgularities of this acusme sbould be indicatsd.,
Tne stapility of the frequency at which tie phase diffarsace

Ls measwred, is deterninsd by the stability of the driwer-Ifrequency
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heterodyne. In addition, wher tuning the receiver by the acheme
shown in Fig. 1.33, the outvut frequency will change all the itims,
and tn's nay wnfavoralb:ly alf=et tue operatisn of tne prasze matar,
Tosraiors, schemes are aecessary ror automatic reguistion of teoe
ériver frecusnzy. 7i6 priacipal valus in schemes with driver-fraquency
voltnges is the uss of (atectors In the channels. This reduces tne
(v ecton

iupiforante wesendda, since the detecturs cen preduce
nYces talk,

rinally, tae drivsr-frequency voltage cannct be wsed when
urirg diventjor. (inding by means of pulses, which require the
ce-sWrsment of the phasse difference st nigh fregusncy. Consequeantly,
scneras Wwith driver frequancy can be used saccesafully only for
direciica finding by wesns of m telegraph signal. Howevar, for these
cass, it le frequently more advantagecus to employ the coavsrgion
e Indicatyd above, which are simpler 4c reeliss tschnically.
Tiscefore scoomes with driver frequency nave a iimited application.

In schemes with driver frequency it ls essantial to ume

sutomatic fraequency control, Instsad of sn sutomatic froquency
control elrenit 1t is possible to uwse 2 two—chapnel amplification
scnems, in whlch tne signal fraguency intba intermsdiste fregquency
amplifier will be unchanged during the tuning of the receiver. Such
& schems 18 called a two-chsnnel amplification schems with driver

betercdyne.,




Anplification With Driver Heterodyne

4 block diagrzm of the amplification versicn uith a driver
beverodyne Ls shown in fig. 1,30,

48 cai be seau;, in this two-chennsl scheme of ampiificstion
thers is a douvble rregusncy conversior., After the first converslion,
tie sigral talen from one of the intermediats frequency amplifier
channels is amplifisd and 18 then mixed with the sigral frowm a:n
additional heterodygue. The resultant signal is used as a8 helerodyna
voliage for the second convarsion in mixers M-3 and M—4.

After determining the change in the
sipgnel phass in tie sawe gequence &3 in ths amplification schsme
aiti driver frequency, it 1z possibie {o note thst the phbase dilference
betweun the sigaals =t tae lapub remains nonpletely the same also
for tha output woltages, [he frequency of the output vollsges remalns
unclange? wasn the recaivar is tuned or when the signal frequency 1s
changsd, and it slways remains equal to the frequency of the
sdditicnal heterodyus.

voan reeiizing an samplificetion gschems with driver netsro~
dyzs, it is necwssary to tske ctaepa to preveat ibs vollege froa the
nddicioncl hetarciyne {rom satering tkhs laput of the intermediate
fresusncy amplifiers, since toe tuning frejuancy cof the inisrmediate
froquency empiifiers coinclide with the frequsrcy of the amaditicnal
hatarodyng,

In directlon finding with a signal that comsists only of
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one oarrier frequency, it ia enough in a two-channel amplification
schemeé wita driver heterodyne to equelize the paramoters of theinter-
medlate frequency empiifiers in both chanrsls cnly for one poiat of
ths rsaonance cwrve,

In direction finding with pulsed radio signsals, an
amplificetion scucme with driver heterodyne does not give any sub-
stantlal sdvantages over simple two-channel amplification, since it

i& no longer recessary to heve identical channels within the frequsncy

band,
-1
f -e”
r — X @osomen

j IF

~£'-1°

Fig, 1.36. Block diagrem for tbe amplification of signals
% ith & driver neterodyne., M-1, M-2, M3, M-4, and M~5 ~— mixers, IF ~
intermedigle-frequancy amplifier, F-1, ¥-2, and #~3 -- filters, L -
f'g — receiver heterodyne, AH -- f“g -~ additional beterodyne of

frequency 1! 2 Amp -~ amplifier,

When direction finding with continuous signals, single-
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channel amplifica~ion schemes coapste successfully with this schema,
taged on signal zonveraisn, [t musi be acted, nowever, tusy for
srovdis=cnarrel smpliTicatilog one Aadst PEVI 2 oCelEllon T DnirAc
cet tne eaveloge, woersas for ampiirisetion witn a drlver hiterulyae
no gstector 13 nesded and thls possibly rediaces sowswnat the sensitive
Lty of the cireunlt wo Lolse.

Analivsis of gvstems L auptificetion

onovialiag

Ywe

aixi meagurement of patios disferences 2buvs Yuat for dicoot
wit: pulos signals it 1s adventagscus 9 cacoss twa-tassnsl slzpls
sysueme, Ul ror direction findiug for telegrepa sizaals i is
neassary to give preference to singla-chenncl amplification syotems
=LUh zigeal vonveralso and with msaswremenl of pnese diflerence on

tra—iow frequency side.
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CHAPTER II

ERRORS OF SHORT-WAVE RADIO DIRECTION FINDERS, DUE TO

CONDITIONS OF RADIC WAVE PRCPAGATION
1. IGFLUENCE OF THE IUNOSPHERE ON THE PROPAGATION OF RADIO WAVES

Any investigation of short-wave direction finders must be
connected in soms form or amctrer witn a study of the singularities
of provagation of short waves,

Ths most important circumstance is that the radio commuaica-
tion totwean the transmitter and tie direction finder is realized at
ehart waves vy means cf a ey ray," i.e., with the aid of radio vaves
wilch arc reflected from the ionosphere., Tuerefores the quality of
the operaticn of thw direction f{inder depsnds substantially oa thz.
state of the ionosphers.

It is known vaat processes in the ionosphere ure not stable.
The degrea of ioniszation varies ccatinuoualy depending on the aolar
activity, Hegular variations are ovserved in the density of the
‘ionlzation and the neight of the layers during the day, the year, etc.
in addition, irregular changes oscir also in the iloacsphere, somstimes
very radical (ionospbarie stc-ms), whi<: may completely interrupt the

radilo communicaticn. Kven in ths normal state of the ioncsphere, thers

58




are irregularities in 1t in thr form of condemsaticas of ionlzation -

Wi

N

~lowia, ™ woalca move raslativeiy repidiy bHoth Ln o norizeontsl ond

B

=a & vertleal direction, 1n snari~wive radic lines o0 tee coouun, o~
tion tyre, une effect of icnousinoric irregulsrities . wandrest
itself in tre well knwwn fadings of tane signal. Tius effect of the
COAIACArISTAcs ol Uw loncgpnere on navigationel radio ilnss is
Gere conplicated ardd hes baen leza studied,

speng Lie singwlarities in dircctlun finding at shori waovss
o aust <lso inciuwde the substantial influence of local cbjects,
tiw sizes of widcn are comparable wita the wavelengta., This circum—

rianes mugl be taxen Into ac-ovunt winea chrosing tne locaticn sor toe

airacction-finding atations,

I

1

we, consider hsicw the characterlsiic errors that arise whea
Gajgwv ing bearitgs at snerd waves, and &lso certain meinods, aimed
at ircrassiug the sccwracy of the directicn [ioding.
“he annlyslis is carrisd out essentially as appiiad to iong-
.

dusn Lhoeeehon firders, aliaougn wany of toe concluslons rewain in

PR T Ceipe et g p P dyeont S e O s -
oraw casa dar other tyres of dlrecticn [irders,

<. BialING ZHRORS, OUR TO SINGULARITIZES 14 THE FROFASATION OF

Fad "f\‘. e v .'“ T‘Pqﬂ
ST WAV ES

in considering the icncspnors as a bomogeneocus iunlzed
repion in a2 horizontal plane, it is possible to analyze questions

2l short-wave radio communication. However, sweh an analysis cannot
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contribute to an explauaticn of many pheno®ena which srige in direction

finding at snort waves.

R s 3
gt ST
LR OTTOR PTGl e s

To WAS oot Lk el ALVesLlgsT.ndl
. PUUY SNP N .
containg local condensatlons ¢l iordzation/’, ii, A4/, and toat the

jonospeere is inhoumogeneous nov only in a verilcel plane,

»ut alsc in the horiscntal plane. The variation of the ioniazation

Tig. 2.1 “rajectory of gropagatisn of & radio heam when
tig raflecting layer of tue loncsphare is incilred,

H -~ plani of the earth, I -~ plans of the raflecting layer
af tas ioncsphere, A -~ Lransmitter, B -~ direction finder, O -~
primt of refisction kXm at & horizontal reflecting layer, 0' -- polnt

of vefizcnion at an incliusd lsyer, £ &3 - error in toe determination

€1 the r2aring ~ "arror due to lateral deflection.®
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density in tne horizontal direction leads to the curving of the equal
lonizaticn denslity sucfaces, i.6., tc & cwving or to an inclination of
the sartacs of the reflecting layer, Tnuis causes tne gropagation of

the reflectaed radic waves tu deviate from & great-circle arc. In this
case the conditions of reflectiocns recall in general "mirror reflection,”
and the plane of the "mirrar™ is so to speak inclined to the earthts

siz-facs (~ig. 2.1,

Fig. 2.7. Projecticn of the trajectory of the radio beam
n tns vertiod and uorizontal plages,
9] <~ angle of inclination of the reflecting iayer of the
-

ionosphere, R —— distance betwsen the directicn finder &nd the trans-

[$4




aittsr, n -~ effective nelght of tne reflecting layer.

When the reflectiny laysr occupiss 2 harizontal positics.
the radio beam prupagates along the pathh AOB. Tns hurizontal projection
A3 gives the correct dirsction to ths transmitter, If ths reflecting
leyer is inclined, this point of reflection is shifted and
ths radio piam prepogates along the pata AC'E. The horizontal projection
cf tne beam at ths pcint of reception B dces not snow the irue direction
to tns transmitter A. 4an error 4 & appears in the measurement of
t¥ besring.

The bearing errors which are due to the finclinaticn cof the
reflecting layer, arefrsquently called errors dus to lateral
inclinatvion,

Fig. 2.2 shows projections of the path of bsau propagation
on verticai and norizontal plases. Froa the diagrasm one can find an
aprroximets relation betwsen the inciinaticn of the layer in ths Learing
error AE | asguning that the angle /A7 is small,

‘rom elencntary relations vwe nave

10z 2, (2.1)
whrrs k -— dlstance to the radio direction finding stations

h — erfective height of the rerlscting lager.

As follows from geometric considerstions, the magnitude cf
tie lateral aeflection errors decreases with increasing distance

as [m' s
aliuat Lyperbolically u-iii a once-reflected beam is received., As ths

7




multiplicity of reflection increases, the errors due to lateral incli-
natlion increase/16/. Thus, ln the case of double reflection from
the iunosphere, the error in the msmaswemocnt of the vsaring 1: givan
by ta8 formula .
A0 ;::'-gf(n,+3q._.). (2.2
R

wnere ¥/ ; and'772 — engles of *ransvsrse inclinatica of the icnos~
wrore In tine first and seccad reflection polaots, measwring frem ths
tw=asaittar;

4 -- aititude ¢f the layer at toe points of rveflectlons,

In the derivation of BEqs. (2.1) and (2.2), tas esrth and
tha lonospnere are coasidered ecbitrarily as plsns . Tris approxiuatics
is valid, asturslly, st smail distasccs, but the principal
relationg remain corvect alss in tus ganeral cass, Taoe inclinstion of
the iayer at {he second point of reflscticn affectz the error of ine
pearTing mere strohgly than tne incliagtlon of the layer at the first

viiat. Naturaily, at equal inclingtiona of the lsyer, the direciion

£

findine

-2

of a singly-raflerted beaw can insure gresater accuracy than
dirsotion flnding with ibe ald of Joubly, triply, etc. or wultiply
refiected heams ai squal distance,
Tns srrors dus to iaterel inclinstion are particuiar.y
substantial at smeil distances, comparable wiia the
neigaot of the layar. At distances on the order of 330 kiloweters,
the errors  due to lateral inciinetion resch tens of degrees in

besring (when cperating with the F layer under normel conditioas)

Y44




and exceed considerably all the remaining error of the radio
direction finder/i‘g/ . This circumstance makes it possitle to in-
vestigate the "lsteral inclinetlons® of tne icacspnere with tow aldd
ol radlo direction finders, mounted at small distancss froam tie
trensmitter.

As a result of experimuntal investigations, it was sstab-
liabed that the inclination of the refiecting lisyer is a random
quantity with zero average value and with a mean squered value of
approximately 1°, The average period of variation of the inclinations
is 20 to 40 minutes.

Msasurements of the boaring of reflected waves have mede
1t pessible to datect alsc another tyw of ioncspheric inclinations
with & cally period. Thely appearance is connscted with
periodic varlations of the lcnizaticn under the influencs of solar
radlation. Th-se inclinations are perticularly noticeable on
reutes 1n a meridional direction in morning and evening houwrs.

Experimerts have confirmed the reduction in errors dqus to
lateral inclination with increasing distencse, and the independencs
of the values of tis errors on the pavameters of the measuring
apparatus[B s 167 Mery linvestigators believs that the error due to
lateral inclination 1limit ths maximum accuracy of short-weve
directicn finders. Frrors dus to latersl inclinstion are not the
only *type of errors in direction finders which are connected with

the influsnce of tie ionosphere. The whols series of other types of

7/




errors, both gystematic and ranjom, arising cduwring wer ork with

rotecnedrradio wavasa, aave Dean

westigatio,

T 0 U S b
v
.

A SysTemeLic Caduing sror a8y XEMER & CUrY AN 0L Tas lam
Jectory of tae radio Teacs umier lhe intluence ol tue sarwats negnoil
Ziea/al, Yasever, thsse errors can be notlcesble only at emel.
2istances betweon troassdtisr and recelver axd nave oo
crrat significanes on long llaes,

Shors-wa. z direction findsrs are characiericcd by a
pclarization error, wnich appears when tae ncrizoniel conpensal oF
ae finld mots on the roeder Iyatenm of the dirgcticr [inder,

& polevigniicn srrors avise vecalse ol the presance of

tal compoaent of uhe eleciric field, which appears upos

-
ck

- Pee - ) ~ s s g g g’ ey o~ P o 4 - " 3 -
cp fUon Lhe londspisro. 1t @ush LE eilplasgized, nowever, TIA

d by 1ie

<

; ]

tow, cooootien of wra Mk norlzonteld componsnt of tas lle
frneraty of the direction rinder itssll not only dues nob isad o
fng ansearance of an error, but, te tue contrary, may be ussiwl. Tuae
srizee Is due exclusively to veowption by tne Ileedsr gyatew

As # reslit of tae receplicr TF Loé lesdsr, two aleciro-
wotive foroey will set ot the ilaput of esel of tiv ehannels of the
radio direction finders. Cne of Lness will e induced in the aniernns,

-
i

an? “ae other in the feeder, Thae phase shifil belusau ltisse Vollagess

ig randca und veriss reiatively rapidly with tlme. Tads causes toe
vearing indicaver to start fiuctuating, i.e., an error appears in uhe

meagrregent of the bearing,




The signal reflected frow the lonogphere arrives at the
dircciion flnder makiuy 2 csrtals aaggsle t?’ witk a norisoatal plane
(ces Fig. 7.u). Tuds clrzazzianes may ciuze Liw go--ullsd altibzie
arror., The resdings of *he phsse directicn finder are ccanezted
with the dursction of arrival of the aignal by means of foraula
{1.14), which determinag the phmse differance betwesn the signals in

oo anvennas, The dependence of the altitude error on tie szizuth
arui alevation angle ia deteridned by foraula (1.128),
We sea thal the ungle &3 can pedetermined axactly il we

xnow tae angle {"‘) + 1iIn the contrary,cass, the angle (g is aasumed to

oo constant axd equal to g gxk cartain averags valus, whica is

craractarieiic of the gilvep radlo line. Hers obviously, an altitudae

error in introduced, depending on the aifferencs between tne assumed
A
and sviuRl values of tne angle (>,

%)

I 15 does not excead 20 -~ 30Y and the measwremsnis ure

carrind oWy in & narrow ssctor near the perpendicular diraction to

-

[N
[T

838 7 the dlraction fioder, the altitude arror can be neglected.

C

If 1% is nscsssavy o sliminate complevely tne altitucs
errer, additicnel measuremssts of ths phase difference can he mado

Wwith a direction [lnder, whose base lg perpewicwliar toc vhe dirvection
? ¥

-~
3 )
/

ooty
¢

WS e "'L‘:\ s

N

[

Tn this case the phase difference is given by the formula

% m-iziccsﬁcose. (2.3)
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Solving Egs. (1.14) and (2.3) simultanecusly, it is
possible to eliminate the angle ,‘?’ and to dstermine the bearing
sccurately.

At snort wuves there are always ruceived at the xmapg re-
ception point several radic bsams, reflected from differenl regions
of the ionosphere. The bearings and alevation angles of the
difforant beams will also be dilfferent. A short-wave direction finder
always opsrates in 2 "complex®" field, which consists of many "simple®
plaue waves,

The analysis of the operation of a phase directioa finder
in the fisld of & complex signel shows that the posgition of the
bearing indlcstor will be Geterminsd at each instant by the directions
of arrival of ths individusl beams, their ralative power, and ths
pirse ghifts betwaen the voliagss dus to different Lsams,

The phese shifts vary quite rapidly with time. This cauges
rapld fluctuations in the beering indicaior., The repid flustuatiors
are carried out abnut a certein average position, which can be

determined by time everaging. Ag

an




Fig. 2.3, Determination of altitude error of a

direction finder,
M and N ~— direction finder antennas, d -~ direction finder

A

vase, [ ~- elevaticn sngle of radio beam, £ - bearing of radio beam,

nsasured from the directinn of theperpendicular to the direction~-finder

bass, 3 ' -~ bearing in the inclined plane.

The slmultaneous action of meny beams causes ths appearancs
of lnterference srrors in short-wave direction finders. The
appesarance of interference errors is {requently accompanied by
coanges in the amplituds of ths sigpal in ths antennas {(fading).

There are many reasons for the arrival of beams with
different directions at the reception point. The five most charscter-
iptic cuses are illustrated in Fig. 2.4.

At large distances to the transmitier, the propagation of
®»aic waves may proceed over differsat paths. There may arrive at the
point of receptions singly, doubly, and multiply reflected beams
from tne ionosphers, (see Fig, 2.4s). The points of reflection of
the different beams will be aspart by many hundreds of kilometers in
a horizontal direotion. Waturally, the inclinations of the layer at
different of the reflection are different in magnitude and their

relative values vary independently.
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Consequunily, toe inclinetions of the glngly, doubly, and
auiticly reflected boams will be different and independent of each
cther. Moasurenents have sr;u'am‘{ia, 2‘5/ tint tne dicferencs in L-arings
of rays of different multiplicity of reflaction 1s characterized by
a mean~-gquared valu2 of 2 - 4 Jegreas at distances ol apmroxi-
asvedy 100 kiiometers,

Reams reilscted from different luyers of tie lonosphers
{ses Flg. 2.4b) may arrive from disffersnt directions, The latsvsl
tneiinmations upon reflection from the ¥ lsyer, are as a ruls larger
then upon reflaction froa the & layer or froa the sparadlc 3g layer.

T4 1s known thet upon reflection f{rom the icaosprere the
beam breaks up intc an ordinary cosponent o and extraordinary cou-
ponent x. The directiions of arrival of tne tuo magneto~icnic components
of the signal {o and x) may be differeut, as a2 resuii of tae difference
in ihts porizontal gradieants of loulzation ir the regican of reflectian

ef oo ordinary and extraordinury beem (ses Fig. 2.4¢).
The pressacs of local irresgularities in the ionization leads

to tue eppearancs of scattsrad reflsctioas (sca Fig. 2.44} which shous
a projecilon perpsndisvier 4o the diraction of propagation).

Tha scattersd reflections may arrivs at a considerable angle
to to2 direcilon of the principel signal. Incliinations up to 30 ~

50“ Ln aziuuth have heey observed /4, 67, The meer-squared inclinetion

. . . Q
can oe estimeted %o be 5 — 7, Scattered reflections ape characteriza.

by & signal power which is ome or two crders of waguitude loss than the po
of the main signal under nermal conditions.
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Ionoepherg

Iono-{
sphers

£ Ionosphere

ST OWRR P e
L xx -.’4‘ .
m’ ;"41 v

- Scattered
‘reflections

Fig, 2.4. Uauses of formuticn of a complex field at short
waves,

a — multipie scatterings, b -~ scatterings from different
laysrs of the ionosphers, Jocated at different altitudes, ¢ -—- magnetl
splitting of the beams, d — reflections from amall irregularities

and scattered reflections of radio waves.
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3. METHCDI OF RIDUCING INTERFERENCE ERRORS

e of the faet that the srrori due Lo tenuliarities in

P VIS

thovropagstion o short e s Aetermine o o consideranle avioot

the cverail accurany of the direction finder, tie nierest that

attaches to possible melhods of reducing theze errors is quite

- [EE R 2
i avE r‘i.’if'}c“t‘lt‘
3 - 1 - o Syt o ' W \ - b
he hiave 2lveady indionied above that the errcre due in

,...-.
/r
2
o>
NUR
(@)
M

lteral imeiination lmds the razimmwmn accuaracy of the Jir

')

fivgaps. This iz que te the fact that up to new no satisfactory method

PO

Yoy 2 S Yoo - e A ~ 1 : i e -
hag peen found for reducing errore duse to lateral ‘nelination,

g.

mast ve emplasized, however, that of large distances the relative

shars uy evecers due to laoeral inclination decreases. Therelore ine
rejucticn in ercore of other types may alsc give noticeablie reoulis,
MaLy investigaticne devoled to & reduction {n polarization
crrore ave been reportel. In view of this, we shall not dwell on
Enls mnticr in detatl. We shall merely indicate that a reduction in
rotaricarion error i3 atiained essentially by thorovgh shielding of

L ders, or else by using A gymmweslrically balanced {eader

)
P
197]

of raducing the altitude evrore are relatively well

brow,. Ao indicated in the preceg iin the altitude errors

&
tfi
D
¢}
S
o

Aecreiaes considerably upon going to sector direction finder or
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else can be eliminated in direction finding
mutually-perpendicular bases.

The wccuracy of giraction fiu
siderably by ve

Qucing aterference erreers,

by means of two

djors m 1\7 t‘r r(.. ,;‘_r‘{;fz cet-

d?ar‘ F]"Ph‘_t- SrTCTs

T arise because the direclion iinder receives a large numbder of

bear:s fror: Jifferant direotiope.

.. UL I PR o e, pars b~ T
corors ibis negessary to Separate by some

Y,

ct it.e Dearms that arrive at the direetior fly

path. On the other side, the interference ©
rapid fluciuations In ihe bearing indicator.
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rence errors of <
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directicon finder.
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Experiments show that re-radiation from local objects,
scattered over a large area at distances p to several kilometers

from the direction finder, cause an error of approximately 0. 250

in the bearing moasurermein at a frequency of 10 Mes ans 0.5°

R
o m‘ P

& Mcs at small values of elevation angle ang wrsn the signal
direction coincides approximately with the symmetry axis of the

diection finder, These measursments wers carried cut with a
Sireciion finder having an 80-me~ter base wilh ron-directional an-
tornas/i77. If the divectiviiy of the anteunas is iucreased in the
horizontal plane, the errors may be reduced considerably. In this
case thue direciion finder becomes the sentor finder. The working
sectcr of the direction finder can pe shifted az convernient, U
nececsary for nermal cpsraiion. A3 the directivity is increased,
beuring errars due to scatierad reflections aled dlminish,

Y

he extont to which the directivity putiern can be narrowed

dewn iz limited by requirements of a normal servicing of the working
sector of the dirsation fluder and by the permissible dimernsions of

the antenna system. Therefore, the inflnence of rays which deviate
1685 thar 10 or 119 from the princiral direclion, can hardly be
reduced mabatanially by this method.

Tre signal arrives at the divection findr from the radic station
along different paths, snd consequerily, with different time delays.

Tf the transmitter cperates in pulses, it is possible to separate in

tke directicn finder that portion of the signal, which arrives first.
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lation of pulsed signals is used, then the bandwidth of the rhase
mater can pe made quite rarrow. It is cbvious that narrowing dowr
the bandwidth of the phase meter is equivalent to increasing iis
time lag.

The greater the time lag of the phase meter, the smaller
wiil be the intenaities of fluctuations of the bearing indicater. Tor
effective response o rapid fluctuations of the bearing indicator, it
is necessary to reduce the bandwidth to hundredths of a cycle.

A reduction in the intensity of the rapid fluctuations may alsc
ne obtained in a practically inertialess indicator as a result of
nwnerizzl averaging of the instantaceous readings. Such an averaging
over four ov five minutes can insure the reduction in the mean squared
error of benring oy approzimatiely a factor of 1.5.
The increase in the accuracy obtalned by sveraging the reading:

over five minutes 1s 1llustrated by the results of the measure:

of tre bearing by telegraph stations, as listed on the following tatle/ 1@/ .

/03




{ Cpeansa ksax-
) -}) Cpeausa xsax-
Paccroa parnsecxas paruseckas ©  Mecqy,
une Ao | Uacrora | | ro€ ol . | omnoxe nezex- | p
neg:::r- . | £2 no ureoses. | T3 }0 OTCYETaM,,  Bpens 5
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1250
1910
2450

1,44
1,09
14,0 1,31
15.6 | 1,40

fiusap. —
0,83 asrycrt,
1,05 ACHDL
1,11

1,19 ; L)

5500 |

7

: -8
’ <

{
|
[ A4 : 0L
\’*w 15;0 V;Jg ”n”b"'
7000 15,0 1,22 0,85 HICAD,
- 3 .
854 15,5 | 1,32 1,10 | Rcib
i !
Valle
1V Distice to ivenamiite: Blemater
2
MY Freguency, megacyeies,
a) Waar-sguared bearing error as glven by the instantanacus

s iy s Appen
readingsE, cedress,

1) Wear-oquared baa

avaraged over

ring error 4s Jiven by readings

five minvtes,

Y bt ~ Fme

2 Wonth ard tine of the Aar.

07y -

) Aary - ugast, day (me

A bt e :

fpodurs -- Ay, Jay timel ¥

L ™ v \ & -

* The mesasurements were carried out under ra icularly

faverable conditione
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Approximately similar results can be obtained when using

rhace meters with large *ime laLﬁ In either case the increuse in the
~

accuracy i3 gained at the expense of the incrsased time consumed in

the reading.

Arnonyy the many radic bsams that arrive al the directicn
finjer, there frequently exists one spacularly reflected bean, the
power ¢f wnich constitutes a consideratle fraction of the total power
of the recaivad signal. Thus frequently the directior ¢f arrival
of the specularly refiected beam is closer te the true direction to
the radio trarsmitter, Therefore a direction finder which separates
out the strougezt peam has the greater accuracy.

Such a serzration takes place in any phase direction finder

te one degree ar another, if readings of the direction finder,
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in the presence of severzl beams, approach the direction of the

beam of maximum powar. However, the degree of thiz appreximation

(,

e
AN

Sraonex depends substanially on the parariolors of *re alvection v

The longer the base ¢f the direction finder (more accurately, the
greater the ratio o‘;/} ), the closer ihe bearing reading is to the
direction of ine stronges! beam.

The foregeing can be verifled by means of the following argu-
ment,

Assume that the radio direction fluder is acted upon by two
berms: the first is 4 beamr of large vower, arriving from 2 direciion
@1‘-" O, and the second is a beam ér “iving from the direction & 2

Let ug assurne also that the elevation angles of both beamrs

- ‘> Y
ars Srmail, 50 inal

cosB, = cosBy=1. (2.4)

The first beam inducas in the antenrnas M ang W of the

joH
™

irection finder {zee Tig. 2.3) voltages which are of equal phass.
The second beam will also induce voliages in the antennas M and N,

but thaze will be separated by a phase

/1ob




is a quantity that varies with time in 2 random manner and depends
on the difference in the paths of propagaticn of the first and second
be:m.

The vector diagrams of this case are shown in Fig., 2.5 for
three differeni instants of time.

The indicating device of the direction finder measures the
phase shift ? between the resultant voltages at the outputs of the
two antennacz.

It is seen from the vector diagrams that the measured value
of ¢ changes with time as a result of variations of the phase shift
¢ . Let us assume that the first beam is the principal one, and the
second ong is the interfering veam. Then, obviously, the correct
measuremeant in the absence of an interfering beam should be equal
to zero.

There are possible cases of correct measurement in
spite of the presence of an interfering beam (instant t3).

In the other instants of time, however, an error in the
measurement is uravoidable. The bearing indicator will fluctuate,
and it is easy to see that the makimum deviation from the correct
pocition corresponds to the instant t3(¢.—. F maz). Let us find the
corresponding error in the determination of tne bearing. For this

purpose we make us2 of formula (1.15), assuminy that the direction

/0]




finding takes place ir 2 narrow secter ( @ is small). Assume that a

()

eriain reading (}9 iz raagd on the seale of the direction finder. 'Then,

by fermuls (i.18), the beariug of the beam is

1
9"“2;,7{ . (2.6) i

toty

. -
=
P

Fig, 2.5, Vector diagrams of the vouage: in the directicn

finier anienniis,

o 3N & T

R . . PR s v e o Syt e - 4
errcr in the dstermination of the benring {instant o) is

AMwnu == ""l—‘ Pmax- (2.7)
Qﬂd!)\ max -

Letus investigate the variation of the quantity A & ax
upon increase in the directicn finder base. For this purpose we

return to the vector diagram at t =t9. Considering that the diagram
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is symmetrical with respect to the vertical axis, we can write down
the fcllowing equations for the projections of the vectors on the

vortic:l a3 horizontal &
t‘u COs '!m‘a"‘+[:nl” (.OS 12 “E)A’;

(2.8)

E." Sin "!!"ﬂ“-‘ 20 Biﬂ 'L.:' = 0.
2 2
After finding frora the second equation the value of E); and
substituting it in the first equation, we obtain, after a few trans-

forrmations

‘d

(2]
-

g

K <in l'

Cmip = ATCHE e e
l-—-l\cnc(

(2.9

!N
v

where K = Eq / Eqy is the ratio of the amrlitudes of the vollages
due to the sscond and to the first beams. Now, using formulas (2.7)
ard (2.9), we can obtain the valus of the maximum error in the detsr-

mination of the bearing:

A K sin (—5:— sin 8,)
A9 = —arctg ~ . (<. 1M
* l =K cos (-?- sia “,)

loet us investigete the dependence of A & max OB the
ratio 4/ A for the case X << 1. From formula (2.10) we obtain in

first spproximation

stn {-":j- Sln 92)

\
rd A

=1

Ae-ll = K
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It is seern fron formula {(2.11) that an incresse in the

3

diraciion finder be:e \more accurately, aa increass in the ratic of

Lof Sungiu of the imia o the wavelengibl rodoced tae cadla cow g
eTrror,

Thur, an incrsase in toe direction finder base c- ‘uce
wit interference errors of the directien findar, which aris. . a

Commsgky vesudi of strongly deflected rays (scattered by loncspheric
irregularities or re-radisted hy local objectly).

The most stbhstantlel incresse in the dirsctica finding
2rror's HCCUXE Wnen the bass is increased Lo ssveral waveianglias.
A TWrtaeT incr

case in the ratic d/A bardly increasss the accuracy.

Lir same time, ab long beees the rsading becowes more difficuls,
ace the luctustions of the beeriag ilaodicator becoms cors intenae
8% {6 sssn {romn Cormulas {2.9) and (1.14) thet Pm incraases with
incrsasing 3477 ).

It is prastically impcasible to use & hase six *imes ithe

waveiengllh. or loager, {or in tals case it ig iampossible tc rescive

e FaaasoiXysmxizarx®indimg resultant sabizudities in ine determinatic

.3 y ¥ s .
af ths btearing.

]

ne passe dires lion lipders emwpisyad at the pressnt tlae
1.0 ansTt weveg ngve bases of spproxdcately 2 to 4 wavelengilas.

ihe prectice of short-wave direction finders thera

]

#L3%s a ruie, according 1o which cne aust not take a besring rsading

&l inese instants, when the fading signal passss through a minimum,
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This decreases the errors due to a relative iacrease in the
level of the nolse during fading. In addition, this rule 1s confirmed
alss by the character of the connection bstween the amplitde and
the phase of the signal. Lven in ths examination of the simplest
case —~ fading dus to the interference of two beams -~ it is seen
that the maxiamum error at t = t3 (see Fig. 2.5) coincides in time
with = smsll amplituds of the resultant voltage (Ey and Ey).

In the case of siuultancous reception of many beams, a .
statlstical connection ls retained hetween the variation in the
amplitude and the varistion in the phasa, The character of this
.connection 1a such, that a saall amplitude corresponds on ths average
to large pbase deviations. Consequeatly, by excluding readinga with
amall aignel aaplitude, one discards resdings with the maximum
errors. This increases the measurement accurscy. However, such an
incresse in tbs accuracy is attained at the expense of increasing the
time necessary to take the resding, quring & certain portion of the
time it 1s impossible to make ths rezding because of the amall
signal amplituds,

In concluaion, let us aonsider siill amother type of selec-
tion, which is practiced ia short-wave directicn finders. This is
the so-csllaed mental gelection.

By mental sslection giemeant peculiarities in the bearing
zsasurements, wben thls seaswrement is carried out by the operator,

uniike the purely sutomatic measurement without numan participation,

/11




In observing the direction finder screea and simultaneocusly coan-
treclling tne signal by ear, the operatar establishes a coansction
betuwcon tne readings of the indicator and tis sourd signals. Taus,
when obgerving the screer the operator is capable of segreageting ins
sherp deviatinng of the reader., due to atmosphsric interference,
since they are accompazled by characteristic crackling in the ear-
rhcnes,

When neighboring telegraph statlons produce tue interfsrence,
the operatur can catch ths instants that are most favorable for
reading, wasn the signal of the interfering staticn fade. And
since tne telegrapn signals ol two . differant stations
sometimes differ in tone, an experieazed cperator frequently can
detsrmine what resding on the screen ccrresponds to the necessary
svation, and which is dus to the interfering staticn. Here the
operator makes use of the fact tnat a bssring indication appears
on the dirsctlon finder screen with a cathcde ray tube only during
toe instant when the telegraph key is preased down, and that the
iadicaticn vanishes during the time of tue pause., This makes it easier
for the operator to establish a connentioa between the sound end
the visual observations.

Thus, in mental selectlon use is made of the high selectivity
of the sar to refine the visual reading.

Another feature of the operator's work is the time delay

of the reading, due to memory. Even when obgerving the screen of a

1/




practically inertialess direction {inder, the operator actually
carries cut an averaging of rapidly fluctuating readings. The
tluctuation of tne indicator, Jus to the interfererce of many rays,

i3 usually not su fast as tc make use of perslstence ¢f visicu.
However, by observing the consecutive changes in the positions of the
indicator, the operator can retain them in his memory for a relatively
iong tim:, and thus carry cut a mental overaging.

The capsiilities of meatal selsction are ssasentially
connnctud with the time delay of tha indicator used for tiw reading.
hetually mental selsction can be usad completely only in
practically inertialess indication. 4 phase meter witn tims dalay
regpoxis slcewly to the changes in the bearings of the signal. This
rizs = the operator of the posasibility of takiag the reading at the
iunstaat whan the interflerencs disappears for a short time, for the
irdicator cannot change substantially then., It - also hecomes
guadte difficult to establish a ccanection between the visual and
axriory ~bgervatious.

The expsrimental date show tihst - menital selection aekes
it frequartly much more advantageous to use inertisless indicatora
and saswrez nigh accuracy.

Conditions are erncountered, however, when iioe Lest resulis

whirte.
ere produced lth s time-delay indi-ator (the presence of "mwhite
ncise, and strong scattering of the rain signal). In this coansction

it is setter to have apparently tuc indicators for the direction

//3




finder, one with high inertia and the other one with low inertia,
8o s to make use of either depending on the actual reception condi-

tions.
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Chapter III

EFFECT OF CHANNEL UNBALANCE ON THE APPARATUS ERRCRS OF TWO~
CHANNEL RADIO DIRECTION FINDERS
1. Tuc Verslons of Two Channel Amplification Schemes

The direction finding of pulsed radio signals ias best
carried out with low-inertia radio direction finders, particularly if
the number of radiated pulses is counted in unite. The observation
of pagalve ilnstantaneous targets, particulerly metecriteu, oo
ie posslble in this cese by radio direction finders in conjunction
with a pulse range finder using a wavelergth on the order of ten

meters,

f"j‘m A, '|

Yp
] ; - ly:x’.

frem A 8 j4d ¥

e

Fig. 3.1, Diagram of two-cbannel raceiving-indicating
apparatus with post amplificatica of the signals.

¥
s "‘.
S IO D I ) T o N i N
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Fig. 3.2, Diagram of two-chanrel receiving-indicating

pppngratiug with preamplificstion of the signzala.

In the preceding chapter we have shown the advantages of
using low-inestia direction finders for longer signals, alnce these
radio direction finders wake 1t posasible to carry cut scntal selectiona
wiien inereasss the accuracy of directlon Tiaciag.

low jnertis direction {inders are tdo-channei radlo
direction finders with cathode ray tubes/12, 13/. Figa. 3.1 and
3.2 stow the diagrams of tuc~channel receiving-iasdicating apparetus
uied in short-wave direction finders with lcng base,* Such davices
solve two problami: amplificaticn of the sigrals with the necessary
selectivity, and mcasarement of the phase difference, In beth clir-
cuits, the phaee differences are maasured by the “sum -- difference®
mnethod (see Chapter I}, The differsnce between the circults shown
in Figs. 3.1 and 2.2 lies in the fact vnst in the first ons the
axnclifying channels sra connected after the "“sum ~- difference"
device, and in the second taey are comnected ahead of it. We shall
tihervefore call arbitrarily tos first circuft (Fig. 2.1) a
post-amplification circuit, and the second cne (Flg. 3.2} a pre~

amplilfication circulti.

* The operatirg principle of the phase direction finder is

+reated in Chapter I).




od

For normal operation, ths amplification channels should be
absolutely ldentical. If iths channels havs non-identical parameters,
apperstus errcrs arise,

The only ohannel differences tolerated in weil-designed ejulin-
ment are those at whioh apparatus errors do not limit the direction-
finding acourzoy. Thus, at short waves, the mean-squared direction-
finding error over long distances ancunts to approximately 1°, owirg
to the i. fluence of radio wave rop’gition asonditions. The aspara-
tus erroras in the determinntion»of bearing aust therefore be consi-
derably less than the indicated value.

In phase édirection finders, ons degree of vearing correszponds
to meveral degress of pliase difference, so that the tolerance: oan
be reiaxed somewhat as regards phase-differencs wezsurements, The
apparetils errors, nevertheleus, still amount to a considerasle fraction
of the bearing errer, for it ia teshirically quite difficult to en-
sure perfact identicity of the channels,

it va exAamine thehapparatus errcYys Gue 1c non~identicity of the
obanrely of the receiving-indicating devices of rsd o direction
finderss For the analysi: we chense circu ts with post ammlification
(see Fig. 3.1} and with pesmplification (see Fig. 3.2).
If the input to the amplifier ir the st tionary mode ie
e (t) = £sin wyt,
then the output voliage is y (f)=KE sin (v, + D),
where

K - modulus of the gain coef{icient;




(_b -~ prage angls of irs gain o prasa aaift.

Fore e glouecidel clsasl o0t FAxed oo s b, L AT bl
to describe the diifercases betwesn aaplificaticn thennels by xeans

of the ratlc of ins woduli of the gala

13

@
X

L
%
ana tiw difference 14 poags saifta
- , o
woere Ky end K, ~— meduil of tnme gains of tng favse 2t soccnd amplifi-
e e
epthan cheanedd;
-l ’I‘ . X ‘ ) -
‘3’ - oand o, - {he pixige §Oalhe oL TRE KBS Channel s,
Tous tae guentity & chirdcterizes L amzplilude wpbaiancs of
. i < - iy Vg
the channels, amd Y cracacterizes tue plias unhalanos,
Wo giall csrry out the snalysis of wue spparztus errors as
¢ - f -~
froutlong of these mon-identicity param=lersz (8 i u;’ } of tne

arplifylng chaniels.

2. EERCRS IN THE POET-AMELIFICATION CIPCULY
The voltercz rszch the empiificarion chawnisels aiter
pazsing through the Psum -- ditferenca” davics and the phaze-~

suifting stage. The amplitwles of thess voilages are [roportional
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to the sine and ocalne of hall of the angle of measured phbasge
dilference
uy - E,sin ;— sinw.f: 3.3
K= £4cos {* sin w,f, - (3.4)

wnere uly ~- voltage at the input of channel I,
U, -- voltage at the input of cuannel Il.
CP - measursd piase difference,
The voltages on the deflecting plates of the tube (past

the amplifying channel) will be

- T . .
u,=K,E,sin -;z—sm {20t + ®,). (3.5)
&y=K,E, cosg«sm (o5t + D, (3.6)
or, taking into account the differences in the pasge aldfts
- ¥ . . -
u,== K E,sin Yy N w ot (3.7)
uy =Ko, cos —; sin (st —¢). (3.8)

Since the inclination of tne beam is groportionsl tc the applied

v")lf.aga,
y=K, sin ~§- $in oyd; 3.9
X == Kq008 —;— sin{w —¢), (3. 10)

whore x — horizontal deflection, y -- vertical deflection.
Assume that the sensitivity of vhe deflecting plates is

the sams in the horizoatal and vertical direction, and the propar-
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tionality coefficient im arbitrarily set at 1/Eq(mm/v).
The Bqa. (3.9) and (3.10) can be representad in the fora

“an equation foo the flgure oo the csthode ray tude

K v A2 .
f.._Q....J..t ‘E'COS X __{\__L : A 72 * 2 2.
y X € ¢xy+ %) & 2-Kgsln 7 SIn%g. (311
From snalytic gecmetry we note that such an eguation is the equation
of an ellipase, the axsa of which are inclined by a certain angle ¥

relative to the axes of the tube {Fig. 3.3), with

2a1g —-g— cos Y
' l — a1g? 2
2
The errcr in the determinmation of 7’/2 is given by the difference
N
2

2ad the syew error in ?j w11l te {tuwize ss large

Fig. 3.3. Patlern on ths tube of the scrsen.

Tnersfore, the overall expresasica for the error in the measure-

ment of the phage difference is
(62— 1)sing-~(a?-1-1 —2acosy)ilngcosy (3.13)
2a cus § ~ (a2 — 1) cos ¢ + (824 | — 2a cow y)cos?y

A=arctg
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To determine the exiremal valuss of the error it is necessary to
find the derivative é‘é\/ <5</‘-"‘ y 58t it equal to zero, and tc
TR RG Jrom thdle equasion the value of “.a'”‘ gt whica tpe v

ae & nadrun value, Az & result we cbtain

{(ad — Ip(a74-l~¢rot¢)‘+

Fmax =31C COS{ (624 1)2 — da2cos2¢ |~

-

L V@ =iat g1 —acosg)? —(a? + 1)Z—8aZcosie]|(a?— )2~
(@2 1)2—4a2cos?y

Y i3a? cost ¢ — g cos § (a2 - 1)]
(a2 1)2—4a2cos

(3. 14)

Analysls shows toat to deterwdne ¢¥ ., correspending to
tae saximun valus of toe maximum error, it 1s necessary tn take in
(3.24) a plus sign in front of the radicai for 2 < 1 and a minus
sign for a >'1. Tais musv be taken intc acecocunt, for in general
wien 8 1 and Wk O the extrema of the error ars act of the
sexe magnitude,

To find the value of the meaxdium error it ie neressary

A\
i

to ingert in formula (2.123) the valus (?:nax from formuie (3,14
From foramulas (3.13) and {3.14) we cen obtain two parti-

curar cases under the following conditions




Fig. 3.4. Plot of the error vs. the magnitude of the

measured phase differsnce,
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In the first case, when (A-0, the pattern on the acreen

will be in the form of a line, and the formulas becowe

a ) 5
s =2arc g T (10}

— a-— * 3. 16
Fasa = AICCOS T (3.16)
a—] (3.17)

a
Pig. 3.4a shows a plot of tue orrcr based on formula (3,15).
For tbe second particular case, wnen & =1.0, we obtain

cosp—1
sy L1
cos§ - |

T eosg+ 1

A=sarctg

: (3.18)

cos Jy

cosy—1 (3. 1)

1
== —- 81C CO$ ——— ;
?mn 2 a co c0$*+l

A,y = BTC tg% : (3.00)

Fig. 3.4b shows a plot of the error based on formuls (3.18)
wiailo Mg, 3.4c shows the error based on (3.13). The graph
correspording to (3.13) corresponds also to the general case, when
a ¥+ 1and ¥# 0,

Ao gee thag}depending on the amplitude and phase unbalances,
the shape of the error curve varies, anC in addition the curve has
different absolute extremal valuss. We note also that the errors
vanishes, no matter how non-identicel the channels are, when the

measurec paase difference is equal to zero aor 180°,
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It was indicated above that in the general case the pattern

on the screen is an ellipse. Let us find the ratio of ths miner to

tee major seml-axis (ses “im. 3.3),

If the equation of tae ellipse is repressented in tine Jorm
Ax3+ 2By + Cy?+ F=9,

then the ratlo of tie axfsis given by
2mN A C— VA=Cp A8
( 2p ) A +CH+ Y (A=C)i 4R

Analogously we obtain {rom (3.11)

— + i o——

? \ ® coste

m\2 a? |g2 __‘!;_+ 1 —~ ‘l//(‘ -—41‘)-:2' 7)—) + Mltgl > costy .

( ) - - — = LT . ‘Jv ~l)
» = e

/ PV a2 E o
a21g? —:- 1 +l/ (l — aliyg? '5) +Aadig? o cosie

waore x -- leangtn of the winor semi-exis cf the ellipse;
P ~= length of the major semi-axis,

1o determine the ratio m/p in the cases when the errcr
has a maxdnur value, it is necessary t> insert the valus of & nax
from (3.14) intc (3.21) Figs. 3.5 and 3.6 show the grapias of the
dependence of the maximun error on the amplitude snd phare ua~
velance of the channels (a and !f’r ). Within the Wmits of the
diagrem, the dependence of the error on a is almest linear, while
the depencence on ¢/ re.alls a guadratic curve. d4s ¢/ varies from
0 to + 10° the marimum error incieases very slowly, but upon further

increase in the phase unbalance, it increases rapidly.
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Fig., 3.5, Effect of amplitude unbalance on A g, and

:/p for dlfferent valuss of the prese wmxx unbuzlance (solié lines
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error does not exceed a specified liamit.

a |
108

12|

15

-

105

10

0 10 +20 *30 Y I X

Fig. 3.7. Graph showing the dependence of the maximum

error on the amplitude and phase unbalances,

3. ERRORS IN A PRE-AMPLIFICATION CIRCUIT
The voltage au the output of the amplification channels
in a circuit with pre-amplification (see Fig. 3.2} are
e,-Esm(«.oz.g..;.);
e,=Esin (wot-- .g.),
whers ?P- the pbage difference, due to the difference in path,
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to be measured.

The voliages 2t the output of the amplificatica channelys

re u,= ~,Esin (’wgt + "; + 4’.\] :
“’=K’E3‘n (-J""g"l" 0‘) .

or, tuking into acccunt the differences in the phase shifte

uy== K Esin ot (3.22)

Uy KoL 810 (wgt — ¢~ §) = K,E sin (wt — V), (3.23)
where

Yeug-+9.

Thus, when K} K2 and 44 0, toe vcltages at the input
¢l tne amplificatl-~n chennels will haveunequal ampiitudes, and tne
poesge difference changes by the valus of the paasss untalance of the

channele,

Fig. 3.8, Vecior diagram for ths gensral case.
{‘1 — voltage at the output of channel 1, U, -~ voltage
at tae output of channel II, 65 -~ gum voltags, {U — differencs

voltage, Ulq -= voltage of difference with phase changed by %°,
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[ ¢
/rz -~ phase difference between voltage Uy and U, ¢ — phase
difference between voltages Ud and U .

The voltages from the output of the amplifying channels proceed

next to tks "sum -~ difference” device. *

Let us consider the general case, when the amplitudes are
not equal/l7/. Fig. 3.8 shows the vectar diagram for the general
case.

from the geometrical construction of the vector diagram
ve have

Ul=Ul+ U3+ 20U, cos T;
Us=Ul+ Us—2U,U,cos F;

U,sinV¥ : tga= —U,sin¥
U’+U]C(N‘V ? Ug—~U;cos¥ )

g v -
Conaidering that U1 =KiX and Uy »X2E, we get

U, = EK, (1 + a* + 2a cos ¥)'? = E,S;
U=EK,(1 +a?—2acos ¥) = E,D;

asin¥ _ —asinV¥

IR e n——— ' T eme————
»'g'l I+acosV¥ ' T e ¥

* The method of measwring the prase differences at

equal amplitudes of output voltages is discussed in Cfnpter I.




uere S=(1+a'+ 2a cos ¥)': (3.24)
D= (1 +a*—2acos V)" (3.25)

Eo == EK’.

Tne phase dirferance betwscn the vol*tages A0 g and B LT
Fig. 3.8) will be
T=x—90°

Rz

1 l—acs ¥
t == —9°)= — = - == .
gT=1g(x 90%) ctg= PR asin¥

The voltages applied to the deflecting plates of tbe tube are uly

and ug, and the phase difference betwsen them iz
Fe=q—n,

Lence . _lg1—1gn ! - a?
ts X = tg( "-'q) S - -
1 14gyigy,  2asin¥ '

Tae voliages on the plates cf the tubes can be represented in tre

form

uy=E,Dsinog; (3. 26)

us=E.Ssin (wjt —T). (3.27)

Acaordingly we obtaein for the deflsction of the beam in the vertical

anc acrizontal directions, agsuming the sensitivity cf the
plates to be equal

y=Dsinwg, (3. 28)
x=:8sin(wt—T). (3.29)

Z3s. {3.28) and (3.29) can be reduced to the equation

’

yr -2 —g— COSny+(-§-\)2x2’=D:s!ﬂ’r. (3.30)
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Thus, according to (3.30), the pattern on the screen is an ellipes,

the axes of which are turned at an angle 1% , witn

2 2coai I
'~(5)
Ja sin v (3'32)

i
l‘ LT T e et ey el .
cos =I.-pflgl 41 V(1 -al)?+4a7uu!5
Inserting in (3.31) the values of S, D, and cosl from

(3.24), (3.25) and (3.32), we get

9 vida—2cout

+ait2acos¥ ¥
g2 _ltai—2ecn¥ Y (—aPfiaumy ~tg V.
T i+ at42aco8 W

hence
yem o (3.33)
Thus, if the voltages have uzequal smpiitudes azsad

of the "sum — difference™ Jevice, ln accordance with (3.22) and
(3.23), tbe slope of the major axis‘of the ellipae on the tube
screen will still correspond to gl; the phase difference of the
input voltages. However, when ths amplitudes are ecual, the
elllpse degenerates into a line, and this ls much more convenient
for easeé in reading.

The ratio of the minor axis of the ellipse to the major
one can be determined, according to (3.30), from the expression
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[ o /r D2 \2 D?
m\2 .'S';"'}'l"!' (]—-—é‘,‘) +4-§7"C052[‘
("") = . (330
‘P e . AT £ e

GRURRS B Ui A I

Inserting into tnls expression the values ¢f S, J and cos‘q from

cr fianily N—a | (3.35)

waere a is the ratic of tae voliage amplitudes anead of itne "sum ~-
dl. isrence” davice. The ratlo a in tne cireudt shown in Fig., 3.2
is sgual Lo the ratio of the medull of tne gains, since it was
zgsumcd that the emplitudes are ine same ab tiw iaput ot the axplii-
fying channels.

Consequently, tie inegunllyy of the awxiwll of the galns,
i.e.. the presence of an amplitude urbalance, causes the lmage ic
ogecne eliiptlcal, but does nct cuacgs the direction of the major
ewis of the ellipse d.e,, it doeg nol produce a systematlc appare-
W error., On ine other nsnd, the phase uchalancs of the channels
snters in ite entirsty Into the error.

Thus, tas error

Az =Y — gl (3.36)

Lz Independent ol the cagnitude of trhe wmeasured pnase difference.

This snalysis enables us to compare the circuits shown
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in Figs. 3.1 and 3.2 ag regards apparatus errors, Coviously,
the circuit which permits greater difterencss in the amplifying
conrnels Tur the sfre values of tae error 18 prefulTel,

A circult with pre-usplification admits of & largs
amplitude tnbalance, vut allows no phase unbalance. It it is
techiically eaaier to make the cnannels identical in gailn but not
i1 phase phift 1t 19 hest to use a circuit with post-amplitication.
evertieless, & (ircult with pre-smplification is used successfully,
because ibe apparatus srrors that 1t introduces can be reudily
calculated, since it is equal to the phage unbalance of the c¢nannels
and is independent of the value cf the measured pnass difrferance,
Tnle circumsiance makas thls circult in many cases pre-
ferapls,

I# no provision is made for ths contrcl and regulation of
the identicity of the channels, coasiderable apparatus errors in
k2 peaswrement of the phase difference may eanter into a circuit
wita pre-amplification, since it is ¢ifficult to ansure identicity
of phase shifts in channels, even within 10%, over a mrolonged time
intervad,

ia the circults considered here, the non-identicity of
he amplify! iz channels, in additlion to apparatus errors, nay cause
arrcers in obgervation, 1l.e., errors that arise when bearing is
BE43red rom the pattern on a cathode ray tube

acreeaen,
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4. CBSERVATICN FRLGES

I tasse olrcults, the pattern un tns scrasr of the Luve
is in gemeral an eilipase, and the directlon f its major axis
determlces the roudling. The ratio of the miaor axis of the ellipse
L0 the pejur cne, mfp, characterizes tha posaibility of reading.
i is aost convenlent to make the readings when the ellipoe de-
goneratas into « line, As n/p increases, it becomes less con-
venlent 1o make the rcadings. and whan m/p =1, i.e., when ths
elligse becomes 2 cirele. a reeding is Lmpossibls.

Hsadlugs made by differsnt operators with the sams sliipse
wild ve different. The reading errors An the direction of tne
major axis of the ellipse are of random cheracter. It caa be
sseumned thet the lav of distribution of the observation errcrs
will ve normal., To ssch valus of the ratio m/p there will ccrrse-
pand o definite value of the mean squared srror in raading):ﬁ'.

To cbtain tho dependence of & on m/p. experimanis
wara parisrmed, in whicn ssveral opsratore took reecings based
on the mejor axcc of ths ellipse with giiferent values of =a/fp,
end the mejor ases of the wllipes on each paltern was ejual to
the seale dlameter, the thlckness of the line of the ellipes
aqualed one scamis Givisicn (the arc of 1°) and the time of
roadlong was not lagss than three seconds. Far sach ellipse pattera

wita & correspomiing ratio of axsas, from 10 to 30 readings were
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made and subsequsnily processed,

The results of the sxperiment confirmed the normal law
of distributicn of tie ohservation errrrs. Tas dupsniense of &
oca m/p, obtained 1a the expsrimenis, iz shoun ian Fig., 3.9, Uue
accuwracy or reading} from the line, will deperd to a great degrea
already on the thickmess of the line of the pattern and on a certain
versllax, Theorelare in the experiments tne magn squared error
for m/p = 0 does pot vanish (see Fig. 3.9;. Obvicusly the quality of
the scale and ihe inickrness of the line determiune the maximum reading
accuracy.

Thus, if the amplitying chancels are not ldentical, au
errar arises wilch consiate of an apparstus error and of a randcm
cbgarvatica srror. The accwscy of directicn finding can in this
case he egtimated by the quantity

Ar= ) a7 4o, (3.37)
wihers /fS-~ apparatus arror;
S newr squarsc chservaticn error.
The sguare of the guantity dafined by expression (3.37),

.

iln sceardance wita the probatlility theory, is tis second moment
of the digtribution/9/. Wa shall call the =mm arror Ai , for

brevity, tie general srror,

In those cases when tiae apparstus error has a maximum, the

weznitude of the total error is

A% max = VA,;.; <4~ 92. (3 38)
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crservaticn error

crt the elliptielfy ot the pattern.

Fig. 3.1C shoug cwrves of tue a~romg dus ts gon-idsntical

IS

coannels in a clreudd witi postsmplificnticn, based on Fig., 3.5
wits allowanes #or Sq. 15.33), iIn caloulations cosed on (3.38),
tae valose of the mwan suuered ohservailicon error were taken iroa
e graph siowa o Fig. 3.0
T4 Scllisus from Fig, 3,19 that 4n a olrcwlt with poai-
appiificatis-u the otgarvation exrors  sye nobt siguliflicant,
since the apraratus srrors predombosts, The predominant role cf
the apperatus eryur ls velelned ss the non-identliceivy of the chacnels .

ls increacsd, Tix differonse betwaen tha {otal evror and the appara-

tus erzor is sess o t4: grapn {see Fig, 3.10} to bs jnalgnificant,
in pre-amplifi-ztiion circults, whe amplitule wunbalznos

does not roduce an apparatus error, bub increasas tbe

obpervation errcr, However, even & A4l differance in smpiitude

+lved & mean squarsd error on the arder of mereiy 1°. It is alsoc
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known from practice that it is not too difficult to obtain channels
with amplitude thet is equal within 20%, and thersfore we shall
aot consider the observation errors speclaelly froa now oa.
Nevertheless, it must bpe barne in =2ind that when the
apparatus error is smali, the observation error influences sub-
stanvially the sccuracy. The observation error naturally can be
requced by using the average readings obtained by several
operaters, but this is not always possible, for 1t ilacreases tus

time required to perform the readings.
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Fig. 3.10. Dependence of the errors dus tc the non-

identicity of amplifying channels (solid curve for Amx’ dashad

curve for A = max)




Chapter IV

EFFECT OF UNEQUAL CHANNEL PARAMETERS ON THE APPARATUS ERRORS
OF fWC CHANNEL RADIO DIRECTION FINDERS
1. PARAMETERS CF NCN~IDENTICITY

In the preceding chapter the non-identicity of amplifying
channels was characterized by the ratio of the moduli of the gains,
a, and by the Qifference of ths phase ahifta, }U , of the channels
at the signsl frequency, without regards to what the amplifying
channeis comprised,

Since the amplifying channels in two-chennel radio
direction finders must insure the necessary selectivi“y, the
actual channels have suitable amplitude~freguency characteristica.

Fig. 4.1 szhous the characteristics cf channels for the
general case.

It is seen that the channels may differ in their band-
width, in thelr resonant frequencies, and in their detuning
relative to the signal frequancy.

It is of interast to examine the errors, if the chan. .3
are detuned relative from each other and the tandwidths of the

¢hannels are not the same, while the frequsncy of the received
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slgnal differs from the rescrant frequenties of the chaanels,

Tre error zay e specified ir terms cf quantitles that
Tasractarliy tae non-ldanalioly o7 the tascanls, Lor e manle,
detundng cf tae chamnel:s reia t;xe te cani other, A, and tae

ijy:”
ratic of the bandwidths ;_,__._,_,_‘,?: ,» and also ¢u€ quantity A0

!

}.L‘.ﬂi_ 1

tor & ¢, ), £ whicn coerscterizes toe tunlag of the receiving

roparadtus by tde cperm Tor to tas 3ignal fregueacy,
Let wo introcuce tre dicensiuniees redstive detunings
A" ' a2’ ' aQ

woere the arithoetic mesn of tne bandwidtih is

269‘,,,% AQ, + Aa.z- (4. 1)
and

5-3 C\U‘L_.* éU t‘.xz)

Py f AM - QQJM

The non-identicity paramstsrs of the ampiifying cheanels will ba

tagen o te tae ratio of the vandwldtes

A%,
2
fom — & (4.3)
AQ,
and the relatlve detunlng betwesn cnannels
Ha
. 59 5.0~
It is ouvicus wast if the channels gra completely unldentical

P 1.0 and 2920,
3,
Thu2s, ilan ths analysis of the gystematic errur the independent

variablss wiil bs

e [3¥%) AQ‘
3 T ——
av,, .- eQadr,
It 18 probeble that the error will also depend on the type cf the
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atages used in the amplifying channels (for example, tuned or
o:cadband) and particularly, on the rumber of stages in each

chALNEL,

Pig. 4.%. Aamplitude-~-frequency cnaracteristics ol

sapiifeing cnannels in tne generalcase of non-identicity.

ey -- tuniag frequency {rescnant frequcney) of

coannel I, Lo = . tuning frequency ci channel 1I,

“

\~ ; gignel freguency, Ay -- detuning of cnannel I relative
te tis aignal, -, —— detuning of cnannel Ii relative to
tae signal, [.v == detuning of tne channels relstive to eaca
sther, 2 4. ..ut; -= Landwidtn cof cbhannel I, 2 L. (u'5 ~= zend-

width of channel I,
We confine oureselves now to an analysis of channels

that are rescnant aaplifiers. The circult of one stage of

2 resonant amplifier 1s shown in Fig. 4.2.
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As is known, the gain of a multi-stage resonant amplifier

ia

.‘ f,r,.). , 4.4)

wherein -—— number of the stages in toe amplifier,

k|

Kr — gain of one stage in resonance.
X -- generalized dtuning.

The generailzed detuning !5

Q== == ==
i Q=17+ (4.5)
where /X& -- dctuaing ( 0~ v)i

Q == the figwre of merit of ths tuned circuit,
(«
¢ -« the damping factar of the tuned circuit;

(W 4 = resonant frequency of the tuned eircuit (wdsl/\ﬂ-_f

2AQ ~- bandwidth of the tuned circuit (2 4 2= cuy/Q).
It can be considered that
K\'= SK.,

whers S — static transconductance of the tube.

Ry = L/Cr -~ resonant resistance of the tuned
circuiv.

The amplitude-frequency and phase-frequency character-~
istics, asccarding to formula (4.4), will have the form

]

K=———; (4.6)
(1457
Qe=—narctga. (4.7)
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In formula (4.6) the gain at resonance is taken to equal

nity.

Fig. 4.2, Diegram of one stegs of a tuned amplifier,

The vardwidth of the amplirfier 1s
24Q" =23Q1,,
where 2 A {L.  -- bandwidth of ons stage of the ampiifisr
EaUN ~-- a quaniity winich is a fuaction of tne nuxber
of stages.

The guantity ol Cquals
2 1 1 )

W=D =17 =27 —1). (4.8)
With incraasing nweber of steges in the amplifler, its

ndwidth will decreass. Jor a specified handwidch, the damplng of

o
15
™~

the tuned circuit spcuid 56 greater, the greater the number of

ateges

[ i

"3 ;o -

r . - !) 3
The modulus of the gain will be represented in the form
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K= (4.9)

' AQ’ ")r

The phase angle of the gain will be repressnted in the fora
,‘) (4.10))

Q= —-narctg( .\u'

Taxing intc consideraticn the faregolng paramcters of

channel non-identicity, we obtain for each channel

|
K= =i 4. 11)
e st I N
' A¥r 2 I
duwy 1 48
“’:=-—narctg(:——’— ;,"): (4.12)
“anr
. 1
he= 3 N 13
ml € -*- T .
{H-[( T AQ;W) 2% "“
(l»,-.—.-—narctg[ I L AR L L :J. 4,14
(A""w e ) e ! (4.14)

let us establisn the connection beiuwsen ths parameters
of non-identicity, used in the preceding chapter, with the new
saxm parameters. For this pwrpose we substitute in Eqs. (3.1) and
(3.2) the expressions for +he amplitude-frequency and phase-frequency
characteristics of the aaplifying channels, in accordance with
formias (4.11), {4.12), (4.13}, and (4.14).
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We taen nave

|+[(3“3~—-.—.—_A‘“ LA L T

a AL~ 39, % ‘] '

=y o s i osr
! [ 3y 1 2 . {* ih)
a2

! g Jw L +¢€ w 14§
Y-ﬂ[afctg[(———,-L-———T-) -—-— 3 J__ t ___l +'
‘ e s g( 0Qe. 2 ")}'.H' '

in the sxpressicns for the azplituie-{reguency cnarac-
teristics, acsording to formulas i4.11) end (4.13) obtalned from
{4.4), the resopmance coeificients of the channel gnlas were assumad
to 2e identical and egual to unity.
However, wWicn the capacitance of tne rescnant circuit
is ccnstant, its resvnant resistance will change witn tne bendwidin,
and consequently, the gain K. will alsc change, if toe transconductance
of tne tuce 1s c¢.nstant,
For exanple S v L S
K= =S5 = tame
i.e., 4 is inversely proportional to tae candwidth. Taen, taking

tais iate account, we get

n
7 dwy 8w \1 4 ¢ ANy
'+[( a0, .\Q;,.) 2 "]

dwp 1HE \
l+(.\9'&,2 “‘)

a ="

. (4.17)

i.i: .
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a’' =at", (4.18),

It should be noted that in the initial expression (4.4), the
generalizeddetuning was determined by foramula (4.5), according

to which the amplitude-frequency and the phase-frequency characteris-
tics will be symmetrical, this is a certain idealization cf the

real characteristics. Such an assuaptliocn is quite justified for

narrov band amplifiers (3> 1).

2. BANDWIDTH OF A TWO-CHANNEL RADIO DIRECTICN FINDER

It is obvious that when the amplifying channels are
complately identical, the bandwidth of the receiving and indicating
unit of the direction finder will equal the bandwidth of any of
its chennels., When the frequency of the signal colncides with tas
resonant frequency of the channels, ths length of tne line on the
tube screen will be a maximum. On the boundaries,of the bandwidtnh,
the lengths of the line will amount to 0.707 of the maximus length.

For radio dirasctionfinders bassd on post-amplification
and pre-amplification (see Figs. 3.1 axd 3.2), the pattern on the
screen will in genaral be an ellipse. Starting with this, one can
taks as the bandwidth of the direction finder that interval of
tuning frequencies, on the bnundaries of which tns length of the
major axis of the ellipse amounts to 0.707 of the maximum length.

Usually the operator does not take a7y readings out-
side the bandwidth, since the size of the pattern is considerably
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decreased then. Therefore greatest interest attaches to the value of
the error within the bandwidin of tae direction finder,

<o datermire the Sandwidth it 13 nscesusry To Nlol
dependence of the length of thepattsrn on the screst of tae tube on
tuning frequency. For a circvit witn post-amplification (see Fig.
7.2} one obtains

P=K,+Ky= : <+
i+ )T

+ = (4.1%)

{H'[( :: Au,)‘;te" ’}T

It follows therefcre that in this circuit the size of
the méjor semi-axis of the ellipse is independent ~f the measured
paaze ditferencs l?} .

In general, the dstermination of ths exactvaluss of

A¢~33_,/A SY,vs correspording to the boundaries of the
passband, ix enteils sericus mathematical difficuities.

Tne center of the passbamd caa be determined with good
approximaticn from the expression

(A~ __e:..._!.. (4.20)
contin 31+

The values of 4 &2 1/441—'“, corresponding to the

boundaries of the passband, can be obtalned with suffiloient
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approximation by adding £ 1 to tine abscissa of the center.

(-3-:-"— S L e 4.21)
AL e 1xe—- (4.
5-"«-4‘07 -

For a circuit with post-amplificetion {ses Fig. ...

the langth of the major semi-axis of the ellipse depends on (71« and

Assuming
more weakly on ‘f’ . kodiug f;s 90° and neglecting t.c in. iuence of
g , we get

p—y/ KEH
2
1 ]

_/ 3 -

AU] l +E‘ )2 2 ,){ ‘l’_Ab‘ Ah-‘ )‘ +‘ ]‘li

V Q{H'(Aﬂ;, 2 } T \.w'“, au_ | 26 M

(4.22)

An analysis of (4.22) gives repuits which are close to

the case described by (4.19).

Thus, in practice, the bandwidth is the same for a circuit

wiih pre-amplification and post-amplification.

3. FHRRORS DUE TO NON-IDANTICITY OF TUNED AMPLIFIEZER CHANNELS
Let us consider now tbe apparatus errors due to tne

follcwing independent varisbles: g RN/ N o1 P Acu-l/z;m.'av,

ani n, of waich ths first two characterize the non-identicity of the

cnaanels.,

For circuits with {ree amplification, the gystem error,
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according to (3.36), equals the phase unbalance of the channels,
Therefore expressiors (4.16) is an analytic dependence of the error
on these paramneters,

An analysis of ths errcrs in ths circuit with pre-
amplification
mxpkkfixkkex is given in a published article by the author, and
ve shall hers therei‘?re only on an analysis of the errors in a
circuit with post-amplifization. In tiis circuit the apparatus
error depends also on tne valus of the measured phase difference 5/’ ,
and we shall therefore consider the maximum error determined by
the graph in Fig. 2.7.

43 noted in the preceding chapter, the sexpression for
the msximuz error, as a funection of the paremeters a ard 7!’, can
be obtained by substituting inte (3.13) the +alue g,z? may fTom
formula (3.14). If we then insert in the resultant expression the

new parameters, in accordange with formuias (4.15) and (4.16),

one shouwld obtainanulytic expressions for the maximum error

Amn - max ’\\ ‘59‘;‘«, 39;‘"

a g be _‘}i'i_,,.,). (4.23)

waich determines the functional dapsndence of the maximum apparatus
errar on tae new non-ldsnticity paramsturs. It fs impossible to
write out (4.23) in a more develcped form, s;nzz,::hs intermediate
and the inltial opsrations yleld complicated transcendental ex-

Iressicns,
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Since the maximum error is a function of ssveral
parameters, it is necessary to specify fixed valuer of the remaining
rer~asters in order to exhivit the dependence of *his fuaction cz
any of the parameters,

Fig. 4.3a shows graphically the variation of the maxi-
mx yrror from the tuning of the direction finder by an operator,
s a single-stage (n=1) amplifying channel, when the channels have
identical bandwidths, but when the cbannels are nct tuned to the
same fr:juency.

Fig. 4.3b shows the variation of the error, when the
detuning vatwecn channels is absert, i.e., when Aw/z}_Q'av-,—o,
tut the cliannels have different haniwidths.

igs. 4.3c and 4.3d show tha variations of the maximum

error for the most general case of non-identicity of the channels,

v /8D £O0 ani E£1.0,

Ag can be seen from Fig. ‘4.3) , the curves have &
discontlnuity at the point when the paramster a, determined by
formula (4.15), assmas values squal to unity. Corcesperding to
these rolnts are two equal valuss oi"the error, but of opposite

signs.
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Fig. 4.2, Dependence of the maximum errcr on the tuning
cf vie direction finder by the operatcar, ut different values of

tie nin~identicity parameters of single-stage chaunels,
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The dashed curve shown in Fig. 4.3 corres-
pondito the case when parameter a is deterrined by formula i4..7;,
i.8., with allowance for the correction for the variation of the
resonant gain of the channels.

The curves of Fig. 4.3 show that the maximum apparatus
error changes with variation of the tuning of the radio direction
finder by the operator, and that at certain values of vhe tuning
it reaches a maximum valus. The curves contain the points corres-

pomding to the bLoundaries of the bandwidth of the direction finder,
according to formula (4.21). It can be seen that in certain casss
the greatest value ¢f the maximum error falls within the bandwidth
of the dirsctlon firder, and in others the greatest valus of the

error is cutside the limits cf the bandwidth.

woyy.
g a) 02 03 89,

Fig. 4.4. Effect of detuning between single-stage
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channels on the maximur error at different channel bandwidths

(continuous line for A dash-dot for A%, dask-dash for

maxm’

& z::a)g.) *

Therefors, for a circult with post-amplification, it is
ajvantageous tc introduce the following notation:

&
L max,, —~- zaximum value of the meximum errcr;

A’;u - the maximum value of the maximum errcr within

the bandwidth of the direction finder;

A

bmaxc

tle passband of the directicn finder.

-~ yalues of the maximum error at the center of

Fig. 4.4 shows the depenience of the maxinum error on
the detuning between single-stage amplifying channels at tlree values
ol tas ratlo of channsl bandwidths, % When E = 1,0, the foilowing
equality hosds

A:.:“"A.., ~ -

As can be seen {rom the curvs, the error has a n. _.mum vaiue st the
center of the passband, and this valus increases little with in-
creasing dstwning between channels and is independent of the
difference betwsen bardwidths.

Let us note that the numericel values for the Fig. 4.4
were taken from the corresponding poirt s of the solid curves in
Fig. 4.3,

Fig. 4.5 shows the dependsnce of the maximum error on
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the detuning betweer. single-stage channels for unequalized galas.
Urlike Fig. 4.4, the parametsr a is determined by fermula (4.17).
According 1o this formula, tne lnequali<y of the bandwicding causen

the resonant gains of the chennels to be unequal.

amax

E’/
Q’r.a_.-.—_— —— —
22 = Ay

a a! a2 03 ae,_,

Fig. 4.5. Dependance of the maximum error on the de-
tuning between singls-channel stage chataels for unequalized (owing
tc the inequality <f the bandwidths) 1esonant gains of the chanuels
{the continuous linex for A¥max and A aa vy’ since A* . = A

mxm’

dash line -~ for Amc).

Thus, the curves of Fig. 4.5 correspend to unequal
cnannel gains due to inequality of the bandw!dths, while those of

Fig. 4.4 correspend to those equalized, for example, by adjusting
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the transconductance of the tubes or the gains.

It is seen from the curves of Fig. 4.5 that Amxc is
less taan the errors & naxy, and L% ... Thia difference incrcasss
with increesing detuning between channels, 4w /O SlY,y, since
C\.mc inoreasss more slowly than A% and A*m.

UPOD gqualization of the gains of the channels, the
curves of the errars A““c for % = 1.2 and 1.1. will ~oincide
with the line for £ = 1,0. One can therefore conclule thet it is
nacessary to sjualize the gains of the channels, for in this
case the error is considerably reduced.

If the equality K.j = K., is reached, the operator should
tune the radio direction finder in such a way, that the frequency
of the transmitter falls exuctly &t the center of the passband.
In ths case of inaccurate tuning, the error may reach a valus A*m
which is coneiderably greater than Amaxc‘

A control over the exact tuning may be the size of the
pattern on the screen of the tube. A maximum length of the major axisa
of the ellipse ¢. . - is obtained when the signal frequsncy is
at the center of the passband of the direcilin finder.

In the case of two~stage (n = 2) tuned amplifier channels,
the dependence of the maximum 3rror on the tuning of the direction
finder by the operator, at different values of ths non~ideaticity
parameters, is shown in Fig. 4.6. The curve is drawn for the sams

valusa of the non-identicity parameters, as mx were used in the case
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of the single-stage channels (see Fig. 4.3), and the pass bands
of the two-stage channels are assumed o be equal respectively to
the passbards of the single-stege channels, As can be szeen, ths
overall character of the dependences 1s analagous to the case ¢!
n =1,

Thus, oné can expect that for a larger number of stages
in the channels tha concluaions will (qualitatively) also remain
valid.

For a quantitetive estimate of the influsnce of r on
the maximum gystematic errors let us dwell on two cases: a) when
the vandwidths of the channsls ave equal, and b) w . there is ao
detuning betweun channels,

Fig. 4.7 shouws the dependence of ths maximum errcrs

A max, and &*max on the : . . number of stages for g;:l.o. It
is gseen from the figure that ../_‘x*m < Ly mexy for all n > 1.
Bhis means that the greatest value of the maximum error doee not
fall in the passband of the radio direction finder., is n is in-
creased the greatesti value of the maximum error shifts towards toe
larger absolute valuss of detuning {Até', e Il{:l The same can
be goen from the graph for an equals 2 (see Fig. 1;.65), if the
boundaries of the pw8s bandare marked on the curves.

Fig. 4.8 shows, for the same conditions, a graph of
thedependence of the values of the maximvnm error at the center of

the passband, /> max,> ©°8 the number of stages m. This graph is
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Fig. 4.6. Dependence of the maximum error on the tuning

of the radio direction finjer by the operatcr, at different values of

.
1S
ppes

nreis.

@)

f?

thie non-identicity parameters of two-stage

srown with a larger scale for the crdinate axis.

We ncte that the graph of Fig. 4.8 is correct for all values
of the parameter g , Since it is assumed that the resonant
gains of the channels are equalized, for example, by adjusting the

cperating conditions of the tubes.

Fig. 4.9 shows the dependence of the errors on the number
of stages m, in the absence of detuning between the channels ( Aw/

!

"U?’av = 0). It is seen from the curves that the greatest maximum
error, Amaxm' increases relatively rapidly with iﬁcreasing
number of stages, and the greatest errcr in the passbard, A *maxs
increases slightly, and is substantially less, since the maximum

value of the errcr does not enter into the passhand of the radio

direction finder.
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' > J ‘ S 6 7 ¢ n
Fig. 4.7. Devendence cf the maximum errors on the number

of stages for identical bandwidths, but different detunings between

dashed

channels (continuous lines for Amaxm’f\“ for  A*mayx).

m'm;,J
10

6t —- b—— /._.

SRS U

=
" Y

) ? 3 4 [ ] 6 7 5 7

Fig. 4.8, Effect of the nuwmber of stages on the maximum
error i1 the center of the passband for different detunings between
channels,

I n the apsence of detuning between channels, the value of

the mazimum error at the center of the passband is 0, regarjless
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of the number of stages in each channel.

g X -~ ~ e b
when ne rescrarl Jalns ol the nianng
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! + - : ‘ / ? !
e ; AR bl 5 AR v D rh e LT R - .
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l.e., within the passband, mer2 accaraizly, 41 the ~enter of th
oy iy, y Ve " . ~ Y - . ~
band. The gosclute values will remain urchunjysa both whren the
Sty s - NETTORS 3 Fie e a AAEE- - T Vs oeri g
ooy gating are egusl ard when ey are difforent. o, the s=clig
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P17, 4.8, Dependence of the maximumr errer

cranrel
{ otages al aiffereribandwiiths | but in the shsence of setuning
da shed

vetwees the charnels (continuous lines for Do o for
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Cuhapter V

APPARATUS ERRORS OF A TWO-CHANNEL RADIO

DIXECTION FINDER FCOR A PULSED RADIOC SIGNAL
1. CHARACTER OF THE PATTERN ON THE TUBE SCREEN IN THE

CASE OF A PULSED SIGNAL
Let us note, that thz voltage of remote complicated radio
signals is usually represented in the form
u (t)aU(t) sin w,f,
where s
Uy=U(t)e* W,
The quar._tity-ﬁ(t) is the coraplex amplitude or the envelope, and the
quantities UQt) and &;’ (i) are respectively the medulus and the
phase of the envelope, which in general are functions of time.

For a continuous (harmoric) radic signal, the moduli and
the phases of the envelopes at the output of the amplifying channels
are constant, and the pattern on the screen represents an
ellipse if the channels are not identical (see Chagter ITI).

In radio direction finding by means of pulsed radio signals
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the moduli and the phases of the envelopes at the outputs of the
channels will not pe constant during the transient process, and

if the channels are not identical the transicrte 1o them will diller
scmewhat, and therefore the ratio of the moduli and the phase
difference of the - envelopes will also vary. Consequently, the
pattern ca the scrzan will in gereral e -, an ellipse which varies
during the time of the transicat in size, in slope, and in ratio of the
axes.

Since the amplifying channels have a limited bandwidth, the
moduli and the phases cf the envelopes at thie outputs of the amyplify-
ing charnels wili be slowly varying functions of the time (compared
with the period of the carrier). Then during one cycle of the carrier,
the values of the envelopes ~1n be considered constant, and to each
cycle of the high frequency oscillation there will cerrespend a
fully d=fired ellipse, and consequently, also a fully defineu instantan-
eous value of thecrror. Thus, the error in the case of a pulsed
radic signal is a function cf time. To [ird the instantaneous values
of the error it is necessary first to determine the envelopes at
<he output of the amplifier channels.

It is known that the transfer function%(t) determines the
variation of the envelope at the output of a four-terminal network

in response to a unit step of envelope voltage at the input. If a
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radio pulse of rectangle form is applied to the input, then the
envelope & at the output can be found ¥ with the aid of the transfer
function in the folicwing mou-ner:
- - -
G{t)y=B(t+<)—E(),
where T is the duration of the rectangular radio pulse at the input.
Next, the envelope at the outnut will be represented in
exviorartial form
Gi=Ge *™,
where G{t) ic the medulug, and é p(t) is the phase of the envelore in
the cace of a rulsed sigral.
rzsicond for the rrodulus and the phase of the envelope
at the cutput of a multi-stage luned amulifier are quite cumberscems,
since the transfer functicn s very Conzp,»licate«;i,f‘@7. We 3hzll consider

LY

rih only the cases o1 single-stage and two-=tage

D
\D
O
D
r,
o]
L4

therefeor

amplifying channels.

s

we apply o the inpul of the amplifier a radio pulze of such

the transient has time tc die cut, we cbtain at the
atrut of a single-stage uned amplifier (r.cl))fur the leading front)

.

A
G= ~ mo e Y1~ 2e-%7cos(pry) +-e-7; (5.1)

e " Vsinipry)
P, == arc gy — ——- oAl . 5' 2
,f clg ‘_e..(ycus“‘}) arctge ( )

SéF




where ye A LL'¢/mT = 2AF't is the dimensionless time.
f’ = AW, /AQ -- relative detuning.

For the trailing {reat we cbtain

G.-_—_- = e"'" ’; (5- )
Vite
@, = —pry —AICTR P. (5.4)
Fig. 5.1 shows grapghs Tor the modulus G and for th: phase

i)

{n=l) to the input cf which is applied the prolonged radio pulse, such

of the envelope at theoutput of 2 single-channel tuned amyplifier

o

that at the bedginairg of the trailing freat, the. { process cf es-
taoiishment of the envelove (amplitude and phase of the oscillation)
nas already terminated. In practice it is sufficient that the dimension-

less 'wration of the rectangular pulse Y= (4 .ﬂ./ﬂ')ﬂ' AT T

The radio pulse may have a different detuning of the carrier

relative to the rescunant frequency of the amplifier

Ae _0f
aw  af’

The graph of Fig. .1 i3 based or formulas (5.1) and (5.2)
for the leading {ront and en formulas (5.3) and (8.4) for the trailing
front. The expression for the envelepe at che cutput of the two-stage
tuned amplifier becomes quite curabersome, and will not be given

here

(’)
.
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Fig. 5.1. Curves for the moduius ard the phase of the
envelope at the output of the single-stage tuned amplifier to whose
irput is appliad 2 radic pulse with a different detuning of the carrier

relative to the tuned frequency of the amplifier.
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However, Fig. 5.2 shows for comparison a graph for the
modulus G and the phase @ D of the envelope at the cutput of a two-
stage tuned amplifier (n=2), which has the same baniwidth &= the
single-stage tuned amplifier referred to above.

It is possible to obtain from Figs. 5.1 and 5.2 the values
of the modulus and of the phase of the envelope for even shorter
vulses at the input of the amplifier. Anaiysis shows that the modulus
of the envelope of the leading front of the shorter pulse coincides
with the corresponding curves for a longer pulse within the range
from y= 0Otoy = Y, where Y is the duration of the shorter pulse,
The modulus cf the envelope of the trailing frout of the shorter

pulse can be obtained from the corresponding curves for the trail-

ing front of the longer pulse by reducing the ordinates of a ratio

0(’- AN

G( ymeo)

here and Gy, are the values cf the moduli of the
whe G(st) vz o) ’
envelcpe of the lenger pulse at the irstnnts of time .

7= Yandy = oo respectively. In practice one can assume

Giy=w)= Gy,

JE€5




The phase.of the envelope of the leading ront of the shorter pulse
also coincides witl: the corresponding curves for the longer nulse,

e e e PR e e e -3
‘e Lhgns C5 e 2tdes i )

within the range from y = Stey = Y.
the trailing front of the shorter pulse can ve obtained by changing th
crdinates cf the corresponding curve cf the phase of the envelope of

1388

the Ionder pulSe by u constant quantity, equal to the difference

[}

Q)f" (ym))— q)P Ua’a.)-

-

where & oly = Y) and @ oly ) are the values of the phase of

the envalope of the lenger pulse durinyg the responding instants

of tims,
henceiorth, aiter performing certain racalculations that take

intc account the non-identicity of the chanrels, the curves of Figs

2.4 and ©.2 have been used to determine the envelopes at the out-

piit of each of the amyplifier charnels.

It is now vecessary te delermire the ratio of the meduli o

ap= (5.5)
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Fig. 5.2. Graphs for the modulus and phase of the envelope
at the output of 2 two-stage tuned amplifier to which a radio pulse is

applied.
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and the difference in the phase shifts of the envelopes

t{-‘ad’f"-—%a (56\

M the ouiput of the channels)when identical radio pulses are applied
to the inputs. The quantities ap and 1// p(the subscript denoting pulsed
operation) are functions of time and characterize the running un-
balance of the envelopes, due to the non-identicity of the amplifying
channels of the radio direétion finder.

Knowitg the running unbalance for different instants of time,
it is possible to determine the values of the running error for the

same instants of time.

2. READIN OF THE BEARING IN THE CASE OF A PULSET RADIO
SIGNZ.
When receiving oulsed radic signals, the pattern on the
screen is 2 "smeared” fiqure made of successivefully traced
e.iipses with a common center.
During the time of action cf the pulsed radio signal and

during the time of the transient due to this radio signal, the

Je%




instantaneous values of the error change. With this, the cperator
reads the bearing with a certain error which is averaged over the
timea ¢f the signal. It is chvious that this error i3 greatly influeacesd
by the iustantanecus values of the ercor during thoss instunis of
time, when the length of the pattern reaches a sufficient quantity,

for example not less than 0. 707 of the maximurm length. Therelcre, for

furittee analysiz, {Uis necessary to determine the time dependence of
the lengih of the line or the major semi-axis cf the ellipse whan a
radic pulse is recsived by 2 two-chanrel direction finder. Fer th

circuit with prz-amgiificaticn {see Fig. 3.2) the length of the major
semi-axis of the ailiyse equals the sum of the meduli of the envelcypes
at tne output of the chennels

p=G ()4 G4 (?). (5.7)

For irc circuit with post-amplification (see Fig. 3.1) the length of

the major semi-axis, subject to certain assumyptions (see Section 4.2),
car be dstermined from the formula

'/ G, m+sz (5.8)

.

Thus, one can find from (b, 7) and (5.3) the instants of time when
the length p has a maximuwn, angd also determine that irterval of
time. in which v amounts to net less than C. 707 of the maximum.

However, this is a rather comrlicated task, since the moduli
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of the envelopes at the cutput of the channels are determined by
complex functions of the channel parameters and depend or. the types
of Lie sluges in tha chanrs o,

, In crder ¢ firay the major semi-axis cf

the ellipse {or small detunings of the channels relative to each other,
Je <aw rt‘;(acl..

\t‘r.e radio direction finder (see Figs. 3.1 and 3.2) by 2 single equiva-

wrt cnarnel, waich has an input envelepe with 2 mcdulus prororiional
to the lengih of the pattern. The bandwidth or such an equivalernt
chanrel-is equnl to thearithmelc mean of the bandwidths of the real
chainels, fe., 2 Aﬂ.'w, and the resonant frequency of this channel

iz differenn from thoe freguency of the signal by Lne a2mount

Au. ed DL | I 5.9)
Pan "’"’ +(AQW Ml;,,] (

wanich is the arithuetic mean of the. Jdetunings of the real charnels
reaalive Lo the signal frequerncy. 1t is then possible to obtain the
nuinerical values cof the parameters of the envelope from the
curves of Figs. ©.1 and 5.2, assuming that the latier have been
riotted for the eguivalent charnel.

We note 2l=o that in direction ﬁi\ding by means of pulsei

radio sigrals, the reading of *he bearing can be also taken on

the Tiuzis of the diraoction of ithe point of the vattern that ic

t?20




farthest away from the center of the screen, corresponding to ..

taking the reading on the basis of the instentanecus indicator value

at tro- rmiart of the axirnurm onin of the patters, Chyileurly 4
Ter mo oy 4 - N 3 . es ; L oy PP RTINS BRNTE SN
thiz case the error will represent tne instantanecus value during

the corresvonding instant of time.
For the cirzuit with pre-ampylification, the instantanecus

valie of the apparatus error is determired by the running vhase

Y

unbalarce, n accordance with formuia (5.6}, l.e., H = ¢ P

3. ERRORS IN THE CIRCUIT WITH PULSED ANMPLIFICATION
(See Fig. 2.1)

After deiermining the parameters apand ¢/, which
2haracterize the . running unbalance, from formulas (5.5) aud
(E£.€), it is pessible to determine the instantaneous values of the
srrce by formula (3.13). However, in 2 zircuit with post-ampii-
ficaticn the arror depends aleo on the rralue of the measureld phasge
differsuce QF.. It is therefore necessary, as an example, to
specidy ceriain valuos of 77 . Let us take snch g values of ¢ ,
for which the error has the maximum for ;pr-um paramelers cf
charnel non-identicity.

Fig. 5.3 shows the variation of the instantaneous values

&

of the maximum apparatus error on the non-identicity of single-
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stage channels during the time of action of a pulsed radio signal. The
abscissas represent the dimnensionless time
y=2sF_t,

where
[]

ag’
AF., =2,

“lLecurves on Figs. §,3a and H.3b correspond to the case when the
bandwidths of the channels are the same (§ = 1.0), but 2 jetuning
exists between channels. The curves on Fig. 5.3¢c correcpond to the
case when there is no detuning between channels, 4« /a4’ =0,
but the crarnecls have different bandwidths, and the hatched linec
correspond to unequaiized channel gains, owing to the unegual bani-
widths, while the solid lines correspond to equalized gains, for
ezamrple, by changing the transconductances of the tubes.

It is seen from the curves that the error increases mos
substantially during the time of action of the trailing front (on the
curve, the ctart of the trailing front is indicated by a thin vertical
iine). It is krown, however, that in this case the length of the
pattern on the screen decreases rapidly, and this reduces the in-

fluence of the trailing front on the reading error.

17




Fig. 5.3,

Charge in the instantaneous values of the maxi-
Inun error due to aon-identicity of single~stage channels during the
time of action of a puised radio Signal,
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Fig. 5.4 shows analogous curves for the instantaneous

ra,

valu-= <7 the maximun & naratus arror due to the nen-identicity of
two- stage ampylifier criannels, having the same bangwidth as the
corresponaing single-stage channel.

I the bearing reading is taker. to be the average reading
dur.n] the time of acticn of the pulzed radic signal, when the length
of the pattern amouts to not less than C. 707 of the marimum =size,
then the error in reading will in this case also be an average, which
can be determined from the curves for the {nstantaneous errcr,

usirg tke formula

A == . (5. 10)

where *; and tg -- instants of time Jhat . determine the averaging

intervsl.

By ”
¢ . a=2
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An analytical determination of this error by formuia (5.11)

¢ xmRs impoosible, owing o the R¥Xioix serious mathematiczl
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are reiativeiy small in sbsolute magnitude.
Fig. 5.7 shews the deperdence of the averaged maximum

error A*v on the duration of the pulse for fdentizal bardwiitr:
“av

of single-stage channels, cut for different detunings between them,
while Fig. 5.9 shiows the dependence of the error A ,on the
Suraticon of the pulse for the same conditions.

It i® seen that the averaged error A,,,,., ard the error

Les

ay

Ul

obtained when the reading is made cn the basis cf the farthest point
f the pattern, Am » decrease with reduction in the radic pulse.
4 \’r
om

-, -

&t must be borne in mind that in the case of pulses that
are shorter than opliraum duration, the ratio betweer tbe signal
and ncise gels worse.

An aralysis of errors Jue to non-identicity of twe-sizge

1)}

armoliiying channels, having the same btandwidth 2s single-stage
orce, yilelds analogous rasults for direciion {inding by means of a
ragio pulse. This can be seen from the comparisen of the curves

of fle inztantaneous values of theervors, shown raspectively cn Figs.
5.2a, £.3b and 5.4a, 5.4b. One can therefore expect that the

resuits will have the same character also for n> 2

If the pulse duration is twice the optimurn value, then the
errors will be practically equal to the errors in direction finding by
nigans of 2 continuous signal, but if the duration is less than optimum,

slien the values of the errcrs will also be somewhat less.
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The main amplificatiorn here 1s produced ahead of the "sum ==
dirference" stage, with some aamplification being produced
rast tials svag?

2T 3.;3 AW B gloca dlaframn 0 e Lugechionnnt ras
celving~indicatliong unisy oI tne “no-\~x_~r CRLIC L 2Lt
finder, latended ior directlon findlng wita Lraasuitiors o-
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erating with continuous tclezrapn and pulse slznals.
]

Fiz. 5.10. 3lo2k dtagram ol two-channel receiver,
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20re 00
Fla. D.1l. 2lock Cdlamram ol short-wave two-channel ro-
celviag-indicating unis for direction {inding witn con-
tiaugus, telegraph, aad pulsed radlo sigrals,
1) nimh frequency auwplifler; 2) mixer, 3) heterodynae;
%) invermedisnte Ireqguency aapl Lflo“; 5) uum-aaixfewence;
) limlter; V) catncde follower; 8) automatic =zain con-
trol; ) detector; 10Y low -reqae wy amnplifier; 11) te-
lenbone: 12) telexraph neterodyne.
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We see that the apparatus contains two principal amplify-
ing channels with double frequency conversion and an audio channel.
The firat intermediate frequency is 2.5 Mes. At such a relatively
nigh intermeiiate frequercy, good supprevsion of UHE image ol au

is insured. The received {»equenciss, ranging from o te 25 Mes

are broken up into six bands sc as ¢ insure optimum deunsity of

ragio stations in each of the bands avng te iusure accuracy of tuning
cf tre frequaney or the scale, not worse char 10 ke, The tuiing
is by means c¢f a five-gang variable caracitor, the zections of which
are carefully cymmetrized veforehand. At the input of the principal
channels is connected a "zerc-bearing” switch o monitor the
eqguality of the channels.

’ Fig, 5.12. View of two-channel radlo receiver.

- Follcwing the second intermeaiate frequency an.piifiers, the

fregiency of which is 112 kes, each of the principal chaunels con-

tains o limiter. The purpose of the limiter i3 (o preduce equal
and constant voltage amvlitudes at the cutputs. This insures normal

conditions for the operatior of the "sum -- difference" unit and for

‘ne following elements of the indicator unit, particularly when the

JAgS
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inout signal amplitudes increase consliderably. Identlical
tuned networks are used 1n &all stages oI the principal
channels,

iters are folliowed 1a the channels by ratho=
14 *

A Lhere ore Ltne oubsut Dot e recalvle
v Tenano, VadrEy mEAG LT SIS
BREL Jola L@ ampl iy iag o slanlniels ALl il e
lon. Tne indleator gsortlon couuntalins Lie  sul
device with pnase-snifting KC nelworg, out-
stages o1 the intermedlatc-irequency a'pli-

fler, and the catncde ray tuoe,

Struciurally, whe apoparaitu:s fonslists of a recelver
Liack. an lnalcator Llock, and a power supply RloCK. - iF.
Len Ahows Loe aunearsnce ol o LWo-ghwnnel -'.3;-(:.1‘-1’(31" Ve

L oon Lo Iroad panel of the receivar are aruuped

trol devizes: sczle with bund switoen, uq.Aai £205,
knoo with Tiag indlcator for the "ieroc-wveariag' swiica,
taapler switeh to conrect the telezraph Lietzsrodyne, knob
for loudnsss ccavrel, anl a spare Anso, latended Jor o=
guzalizing the zpplitudes of the voltages past tne amrpli-
Yyiny chanmels., Jith the spare gucc it i3 poesible to
couvert ine ellipse intec a iine,

L@

s

Fleme Hei2, I8 siaows Lne chasglc o7 tne recelver, tuaken
out ¢l Lo Ccase. On Loe rear sre zoen four hilgn frsqdﬁnci
discaunects unier a cecaxiazl cavle, two of wWiich serve Lo

connect the astennag iac two Lo ceonnaal the iladicator,




Crapter V1

APPARATUS FHRRORS OF PHASE METR(S CPERATING AT LOW FREGUENCY
Lo Ldtice OF PHAC Mu'X CIMCULT
ere are wAny Ynown tdrcidils cupacde o0 lnawring Lhne Li8sure-

.

aent 1 tné puase shift invo low frequeacy veitsges (sce Chupter 1.

sowever, by far not uall these clrcults can we used 1. a

Y0 LeWAV 2 _
directicn finder indlcator {(wita frejuency c-aversion). It is dwsir-
Lo.® 8Love all o Lnat tue rnase aeter insuwra direct reading ot tne

seardi oon the indisator scalc,  Tueip nakes it necessary o dorego

the use o a2frcuits vl require m2aual <capeasation auring tne

3]
4]
%]
H
il
2
D
<t

2haus melters witn adtometlc o mpnasticn, vased on lhe serve-
S 9ystem principie, are us-d in toose cashs woan tne tine
deiny = toe indicainr device aeed not be cnangad dardng tae rrocoss
e opevatisn, Mtaerwise 1 is ncre ccoavenlent to Use plhase zaters
ragerd 2 elsctronic Luras, sperating #4itn current rectillication,
dere it L easy v sbtaln the necessary time deiay >0 the pnase ..etler,
vy sLiiehle caoles ot the time constant yd0 tae filter at tue uulput
of tie Jectilying device, ia the case ¢f necessity it is also rasy

to vary tne time delay ty switcning the tllter capacitors in and out.

1Y




In choosing t!s phase meter circuit it is neceasary to call
attention to the poseibility of inswring the required measurement
ac.arsy. The most dangercus errcrs are those arising throa 't io-
stability of the circuit parameters and the power zupply paraseters,
Balanced circuits have definite advantages in this respect.

The deviation of the actual parameters of the circuit from
tre ucainel ones eads to the appearance of the systematic apparatus
error., Tne apparatus error can be taken intc acccunt in princigle
during the r~alibration., Hodever when the error aas & complicatsd
variation on the msasured tsaring, complets eliuninaticn oi the srrcr
is impossible. Iu 1s therefore iuportant that tihs gbsclute value of
the apperatus error bs sufficlently small. This necessitates tas
msintenan.e of definite tolerances for the parameters of ths phase
meter circult,

Ia certain types of phase meters errors may occur when the
sigaal amplitude veriss. (bviously these errors should be sufficiently
snasl when the signal snmpliituds varies witaln limits that insure
autowatic gain control,

In many cases a gnort-wave direction finder must measuwre ths
vearing within a short time interval, In this connection, it is
requirad thnt the ptsse meter produce rspid resadings whenever

necessary.

2. PHASE METERS WITH READING BY MEANS CF A CATHODE RAY TUBE




Fig. 6.1 shows a possible blocx diagram of & phase weter for a
short-wave direclisa rinder, Tne sipnal voltage and tne vefererce
viliugs are shifteu in phasa by an :agle &, X lownowstole ool
Thess voltages are applisd to & pnase-seasitive siement, tre outpruw of
whih is & rectified voltage proporticnal tc the amplitude of the
eipnal and to tas zoslne ¢ the 2nase ebift, L.0., to the Guantity

DI T- I § AN

54
’ === ———— 1
g'i PSE F i
u-“ :
i ]
i | ] !
~LBEH = |
’ :’5-—-_ L
oy
PSE | F
R
Fig. 6,1, Blcck diagram of a prase meter uszing a cetnode ray
tubsa,

PS5l -~ .pudss ssnsitive slsament, 90° -~ phsse srdfter, producing
a phase suifs of 907 in the refereace voitage,
SF -~ sanderd phane ghify, F -~ filter, O == chupper,
Pr -~ pulus generutsr, CRT —— catboode ray tube, R ~~ regulator for

o3 Zaln of the first channel, PS -~ contiuucus pnase shiftsr for

isdtis! adjustment,
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[OR - ST

connoct pericdirellyr tne volvages applied 1o the pletss. Tuonascguently
T ILuT WilA Jo¥e 3 Tae yoreen Al & ratisc directicn, and willi

Fious-idal referencs voliege and prase coamutators witn rectangular

Tbe reference voltage 1s applied %o tne sscond phéise sensitive

ine recvtifisd viltages, after pessing through tne commJatstor * -

N cmprian® > Pt g N
., owreowuneloc teowne vortical enad norizcaval pratss o 2
. .
s
igon
- 2 e c s oyt - .- N P - L : RN .t
T3 TE, L AadLl TPLAUT T‘FL&:,\&“CE fren tae center Lo the 2age 1l

“ne cncpperg, coalrolied ty e pulse guasrator, dis-

LLoA s WrALGRY Lol wallh serves g3 o ndlcztor ol tas ceering.,

slone o7 tods Iine oo tue scresa is dotsreires by tie voliags

ﬁ-ny

=2ar7 ng- = ardtg
; "(J‘Q

'
Jwad, ocne reaus the prease snlit directly oa the catrnode ruy
cud oonseqaonzyr tale deteradnes tas veering. Tns riacipal
« sy tals suase meler, widon detercdnsa the gquality of ite )
srion, La L phase sersitive alement, -
HNECAnR USe as pheoe eensitive slswonts pnsse datecuoere witn .
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Fig. 5.2, VPriacipal diagram of a phase detectur and the vector

dlagram of the voitsges in its circuits.

The principel diegram of a half-wave phass detector is snown
in Fig. 5.2,

Ths vwoltege Uy Ls applied tec the piates of the two diodes in
phass, wnlle the voitags Usg is applied in phare cppositinn, Tne
arpiitude of the voltage in the eircuit of dieode Dy is, according to

toe vector diagram {sece Flg. 6.2u)

- 2 _
U, = !,/ U§+%ﬂ-’+20,g‘f2’co:9 : (6.2)

b4

Anelogously, the auplitude in tne circult of dicde Dp

2 Use
Ua===1/ Ul 422 - 2W,~Zcoss. (6.3)

If the voltaga Us is tsken to be considerably smaller than the

g
voltage Uy, expressions (6.2) and (6.3) can be represented in the form

JE§




U,=U Vl+m’+25§i§§¢=l./.(l-+521+mc0ﬂ). (6.4)

S e ‘-".""‘*“"‘:“‘ e N -AY
U,=U,;"t+ :'3—-2m-caar=_-l/0(l 41,;»»-.'?3;:0*?\‘; (S

[
e
©
A
*5

z

sy (6.6)

The de woltage Jeiiversd 1o ths ceiecter dad load 1w proarmtional

to tue sapiitude of toe sigral voltage. The veltsze at tne cutput of
tha clircwdt is

B X . 4 N i‘(‘. 7

i x'f\‘(L,‘I”Uci)"" kd..,u,;‘__cnh % W2 )

whgre ¥y 1w bae detectica coeffieient ¢f the dlude.

A pauge cetector can bs budlt ailso with ampilfiar tibe - pers-
ting; iz tns sonligear porti-n of the grid cheractisrisiic,

5,3 shows the trincipsl diagras of the phase dstector using

-

L‘(.

-

F
& ajuare-law triods Iz tals circuit toe 4-iods operates 1n the qued-
ratic portion of tne charucterigtie sc that tne dependence of the

“~

p.ots Twrrent on ths rid voltage caa he regresanted by lhe
E g

".‘1,'\
SquLtior

Y AN TR LS (6.8)

1. 6.8 i3 valid omiy for amsll voliages ug. In tis left are

c? toe wireult 1s the alternating voltags
uy =U,sin wf4 Q,;_s'm (otL9). (6.9)

/&9




In the right arm is respecﬁivéjly a voltage
tg,= U,sin Wf*U,;_an (vt +-¢). (6.10)

lp SAn wi

3

e

. L
LU, sn(wte)

[

Fig, ©.3, Phass detector using a triode wita quadratic chsrac-

Toe plete curreat of ths left triocde is
ia,=I,4-BU,sin w4 BU . sin (ot +¢) +
+ 1 {Upsinot -+ L, sin (wf -3)]2. {6.11)
anelogously, the plats cwrent of the right iriode is
iay= 1,8, sin wt—BUL, sin (st +9)+-

4+ 1{U,sin -t-—l!‘?’sin (ot +9)]2. (6.12)

Tns output voltegs 1s equal to the difference of tae plate voltages of

/90




the left and right triode
4, 7=2R, [BU, sin (wt +9) —YU\UL, cos(20t+9)+

+7Uol{?_ cosel. (6.13)
Tne dc compunent of the output voltags is

it =2WRUU,, cosq. (6.14)

A mejor drawback of this circult is the difficulty of selec~
ting ldentical triodes. The balanecing of the circuit is coasiderably
more complicated than in a diods phase detsctor, since it is necessary
to make the thres paramsters, which determine the characteristic,
equal to each ?thar. In this connection, in spite of the reslatively
largs gain? trﬁ°§:ase detector is not advantagscus for use.

I . it 1s dsesirable to incorpurate amplificatior in the

phase-sensitive element, it is better to uss phass commutators wita

rectangular reference voltege. .

1-[“
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Fig. 0.4. Phase commutator employing triodes,
1 — output of reference vcltage, 2 -- input of signal v-oltage,

3 -~ appiit,

Fig. 6.4 shows a circuit of a tricde phaseccommutator. The
souzatation is carried out in tae cathodes of tubes Ty and T2, To
ingure clenn comnutatica, the - reting of tube T3 suowld be
greater taea those of T] and To.

Even more gain 13 produced by a pentode phase comautator
¥ig. 6.5), The commutatisn 1y carried out nere in ths screan grids.

wube
Te facilitste mexr cutoff, the plate volisge is taken to ba smaller
tivn the seraen vo:tage. The diode D1 is intended for {ixing the
zerc level of the relersuce voltage. Both clrcuits (Figs. 6.4 and

€.5) are of the aalf-wave type.

oLy

Ra Rg
e, 1

-t

Fig. 6.5. Phase comautator using pentodes.

Fig. 6.6 snows ossillograms that characterize the opsration
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of a half 76 phase commutator., It is seen tnat the output volitage

can te <. ..ined frem the input voltage x by multiplicaticn by a

*ye

. R o~ “ s . LR AR Yo e : ‘e
87 CLAsly Tassan coamatatiag runstlita Lace

stance muxcs it possinle to represent the oculpat voilage il T
follewing form U =8 & . (6. 15)

In thls circwll Ugqp remresents a sequencs of rectangular
o o.ze3 of duraticn cgual to nalf the period (I/2). The amplitude
oI these pulseg Jependg cn the gain of eacn tupe of ths phase

coamutator \Ty or Tpj.

L o
Ugx i(éi‘t a)
o l
- ]
{

]|

ug, 5]‘@7‘5
o

Lo

{ 5
Uaz 4:‘__\.&.._. F...,T!.;.\_.;._\.{ — . ;)
| R
| co
¢ i } { ‘ ! L )
Gl [T ¢ 7
Ry ! —

Fig. 6.6. Voitage osciilograms and current oscillograms

in tne phase comautstor circuit.
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(a) Input voliage (signal), (b) and (c) -- voltages at the
grids of tubes Ty and T2, (4) — reference voltags, (e) and (f) --
input voltage of tubes Ty and T,, (g) ~- output veltsge, (b} -~
commutating function).

Let us investigate the spectrum of the input voltage, For this
purpose we represent the commutating function in the form of a

Fouwrler geriss

=Kt 3K e (244K (a2
ua_m.-K—&-xcos‘(rt) ast(srt)-;-. ... (6.16)

where K characterizes the gain,
The input voltage is sinusoidal
2x -
u, = Uq.cos (--1— t—+ p) . (6.17)
Substituting the values of ucom and uy, from (6.16) and (6.17)
in (6.15) we obtain, after trigonometric transformations
2= 2K 2K %
u_g= KU, co (——t ) — U, co: — — -
o= RUgpcos (T lte |+ U, coso+ = LL;cos(Qr t49)

_2K 92 \_K 2x ‘
5 Uy cos (27t 9) = U,?cos(4—r-t+9)+ .. (6.18)

The dec component at the output is
2K
Hg=— U,, COS 9. 6.19)
0= Y COS9 (6. '.

In eddition to the dc¢ component, the output ccuteins harmonics
of frequency 2, 2¢¥, A4tS, eic,, which are eliminated with the aid
of filters.

In conclusion we note that both the phase detector and the
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phase commutator cas be constructed of tne full-wave type. In this
cass the output wiil not contain tne first hsrmoaic cf the woerking
Tre sener uad toe oowest beracede will hav: 2 freguency 2w, Ty
cea be a substantial advariage i tnose ecsmses, waen tue worklsg ite-
quency is qu-ts low, and the time delay of tke filtsr cf the phase
meter nust be sufficiantly smell, Full-wave circults are more

epdlcatsd than gl yis-vave circuits and are more qifdicuit tc

baluance.,

Vo ] [
/‘E‘i\\ !/ n: v
: ! 1 Tj_
T\ ., .

L
i:_—,l
et

b= S A e P

Fig, €.7. Pull-wave phage detector.
A dlagram o a £01 weve phese detector is shown in Fig, 6.7,

ist us procesd acw o a pore detslilaed analysis cf several of

toe caarscteristics of & phase meter based on diocde phase dstecters.
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3. PHASE METER ERROR DUWRING CHANGE IN SIGNAL AMPLITUDE

In a phase meter containing phase detectors based on linear
di-des, the “luctuations i: the signal amplitude cauise an errar 2o
the phase measwrezsat. At 8 constant reference~vcltage amplitude,
the fluctusations of the signal amplitude are equivalent to a varia-
tion in the guantity m— USS/2UO' Calibration of the indicator scale

123y De carried out in accordance with formula

tg v, = }' l+n?—"msln'—/|+n1 2msing . (6.20)
V1 +m2-1-2mcuo'-)/l+m7—-zmc«sy

It is seen from the formula that at phase angles '7: 45 +
nASC: where n =0, 1, 2, 3, ..., the indicator —eadings are independent
of the value of m. At 2ll intermediate phasesimikaxkkams tne indications

vary with a,

¥ig. 6.8, Dependence of the phase meter error on the shmng

measwred phase differelcs,

The grapn 6.8 shows the variation of the indicator readings
at different initial phases as the vaiues of m changes from O to 1.0,
It is seen from the graph that the maximum error is obtained

at /= 22.5 ,t45°. The maximum srror is squal to 3° at m =1,
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In the indiceted range of variation of signal amplitude, the
varlation of the phase meter readings depends on the selected value
ol T.

On the grapn (Fig. 6.9) plotted from forazuia (5.20) . ars
shown the valuss of the indicator reading, corresponding to a phase
7’ = 22.50 at different values of m., Witk this graph it is possibie
o deverains the fluctuaticns in the indicater reading after specify-
ing an average value of m and the rangs of variation of m as a
percentage of the average value, Fig. 6.9 shows also that by
reducing the average value of m it is possible to reduce considerably
the dependence of the indicator reading on the signal aaplitude. Thus,
at m = 0.1 tius readings of the phass meter remain almost constant as

the smplituds of tne signal is douhled,

Vg ]

 — !A¢°l
I \ | |
N |
2+—--4 . . + e
\ ' i 37'“...
—'ﬂf‘—“'-ﬂ--'-—* i- J:“ :!’ L—.J

l : - L e

6-9 ¢.10

n——

Fig. 6.9. Depeadence of the pbase meter readings on the sig-

4
————

Il IJLJ

nei amplitude at a constant phase differencs.
Fig. 6.10, Deperdence of the phas meter errcr as the signal

fluctuates by T25%.
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Fig. 6.10 shows the dependence of the maximum variation of
the phase meter readings on the selected value of m as the signal
amplitude changes =y = 29% Irom tae aversge velus,

31 aust be nctes that upon cousidsrablie changes in toe s.gasl
amplitude at the receiver input, the readings of the phase meter may
atange because of distortion of ths form of the signal by the linear
s«lzrmeate of the receiver, Therelore autcmatic gein control of the
recaiver must be calculated in such a way as to make the signal
amnplitude not exceed the permissible value.

The dependence of the phass meter readings cn the aigral
ampilitude shows that 1t 18 possibls tc obtain correct readings st
large signsl attenuatlon, This follows from the graph of Fig. 6.5.
At m é; 0.15 the phass mster readings remein practically constant
with decreasing m. ALl taat changes ls the length of the iine on

the scrsen of the tubs,

4. APPARATUS ERRC(R OF THE PHASE METER

The apparatus srrar is a result of the fact that ths real
peransters oi.‘ the circrit siways differ in practice from the nominel
valuss, Famse detectora xms havs en apparatus error which is dus
both to the asyumetry of the halves of each phasa detector, and the
differsnce betwesn the itwo pnase detectora thet ars used in the
phess meter. In an analysis of the apparatus error it is necessary
to take lnto account the presence of an initial setting cf the
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phase meter, which makes it possible to reduce the influsnce of the
instability of different circuit parameters.

- ~ 4

The lnitial setticg 2y te oradured with tons add of oo oot sl
prase anliter ag a coalroi voltsge is appliea To tue input in ple. e
of a signal. In view of the fact that tne standard phase snirfter,
witn continuous phese rariation, is frequently too complicated,
2xwx Lo ls possible o use & - slepzed puase snifter uith toree
ositlons, 7, 45, and Y0¥, OSince the phase meter operatics at s cun-~
stant frejuency, such a phase saifter, made up of resistazces and
capacitances is guite simpie.

The phase meterhas tires control devices, wnich maks it
pucalble o ootaia al the initial setting exact readings at 0, Y0,

. standard
and 45° in taree corresponding positicns of thel\phase ashifter.

The first twc «djustwents establish the pnase in the signal
chainel and Ja the reference veltage channel, and tae third regulates
Lhe vatlo of tne cuiput voltages of the twe phase detectors.

an analysis of the relations that take place in this phase
met:r yleld an exprossicn for the indicator reading as & funntion
20 tny mess.ved phase angle q » witn allowance Zor poussible dsvia-
tions in the values of ths circuit ccamponents and for the influence
o2 the initial setting. The phase meter reading will be

2o mg—m,
MKqUg; L+ m) 4 2m sin| s Jarcsin—— | —
y=arc g . S S A

/ :

Kd;-Uo:l ‘/ m; —m, )-_

2

14 m;z + 2m, cos (yj:ﬁ — arc sin
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_ ‘/[I +m;,"2"; sin (,+a:c sin r"‘-’;l)]

’ (6.21)
m --mﬂ )
ﬁl/oﬁ"’z _szcos(vztf‘-arcsm ,}

where Ug, Uyo —- amplitudes of the referencs voltage in the first and

second phase detector,
d41s Kga - transfer functions of the first and secoad phase
detsctor.

In turn, we have,

—

-

m,—m
k’dlb’O,ll/l -m, + 2m. sia (4‘:" 48 +arc sin ———-E--—'-) —

/

KqU m[‘ —}-m, -}-2»:2 cos(45°iBiA-—arc sin
M =

— e —

.2 . ”';"”'i)
-— 14+ my —2m,cos{45° £ 3 & § ~ arcsin 3 —

A =
— l l+m,2-2mxsin(45° + A -} arc sin — 2 |

. (6.22

In these formulas the parameters pertalning to the first phass
detector ars marked by the subscript 1, and those psrteining to
the second are marked by a subscript 2, Accordingly, m'j and m''j
denote the rstio of the signal to the reference voltage 1in the
circults of tie first and second diodes of the first phase detector.
Analcgoualy, for the second phase detector these ratlosz will be
m'; and m''y,

The angles g and £\ denote the error ia the phase shift of
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the control signal  for 90 and 45° at the seiting of the etandard

piese shifter,
juite, ferzula .. ) takcs iate scoount tae Goint Ao

the inequallity of tre trensfer functions > {irsl snd secisd phase

detactors, aud the differences ia the geins of the channeis of the

»afeTznce voltage of the phase detectara; it also iakss into account

-~

trang o nat branchus of tne gignal iu the s
matio of tre
nee® AL tne oignal amplituds

G AgrILelry in Lae
puage dete. tors and tno Jditfers
¢ ths reference voluage in the first and secnnd phasc detsciors,

28 well a8 *he crrors in %uw phess snliter at phase salfis of 4%
Tne nrluencs of tos control devices azd the phese aseter
tuning devices are simuliensously teken intce accounl,

An analysiz of Toraula .6.21) vislds an exprosalca for the

meacuremsnt error ,..Lf - (V- o ).

Neglecting terms of nigher order n~f gmallnazs, we obtslin

A a 10,5711 - cosw)cosy—0.10isinzgly—1)~
— 0.5 (1 - sing) sing} {1 —a)-+ {ia sinde -%— sin 2¢ -+
+Bsin®s), (6.23),

wnars &g -— nominal valmwe of tne ratic of the signsl amplitude to

13
the reference-voltegs amplituds,

) et m'l/!ﬁ'z ~- charscterizss the degree of nocn-identicity of

s/

tac operating modes of the first and secomi phase detectors,
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ol = m"l/m'l -- characterizes the asymmetry of the signal
transformer arms in toth circults.

Formula {€6.23) sanwg that the overall error in theo melure=-
ment consists cf two terms, the first representing tk‘zg :;)rs;se petsr
2rror, and the second the error due to inaccuracy of the
standard phase snifter.

Fig. 6,11 shows, in polar ccordinates, the dependsnce of the

intrinsic phase meter error on the measured phase difference,

5.
\ 90° /’/
\
N\ /<
~ 4
®
0 AR
Ad \
mazT N
\
Aps
max

Fig. 6.13. Apparatus error of the phase meter proper.

As can be seen, the intrineic error has a meximun for
phase difference values of 180 andg 270°:
Ao, m“-.:r%'{(l —a). (6.24)
Asauming J = 1.2 snd (1 -A) = 0.1, corresponding to
agrroximately 5% accuracy in the manufacture and adjustment of tne

circuil, we obtain
L] ~ -~
Aq)s max =H 6m,, (6. 25)
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when m, — 0.1 ve obtain a maximum errar of 0.6°,

We can conolude from the analysis of the apparstus error of
the phaee meter that, o) the overall apparatus errcr of the ;»
meter 1s the sum of the intrinsic error la the error of the phase
shifter,

bj both the intriusic srror eand the standard error depends
rn tho msasured phase difference

¢} ths intrinsic error is equal to zero when %he phsse
differences are 0, 45, and 90°,

d} the intrinsic errcor has s maximum when the phase

difference valuss are 180 and 27C°.

3

Teo megnitude of the maximum intrinsic error is proportional
to my, erd consoquently can be reduced upon a judlclous cholce of
the phass zeter operating conditions.

Fir ma 4 0.1 1t i3 enovgh 10 snsure 5% acowracy in the
msouacties and balanclng of the phase detector, to cbtain &

phage seter srror lsas tasn 1°.

5. THANSIONT TIME OF FHASE METER READINGS
The phass d=tsctor cutput conteing RC fiiters, intended
to redwe the amplitude of the alteranating compoaent to an
accepteble valus, determined by tae permissible rippie coerficient.
12 the ripple factor is too large, the line that indicates

ile bearing on the tube screen beccmes smeared out, and this
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reduces the readinz accuracy. The alternating voltage at the output
of the phage dutectors is also dus to ncise. In the case of white
rolse, vas Jipe oo ouac tube ds cubgect to renacu nmexsdarions
fiuetuetions, wiich moke the reading difficuit. The latensity »f
this Tluctuation can be reduced by increasing tne time deley of

the f'ilter. How:ver, er incriase in the time constant of ths filter
13 limised by the regulrement that the transient time of the plase

et reuding ta ahcrt.

f Uo7
=z i
;sz
Ry
Ry <R, R
Cz" C"C
&. 3

P14, 6,)2, Idagran of phass detecior la time-delay dataition.

)

Fig. 6.13, Disgram cf phase detector in peak detectlon.

Let us ¢cnsider the sequence of datarminaticn of the tr nslaut
tlm of bLhe readings, tt, for dilferent filter systems,

In sxxcksmraie s time-delay phmse detectcor, as shown in Iig.
64,12, the tramsicnt tims for the case Rg>> Ry, is independert of

the gignal phase and is detsrmined filly by the time constant cf
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the filter ReCy. It 1s possible to determine the transient time

with sufficient degree of accuracy from the formule

4 .\"‘)

tt‘:é 3.’{!_6”9, D
Let us now deteralne the transient time in tne case of peax
detection (Fig. 6.13). Fig. 6.14 shows oscillograms for this case.
the
in the absence of & asignal :A?apacitances Cy and O, are
cnarrod approvimately to & voltage equal to the amplitude of wiae
rafersnce voltage, Up. Wnen & signal appears, the amplituds of the
voltage acting in the circuit of diode 1 increases to a vaius Uy
= Uy, while in the circuit of diode 2 it decreases to Uz < .
The capacitance C1 is charged almost irstantanecusly turcigh
dioge 1 and the internal resistance of the transformers (time
constant »21 is small)}. The diode 2, after the appeerance of the
signal, becomes cutcff, since .he voltage oa capacitance CZ’ applied
witn negative polarity te its anode, exceeds the amplitude of tne
soling voitage Hj 5.
Tag capacitence C; 1s freely discharged tirough resistance R
{tims interval tg in Fig. 6.14, until tne voltage &crogs the
canacitance is squaiized with the amplitirde cf the sctlng voltage

> - 3 ;
o = Ty = \1/2)0 ), accurate tc wi within cne cycls of the work-
5

Q
ing frequency.
&% us deteraine tne transient tims tg for the most un-

faveracle case, 7ﬁt: 0. The vcltage across ths capacitance 02
1

- ———

variegs as U.e Rya
0 3

A2es




Fig. 5.14, For the determiration of time to fix reading
with pulse signal (dashed line shows voltage modulation

in clircults of first and second diodes, s0lid line Show

veltage per capacitances Cj snd Cp)

(a) ard (p) -- voltage osciilograms for first and se-
cond dlode circuits, respectively;

(¢) == oscillogram of output voltage.
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During the instant t( tns voltage across the capacitance
C: wilil be Ug - Ugg/2., Then ta ,
Ug "r=Up=5Usy

whers Ugg is the signal amplitude.

Hance
Te
e BGi_1—m, (6.27)
wi{iars U i
m= 22, m<1l.
2Uo
From Bg. (6.27) we determine
(2}
t,= —RC,In(1—m). (6.28)
fo/.zec, jc‘ o (o,d-'f/’
by~ 3Ty i . — ,1,74 T
/ i D A TN G0 B i ot et A
:f'"*“? ' ‘L"* W ' T
,’5 . -4 gt 0—-—;——-¢~ -—T»‘-{ . :
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Fig. 6,15, Dependance cof the “raasisnt time on the ehcice
of operatling conditions cf the phase detsctor with pesk detectors.

Fig. 6.16. Dependence of the transient time on the cholce
cf coenditions,

Taking m << 1 and considering RCy =R;C; =RC, we get
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t,= RCm. (6.29)

Anaiogously, wa oblain the trsnsient tie-

. } ‘
w ———— ‘ i o - 2 . - (
#m —RCIn (- ,..) (6.30)
for m{< 1 we get
t,=RCm. (6.31)

Taus, the trausisnt time of the readiugs in 2 pesk detsctor
is doterained nct only by the tixme conatant RC, tut depesds alaso
on ths ralation between the signal voltage sad the relerense voltage,
as well as on the measursd phsse diffsrence.

Taking the refercacc voltage suiffcisatly large compsred with
tae aigual veltage, 1t 13 poasible 1o reduce considerably the
tranalznt time of tne resdings, for an egual ripple cesfficient,
This circunatancs makes the circuit with peal dstectors quite superior.
The dependence of t; and t'n on m, established by formulas (6,28)
ard (6.30), is shown grephicaliy iu Figs. 6.15 and 6,16, Tne same
graph: sacw ths expsrimentel resulis.

The erperiment wes carried out with an indicator gymdboled as
savsa in Fig. 6.1, with phase detsctors (sse Flg. 6.2). The signal
volisge was msintained coastant at 20 voits,

The refersnce voltage was varled from 13.3 to 96 volt,
carrespending to 2 ranging froa 0.75 to €.104. One of the phase
detectors vasetwrnsd on. The translent time was determinsd with a

atop watcn, being the time neceusary for the line onths tube

705




to build up to total length., Tne time constant RC was taken to be

17 secunds.

reading
Symerincatl nus o cnllvmes tre Conendared oLt Weanziaca
2 > »

tizs on the ratio or %ths eifvciive veltages.

! l?fi

x
S

Fiw, 6.17, Diagram »f phase detector with coaplex filter.

Tne quantitetive alscrepancy vbetwesn tne axderiwental and

wnsorsticzl cwrve 1s smaal and is essentially due 1o insccwrecies

n mesnuranent.
wel us exaslna the vime variation of tne transient time in

tna jrssgrace of an adcitional filier at the cutput »f the phase

dewector (Fig., 6.17), under the comdition Rf:>t> R, In the abssnce

el 2y

22 o signgl the capscitaace Cy, lika C, is cherged to a vollage

U). Wrau a signul appesars, the effrctive voltage Ug incressses
and tae cepacitance C is cnarged almost inatantaneously,

Tna correspording capacitance Cr is charged througn a
rosistance Re, and its charging time is approximately 3KeCr.

in the sscond arm of the first detector, after cutoff of

22




diode 2, the capacitances C and Cy are discharged through reslstances
R and Ry.

Appredaetery totuin a M o, e voltege Lorusn oo
€ reacnos 1 sveady 3tere vailus,  ine LApacilANTe oo coatindes o
dlscharge, and the time constant is approximately &pCe. The voltage
is buldt wp uithl:,\:;;oﬁmtely 3 CeRe.  The total buildup tims of
tne raandings Ls dsterainsd hy the foraule

6. CPZRATION CF THE PHASE METER IN THZ FRESENCE OF HCISE

Let us conslder certein singularitiea of a2 passe detsctor
circudt, whicn distinguisn its cperation in the presence of avise
from ordinary dstestor circults. Assursy that a variety of sinusoldal
aoclses, at & {requencier close to the signal {requancy, are appliaed
1o s phaee meter lanput simultanecusly witn the signal, Swuch 2
raenomensn ceours when the sigaal of tme radlio stetirn is modulated
iz in amplitude. 1t 1s poasidls to consider analogously the action
of white noise,

The voltage scting on the circult of the first dicde (ses

Fig, €,12) 1s gives by the rormula

A ?
u, == l/ Yo+ U, cos ¢+ Y U, cos (0~ w) t} +

=)
v x 12
-1—[%}5{:1 o+ }:U“, sin (s, — w) tJ sin [wt % (8)], {6.32)
Jm}
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where U,y — amplitude of the voltage of the i-th noise,
(D ; — frequsncy of the i-th noise.
(t) — frequency of the signal,
% (t) — phase modulation of the effective voltage.

e lntroduce the following notation

We then obtain after certain transformations

/ A
u,=U, ‘/ 14+m*+-2mcosg+ ), m2x

i=al

n n
]/ 2i§!m1005(«'£—w)1‘ 2Y Y mimycos (wi—up)t
/

; 1 + + i=1 hwmi4] +

n

n
l+m2-§-i’mcosq+_.}dm§ 1+m24-2mcosg - 2”’?
i i=]

¥ a

2 z-§xmm €08 [(w; —w) t — ¢]

R -~ sin [wf 4 (¢)]. (6.33)
T4-m24-2meosg+ 3 mf l

tom]
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Assume et “ne voltage on the detector load duplicates tie
vorm of tae envesipe o7 the actual voitage, et alsc Lhe el e
voltage exceed considerably the signal oltage and the nocise voltage.

Then the voltage across the load is given approximately by

/ n
u, = KU, ‘,/ 1+ my-2mcoso+ N m? +R,U,)X

=l

11 L]
2 m; COS (w;~—w )+ 2 mn, cos [(wi— w)t — 9] + Y Y mmpcos(u,—-wi)t
P% L=1 i=l Rt}

l/ t4 m24 2m cose + .Z'mf
(6.34)

fo cbtain an analcgous expression for the load voltage of
tas veccnd diod:, it is enough to reverse tne sines of m, my, and
&, in foraula (6.34).

The output voltage of the pnase detector is the difference
in the voltages acrcss the lcade of tne smmmdtamdxfyxsx rirst and
second detector. Cbviously, under the conditions indicated ebove
& <<_ 1) the specirum of the alternating omponent of the cutput
vaitage of the pnage detector will contsin predcminately the
components of the peats betwser tha frequeacy of the reference
veltage % and the ncise (05 -W),

Scmbination frequencies of the type (‘Ji -®) are prac-
ticaily absent from the ontput. This increnses the interferencs

acunity of the phase detector compared with the detection cir-
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cuits witaout refezence vcitage.

let us now caansider the effect of pulse nolse on the phaae
Coaenen,

asgure that tne lowul of the pnase meinr 1s sw.;reten
simultaneously tc a signal and to a noiss, ths cscillogram of
vadier s shown in Fig, 5,18, Neisa of this type is frsequsatly
cotueed Ty atmertaeslc discmrgss,

Und
Unf -

Flg. €.18. QOscilisgrom of & puisad nnise,

The dirstion of the principsl pulse is approximatsly =qual
to balf tae period of the warking frequency. In the case of time-
deliay Getecticn iseec Fig, 6.12) tbm effsect of such a siagle nolse
ig very lusagadficant, ciace ihe casnge in tiae outgut voitege past

“he it

D

T ois negligivle, if wne maplitvia of the aolse i3 com-
pecebis with thet of the signal. In the case cf peak detection,
Lo the contrary, sicglz pulse nolses greeily interfore witn tae

r=R3Wrenants.

This is expiained by the fact thst the capacitance C; in
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the oircult of diode 1 (see Fig. 6.13) is charged through the diode,
since the noise combines with the effective voltage of the signal.
The increase in the vol®age acroas capaciience C) Is elimogl e w.
to the amplitude of the noise. At the sanms timae, the capacitance in
the circuit of diode 2 remains practically with the same charge.
The increment in the output voltage is approximately equal to the
emplitude of the ncise. This causes a pip on the line of the
tube soreen. After the noise action stops, the capacitance is dis-
charged tirough the load resistances and the line gredually returns
to its previous position. The angle of the pip in the line is
deternined by the formula

Ay = % Z’q;_ (6. 35)

Formula (5.35) is correvat when Uy <& Ugg-

Let us consider now the effest of a single nolse on a phase
detector bwilt in accardance with the circuits shown in Fig. 6.17.
As in the case of peck dstection, the capacitance C in the cathode
of diode 1 increzses its voltagea by an amount equal to the amplitude
ol the noise., After themlse stops, the diode is c~n.rt,cn?fm'!d the
capascitance C is discharged through ths r.sistances R and Rp,
charging thereby the capacitance Cp., Thevoltage on the capacitance
Ce increases slowly, and then drops again to the steady-state value

(Fig. 6.19).
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Fig. €.19. On tne determinaticn of the eflect ol pulsed
noise on the poase meter reading.
voiheys
.

fa, Smell re«‘erence, (b) -- large referenco voltage, 4 -
H

vil*uze acrcoss capacitence O, 2 -- voltags across capacitance Te.

. — —‘L—‘
[P YU SV SN

9
1
!
i
i

%
S
-

T
QI g.’!gao[ Vo 9.05

Up R{C
0 as oz a7 09 os"P{"q

Fig. 6.20. Values of the function taat determines the
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error of tho phase meter fcr single nolse pulses,

Tae maxiaun 1ncresass AJ o' the weliuazs acrcros fthe
capacitance Cp Jaterminws ths angle cf alogs o hoe Line, L
consequently tie effect cf the noise. It can be shown that thisz
quantity depends not only on the amplitude of tas ncise, but alsc
“r =he amplitude of thns reference vrltage, Actualiy, prior to the
arvival of the noise both capacitances C and Cf were charged
equally, approximately to voltage Up . After tne cessaticn of the
noige the capacitance C is discharged to a voltage i+ Uy, with the
diods cui‘;c-“f‘f. The rate of discharge of capacitance C dspends on the
inttial voldege UQ-’P U, and increases witi incressing U,. Sincs
the capacitance Cp nss besn pravicualy chargsd to a voltage Up, the
rate of its charge and discharge is detarmined only by the noiase
sge Ly,

The maximws voltage eercoss capac’tance Cf is reached in
tnat case, waen the voltages acroes tie cepacitances C and Cf are
spproximately squalized (instent 45, Fig, 6.1%). Actually, the
vortage L b-ecc»zaes maxinuz, when ducf/dt = 9, Thig means that the
cwrrent trhrcugn the resisgtance Ry is eq‘ual_ to 0, and ccusequenily,
the voltages scross C and Ip are equal to sach otner {ses Fig.
€.17). 3y increasing U, we incresss tios rate of discharge C at
an wnerangsd rata of discharge Cp. Thersfars the equalization of

vie voliages occurs earlier and the voltage across Cp has a smalier
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increase. In order t> verify thisk it is enough to compare the
cuwrves of Figs. 6.19a and 6.1%, which are constructed for differeat
valuss of the refercrce~voliaze amplitude Up and equsl valurs -t
U,.

A jetalled analysis shows that the angle of the thrcw of the

on
line &% the scrsen of the cathode ray tube, for the case under con-

glanvation, is deterwined vy the equation

sque V2 Vi (Ux. .%Ef)
ay TE;L o ) (6.36)

The function L, & i3 a function of ReCp/RC, is shown co
Flg. 6.20 fcr different values of Up/Ug.

Tre enalynls glven makes it possible to chocse the para-
metsrs of the phase metsr in such & way, that for a given buildup

time the effect of different noises can be substantially reduced.
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