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REPORT ON CIBCUIT DFSICN FOR LOW-FREQUEXCY RADIO 'IAN32 

by 

D. M. Stuart 

This report presents a dlscusslon of the clrcult theory uwolved m 

the design of the radio range cmplmg system, and a descrlptmn of the 

equpment employed m the latest type of radio range statlon. Partxu- 

lax- emphasis 1s laid upon the theory of the couplmg system because It 

1s the most mportant part of the entlrc equpment, and also because Its 

function 1s perhaps the least understood by those who do not have uu-ect 

contact mth the problems of radio range operation. Some of the theoret- 

lcal work 1s new as far as the lltcrature on the subJect is concerned, 

and the results are presented here for the first tmme ln publIshed form. 

hmg the past four years the a,rways ran10 range has assumed a 

posltlon of mcrcaslng Ynportance as an aid to au- naxlgatlon. This has 

been brought about chiefly by the rapld growth of instrument and "over- 

the-top" flpng In which the pIlot mst rely aLmost entu-ely upon grolmd 

raolo alds for dlrectlonal gudance and posltlon flxlng. 

In order to keep pace vslth the rapid technical aavancement m the 

fxlds of both avlatlon and radio, the Radxo Development SectIon has 

engaged 111 a contmuous program of lnvestxgatlon looking toward the ~IIL- 

provement of radio range facllltles. 

Experience galned vvlth the earlxer forms of equipment has polnted 

the way to many improvements In des1g-c and methods of operation. It has, 

however, been unposslble m most cases to Incorporate unproved design 
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features m exlstlng equipment imthout completely rebdllamg It. 

On July 1, 1937, the Bureau of Au Commerce entered upon an ex- 

tenslve program of auxay modcrnleatlon and construction, lnvolvlng the 

procurement of approximately on, - hundred sets of radio range equipment. 

An opportuxty TWY thus afforded to specify and obtain complete equip- 

ment for each statlon, the component parts of whxh were designed for 

coordlna&d operation mth each other. This involved a desuable de- 

parture from former procurement procedure which, because of lirmted 

fmances, requued that only a few Items of equipment be purchased at a 

tune as the need for them arose. 

In speclfylng the electrical characterlstlcs of the eqclpment for 

the nem statIons, a number of important changes from past practice have 

been made. These changes result In a sunpllflcatlon of the adjustments 

necessary for the tunmng process, and the alignment and stabllxatlon of 

the courses. We ml1 discuss here the general theory of operation of 

the new equipment :vlthout,hoivever,cnterl~ into a conparatlve study of 

the advantages of the ne>v over the old. 

GENE% DEsGR1PT10~~ uv,?) PRINCIPLES OF OPEXTION 

In Fig. 1 1s snown a polar alagram of the dlstrlbutlon of electro- 

magnetic field lntenslty about a fcur-cows@ au-flay radio rage. EL- 

trans~ttlng the two I"lgure-of-eight patterns alternately, and kepng 

one mth the Verse character A (.-) and the other mth the character N 

(-.) m such a xay that these complzentsry signals Interlock, lt 1s 

possible to make a duect aural couparlson of th, 0 recelxd Intcn:lties 

of tne t-v0 slgnzls. in fl:lng the rage, LLe pilot follows the couxe 
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2efmed by the equ~sqnal lme passmg through one of the mtersectmns 

of the field patterns. Devlatlon to right or left of ths course 1s 

mdxated by predormnance of one or the other of the A or N sisals m 

the headphones. When on course, a contmmus umarymg tone 13 heard, 

mtorrupted only by transmsslon of station ment~fxatum sxfla1.s at 

2&second mter-vals. The ldentlfxatlon sqnals are also tramvatted 

once m each fqwe-of--lght so that the ratlo of them mtenslsles 1s 

the sCsme as that of the A-N slLmals. 

Theoretically the corses are aefmed by the equslsal lmes %hlch 

are consclvzd as havmg no %1&h. Actually, because of the mablllty of 

the human ear to detect cha?ges m signal levsl of less than about 0.5 

decibels, the courses appear to have a fmltr wxltn of spproxmately 3 

degrees under Ideal condltlons. In nountax~ous country, IC 1s not pos- 

sible tc reailze the Ideai! performance uvhlch may be obtalnod from radio 

ranges loLated In level terram. BeYlectlon of energ; from large vertl- 

cal obstacles, such as nountans, ustoits the radlatlon patterns so that 

they may Intersect at more than one point, and thus produce nultlple 

courses. Thus 1s an entirely natural phenomenon and 1s not to be associ- 

ated In any way with malfunctxm~ng of the eqJxpment Itself. 

Two types of antenna systenis are 1x1 current use at the vsrlous radio 

ranges, both of whxch have the auectlonal characterlstxs Illustrated 

in Fig. 1. he of these consists of two crossed loops u&rsectuq at 

thzn centers inth their planes at right angles. The other 1s the modl- 

fled Adcock antenna, the present varslon of tixch consists of four vsrtl- 

cal steel tower radiators synrmetrxally bsposed at the corners of a 

square, and excited from a centrally located trensruttar. Sjnce the loop 
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system 1s SubJect to severe course smng& mnng the hours of dark- 

ness, It hds been largely superseded by the Aocock system., which LS 

free from thu defect. Accordingly, In this report, w shall llrmt our 

dxcusslon w&rely to those ranges employing the Adcock antenna system. 

The slrmiltaneous range and broadcast statIons requulre, m adutlon 

to the mo3lfzd Adcock system, a fifth central antenna for the trans- 

mssmn of carrier energy ana speech. A d~scus:~ux of the operatlcn of 

thu t>ve of range has been given elsewhere1 aQd ~1.11 not be repeated 

here. However, the contents of this retort ~~11 apply equally to either 

the simultaneous statlon or to the older type of range because there is 

no fundamental ufference m the clrcult arrangements between tie txo. 

With the modlfled Adcock system, e sy?rmetrlcal flgure-of-eight 

field pattern 1s radiated when two alagonally opposlt? antcJnnris are 

excited 11 such a xray that theu currents are equal In magnitude and 

190" out of phase. if the phase differs from X30', mthln certain l&ts, 

the pattern still retains the general form of the il,we-of-eight, but 

becomes unsymmetrical--mth one lobe larger than the other. If all four 

radiators of the system are excited simultaneously, a figure-of-eight 

pattern is proxced whose axis assumes a posItIon lath respect to the 

radiators dependent u?on the relative current smplltudes xn the two dug- 

onally opposite paus. By mabng the proper adJustments of the phase 

between opposite rabatcrs, the rolatlve currents In dugonal pxus, and 

the ratlo of powers supplxd during A and N trarwuis;lons, It 1s possible 

to prouuce, alternately, t-iv0 fIgwe-of-clght patterns at rxght angles, 

%V. E. Jackson & D. ?I. Stuart, Proc. I.R.E., Vol. 25, ?To. 3 
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-vhxh intersect on any arbltwrlly asnqndd alqnment of 'owbes. 'I'hls 

1s lllustrat,d in Fig. 2. 

In Fig. 3 1s shown a suupllfxd schematx dlagam 01 the coupling 

system m use at the new radio rage stations. Let us trace through 

the operat-ion of the system, cnnslderlng separately the fun&on of exh 

Item of equpment. 

Stclt,ng at Lb?e output termuial of the trensmxtter, the fust 

el-mznt of the ccuplmng cir5z.t encountered 1s the link circuit i-clay. 

The fmc+,lon of G-,x relay E to wltcn the i-so10 fref:u:ncy output of 

the trausrr;Ltter from one gcnlometf=r prxnary to the other. In physxal 

construction, the relay 1s of the polar typs, deslgned for rqnd chenge- 

over. It 1s energized by an automatic, motor-driver keymg dence not 

shown on the diagram. In operation, the armature moves to the left con- 

tact ?nd remams there dwlng the t'ash of the 7ett?r N, th-.n to the right 

cofitact lakmng the dot of the letter A, back to the left to make the dot 

of the N; and flnally to the right to m-:*e the dach of -ihe A after vaxh 

the entxre seqwnce 1s repeated. In order to obtain a smooth interlock 

of the two sxgnals, the relay contacts are aCJusted so that no apprecl- 

able gap occurs m the seqwnce of opsratLons. 

The gonlometer 1s a variable coupl; ng transformer used to regulate 

the relative energy supplied to the two uiagonally opposite paws of 

antennas. It consists of two mutually perpsndlculnr prunary xnndmgs 

mtiuct~vsly coupled to two mutually perpendxular secondary mndlngs In 

such a way that when the pr-ry vnndmgs are rotated l,elatlve to the 

secondary wux~lngs the mutual Influctance foilows the la;q 

t+Gxla 
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M, =M,CosG for Secondary #l 

M2= M,SING for Secondary #2 

Chere MO LS the mutual inductance at ~ax,mum couyh~, and G 3s the 

angle between t?e prunary mndlng under cons~deratmn and if1 -acon&ry 

mndmg. For the other prxwzy viln.ii7pg we k-me, of course, 

M; = MOSln G for Secondary #l 

M;’ MO Cos G for Seconckry #2 

If energy IS applied to the N or left prmary, the voltage applied to 

the transmLsslon IMPS to antennas 1 and 2 -0~11 oe 

E,,= E,Gos G 

ES,= Es SIN G 

The resultmg field pattern, assmug all lmes to be of equal length, 

and proper aqustment of the antennas, irould be a -ymetrlcal i'qure-cf- 

el:ht mth axx mcllned at an mgle G to the lms of entennas 1 and 2. 

%th energy applied to the other prmary ve would have 

El2 ’ =Es$i~~~ 

&= Es Cos G 

and the field pattern uould be ldentlcal to the flryt except rotated by 

90 degrees m space. The cowses pm lmed by thx arrangemeEt wsuld be 

93 dcgrees apart and allgocd at angles of 45 oegrces 2 G to the dmgonal 

t over lmes It 1s obvious that rotatAm of the gcmoneter mndmgs 

through a given angle v-d1 rotate V?e range courses through the same 

ZYO 90 



angle under the above outlined condltlons The L pad corxected In one 

of the p:u~zy cu-cults 1s used to w&ate t&e relatlva power applied 

to the prunar~s, and thus cor.trol the relative flcld lntensltles of 

the fugue-of-clght patterns. Its use 1s avoldea ux;oPar as IS prac- 

txable, but It IS essent?al In securlng so-called “squeezed courses.” 

The T sectlnn ;rtlfxuJ lures inserted m the clrwlt between the 

gonlometer secnndarles and the real. lines are auJustable phase shlitzng 

netinorks, and are used only when the course alignment requues that 

clppoxtc towers operate r;t phase differences of other than ‘90 degrees. 

The real transrmsslon lines -?llch uel~vsr enerm to the antenna cucuts 

are of the conc+ntrlc Lcnductor varle-cy ma a-e usually burled In the 

groxnd 

The antema tumng llnlt c,lnsx3ts of a losalng uxiuctance to adJust 

the reactanTe or tl?e antenra cu-cut, and a wrlable cozpllng trans- 

former to match the antenna unpeddnce to that of the 11ne. Frovlslons 

are made for varyug the reactance of the prunary -r.ndug of the trans- 

former by mesns of a series varuble conaenser, end for revsrsmng the 

phase of the antenna current by rotat:.on of tile swxndary wuxmg to 

either side of the zero coupling position. 

The raaiating elements of t!?e n,oclxfled Adco~k antenna are insulated, 

self-supportIng steel towers, 125 feet Ln he&t. At the frequencies 

employed (200-LO.00 kc) these Io-%erb have an 4ectrlcal length of only 9” 

to 180 and are eqxlvalsnt to a lumped cspaclty In sorles mth a resist- 

ace. The total resistance of the antenna cwcl>-Lt, excluuve of the 

loaa~ng toll, 1s approxunately 1.5 ohms. The equvalent lumpsd cap,aclty 

of the tower 1s approximately $5 mxromxrofarads. At 3170 hlocycles 

~++ua 
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then, the unpedance of tk.5 ,rntsenne 1s 1.$~529 ohms. It 2s wlcent 

that ,f the reactive coqloncnt of this ]mpe-lance 1s wsonatcd by nc~n= 

of the loating co11 In the txnng unit, the resultant Impedance of the 

c3rcuit wxll vaq vxdely fL),r small changes In antenna capac ty. The 

problem presented bjr this circumstance forms the basis "or the discus- 

slon In the follu,nng se&Ion. 

Ti_EORE'!ICAL ANPLYSIS OF BADIC RANGE ClKJITS 

It ~jas been pouPt,ed nut that the locauon of the course5 emanating 

from a radio range depends upon the phase and amplitude of the currents 

flovnng In the various radlatxng elements of the antenna system. In 

general then, It 1s to be eqected that varla<=ons m antenna constants 

xx11 alter the establlshed current relations and thereby cause a shift 

In the poutlon of the courses. It 15 obv:ously mposslble to prevent 

smdll varlatlons of the electrical constants of any prdctlcal antenna 

system whxh 1s subJect to the effects of changing xeataar and 9.ound 

conclt:ons. However, rt 1s Fosslble by means of special clrcult arrange- 

xnts to mxuuze the effect of arstenna detxnng upon course alignment. 

Since these cxcuts comprise such an Important part of the radio r;r,gr 

zouplug system, and perform such an essential fun&Ion, they vnll be 

axcussed hero at some length. 

In hg. 4 IS shown a schematic olagram of the tranexxslon lines 

and antenna tuung uruts Involved In supplpng po-wr to a pau of uug- 

onally opposite cantenna to>rrers. In this diagram, the electrxal con- 

stants of the towers are represented by the]r lumped clrcut q~xvalcnts. 

In What follows we vvlll flr.?c xeallze the trcnsr;lsslcn line sxd zupllng 

transformer pruwq by assu,?>ng that t!lc forwr has no attenuation and 
-z&Y. 
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that the latter has no rasmtance. For an efllclslt couplmg system, 

these assumptxns are JUShfXd, md lead to results K~lch aro a ?JeQ' 

close approxlmatlon to the truth. After Alustratmg the theory under 

these assmptlons, the effects of mrcult losses on the system ~~11 be 

consldered. We ml1 adore to the use of the follormng symbols for 

deslgnatlon of the most mportant electrical parameters, and ml1 Intro- 

mce and defme addItIonal qmbols In the text as the need armcs. 

8 = Electrxal length of transmssion lme. 

so= Charxterlstx impedance of transmsslon 11~. 

Es= DrLvlng poxt unpedance of transmlss~on Ilne. 

t, = Self upedance of primary cuxult. 

t,,= Total mpedance of primary clrcult (seli mpedance plus 

reflected mpedence) 

z,= Ltitxl impedance between :on3ometer Yan.,-Lngs at xxxmun 

couplmng. 

Zpl = Im~xkince of gcnlometer pr~q?ry #l. 

Zp2= Impeddnce of gonlometer prua-ry #2. 

Zg = Impedance of sccondaq cucult. 

ES = Tranxusslon line urlvlng point v,'ltage. 

E, = Voltage applied to prlnary cucult. 

11 = Curixnt In pxmary cxcult. 

12 = Current In secondary or antenna cuxul'c. 

Is = Tran>muslon line orlmng point current. 

V = Phase angle of antenna cxwult. 
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At the couplmg transformer of ,ntenna A we have 

from wklch 

(1) 

(2) 

Ir, our lotatlon t'ne voltage at the senung end of the transmission 

Es= E, COS 8 + J I, Z,2, SIN 8 (4) 

Using (2) and (3) in (4), we obtain for tke transfer unpeclance 

rplat?ng the antenr,a cure& to the 11~s scniung end voltage 

From lnspectlon of (5), It nay be spen that zs2 ~~11 becoma mde- 

pendent of the antenna jmpedance & If we make 

(6) 

Z = - J t0 TAM 8 (7) 
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or, since we are neglectmng prunary resistance 

X, =- &TAN 8 

and 

t2.2 = Jx,,cos 8 (8) 

By satlsfylng equation (7), xve establish a constant-T:olLlge 

constant-current relbtlon between the sending end of the line and t'rs 

antenna circuit. The line and cougllng aoupment may t2-len be looked 

upon as comprising a modlfxatlon of on- Q of the networks associated 

mth the name of Boucherot, the prcpar5les of which are ~11 kncTm. It 

may be shown from the theory of Ideal tranh:m>sclon lu-1e.5 that the r?aot- 

ance -ZOT~~ 8 IS exactly the zTount requred to tune z short cu- 

cuted line of electrical length 8 to seI=es resonance. Tzls fact 1s 

made use of, as we shall uescrlbe, in the practxal a+stment of equip- 

ment In ihe field. 

Equation (7) represents a physxally realxable conaltlon except 

for 8=90° m whloh case an mnflnlte value of prunary clrcut react- 

ance would be requred. In practice, however, the clcct~xal lengths 

of the transrmsslon lines are aWays sufflclently removed from 900 to 

prevent such a dzfflculty from arlslng. Suppose now that the pl-unary 

reactance at Antenna A m Wg. 4 1s auJusted to enlual-Z,, TAN 8. 

ES Then as the tuning of the antenna cucult 1s varltd, the ratlo - re- 
12 

mms constant as given by 8. Smce the voltage Es 1s CWP,OII to the 

transrmsslon lines to both diagonal antennas, tne ratio of the currents 

m the two antennas remains constant. Thus lf the prxmary cucult at 

ZY.wd 
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eacn of the four antennas 1s adJusted m accordance mth (7), the 

established phase and mpl~tude relatmns of Lhe currents m opposite 

paus m.ll be preserved even l,hough the antennas may become aetmed 

by ransom varlatlons m capaclty or msxstancc. 

In Clddltmn to satisfying (7) at each antenna tunmg unit, It 1s 

aesuxble that the tote1 mprdance pr esmted by each primary clrcult 

should be sljusted to match the line Impedance In order to obtam an 

cfflcxent tracsfer of povier, and elmnnata stzndmg mves from the lme. 

It may be shorn from (2) and (3) that the total prmaq mpedance 1s 

given by 

which IS eqmvalent to 

2 

.%I = 
XI2 R2 

f?;tx; 
+ J(X,- R2+X2 

x; x2 ) 

2 2 

(9) 

(lOi 

Smce the charactcrlstlc Impedance of our lmc 1s a pm-e resistance, 

It 1s requred that 

Xl2 2 R2 _ 
R'2 + x'2 - 

t0 

Xl - x:2 x2 =o 
q+x; . 

(11) 

02) 
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If we define the phase angle of the antenna circuit as 

(13) 

we may remote (11) and (12) as 

(11.1) 

TAN Y = -TAN 8 (12.1) 

whxh are the cxcult relations whxh must obtain m order that the 

lxra rmpedsnce ~~11 be matched. 

In applnng the results of the foregoing analysis to the actual 

adJustment of eqmpment in the field, It LS only necessary to carry 

out the fol.lw simple procedure. 

After the trsnsrmtter is adJusted to operate on the assigned sta- 

tlon frequency, each wndlng of the gonlometer 1s carefully resonated 

by means of the series variable condenser provided for this purpose. 

Next, the sending ends of the transrmssion lines are effectively short- 

cticuited by a resistance of one ohm or less, and a small radio frequency 

voltage is applied across this resxstance. With the antenna cx-cult 

opened, the condenser in series pnth the transformer prlrr,ary at each 

antenna twng unit is adjusted until resonance of the entire transmis- 

slon lxra is lndxated by a thermogslvanometer Inserted m series muth 

the primary vvmdmng. Smce this adjustment 1s made to satisfy (7), It 

1s clear that If artlfic1al lines are to be used they must be Included 

III the clrcult at the time of the adjustment. WIthout dxsturbxng the 
-7Ywd 
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setting of the primary condenser, the antema c-cut reactance and 

the mutual inductance of the transformer are next adJusted so that the 

mpedsnce presented by the prunary matches the characteristic Imped- 

ance of the transrmsslon lme. l7u.s cstabllshes the cu-cuit condi- 

tlons specified by (11.1) and(12.1). During the antenna tunzg oper- 

atlon, all of the towers except the one under adJustment should be 

grounded In order to avoid the effects of their mutual impedances. 

While this procedure 1s recomzed as being not strictly correct, it 

does not result In sny serious rmsadJustment In the present case and is 

recommended for its supllclty. 

Aft&r the tuning procedure has been completed, the gonlometer, 

artlfrclal tines, and course shlftlng pad may be adjusted to previously 

calculated settu-gs to secure the desu-ed co111‘se alignment. The method 

of making these calculations 1s well lolown, and ~~11 not be described 

here. It may be said, however, that very accurate results may be ob- 

tanned, and the time required to align the courses reduced to a rmnumun 

If the calculations are carefully made and applied. 

It must be mentIoned at this point that when (7) 1s satlsfled, we 

are llrmted to operating opposite antennas at a phase difference of 

exactly 180 degrees, since the transfer Impedance g=Ten by (8) 1s a pure 

-&nary, mndlcatlng 90 degrees phase difference between Line voltage 

and antenna current. Under thu condltlon, cowse ahgments would be 

restricted to those In which opposite courses are 160 degrees apart. If 

It 1s desired to depart from this reciprocal bearing relation m course 

aliment, opposite antennas must be operated at phase differences other 

z%* 
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than 1% degrees In l.hlch case It 1s wposslble to satIs* (7).. !?I? 

transfer Lnpedance Z,, *~lll no longer bc independent of antenna tv FT. 

?nd It 1s to be eqected that variations in tower constant:, ~11 LCer 

the phase of the antenna currents, and thereby shCt the <ourses. For 

thx reasonp It IS to be emphaslzed that a non-reciprocal course alqn- 

nent can only be obtalned by an unstable adJustmcnt of the quulpnent, 

?nd 1s to be awlded wh,rever Tosslble. 

Let us consider now a racYlo range adJusted In accordance mth the 

above outlIned p~oceawe and ha;nng a reciprocal alqnment of courses. 

Supnose the gonlometer to be set on zero degrees so that one parr of 

towers 1s excited only dxrlng the N and the other pair excited only dur- 

m* the A. If one of the towers becomes detuned, let us say one of 

those mhxh radiates during the A signal, the current UI boi,h of the A 

touvers Nell fall off equally ;vkle the current m the N twers ~~11 be 

wzffected. The field lntenslty of tne A lobes ~~11 be reduced, and the 

location of all of the courses ~11 be s+.lit?d. Thx occurs regardless 

of our constant current netxor!: because of the necessarily lrnperfect 

refilatLon of the voltage source. Sup?osc now that under the same con- 

cilt,lcns the gonlometer 1s set on 45 aegrees. 30th of the gonlometer 

seconaar=es are then squally coupled to each of the pr'lmu-les and the 

InJuced secondary voltages are at all tl?les equal. Since the secondary 

xntilngs have been tuned to exact resonance, the Lntire secondary volt- 

age appears across the trdnsmlsslcn Ames so that the sending end volt- 

ages on each pair of lines are al-flays equal regardless of the Impedance 

presented by the IVES. If then any one of the antennas becomes detuned, 

dVd<d 
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the currents must drop equally m all lou;- and the course ailgnment 

~~11 be unaffected. It 1s thus seen that maxxwm course stahlllty 1s 

obtalncd wkn the gcnlometer 1s set at 45 degrees and that any depar- 

ture from this setting mvclxs a sacrifice III stabxllty. 

In order that the gonxnezr may be s& on 45 degrees, the course 

sllgnnent rust be known prior to ti-e tune the taxers are erected so 

that they may be properly orlented. It has been the polxy to locate 

the towers for optunum stability wP,e?ever possible, and It 1s therefore 

conslde17ed hlghiy desueble that the orlgmally established course 

alignment be ardhered to -n order that thx stable condltlon may be pre- 

selved. 

It has been polnted out that for gonlometer settings other than 

45 degrees, the degree of course snlftmg vk~ch occurs when an antenna 

becoxes detuned 1s a function of the regulation of the poner source or 

transrmtter. Let us uwest~gets the effect of antenna tuxmg upon the 

varuz~us impedances of the coupling system III an effort to detemne this 

Tunctlonal relatlonship. 

It may be shorn from izansm~s~on link tneory that the input mped- 

ante to one of the lines will be given yl cur notation by 

z = z Z,, COS~+JZOSIN~ 
S 

‘2, COS8tJir,~SIN8 

$2 Filttmg z,,= z1-- 
% 

am letting ZI =- JZOTAN~ 

we obtain 

(15) Es=- zo $2 cos* 8 
tOZ,-J $&d 8 COS 8 
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Since the line 1s to be matched lnltully, the value of mutual lv.ped- 

ante of the coupling transformer ~111 be given by (ll.l), l-e., 

(11.2) 

It 1s to be noted that the value of R2 prevalllng ?t the tune when the 

antenna IS orlanally tuned governs the value of Z,, Xomever, -vhen 

Z12 IS once establlshed, It 1s not subJect to random variations since 

Its value dqends only on the geometry of the transformer. The type of 

antenna ;tihlch we are cnnslderlng 1s SzbJeCt to rather large changes In 

capacity accompanxed by only very mnoi- vaxatlons In resistance. There- 

fore, In ivhat follows It will be assumed that only the reactive t2rm of 

the impedance t, 1s varxable. Substltutlng (11.2) In (15) we obtain 

after some manipulation 

Squatlon (16) dives the u-q&c Impedance to a sin,-le transrmsslon lue 

m terms of the phase angle of the antenna cucult. The Impedance 

presented to the gonlometer seconciary by the two lines m parallel under 

the cmdltlon where only or.e antenna has beep dekxned 1s 

if the mutual Impedance betveen one secondary and one primary of the 

gOnlOmeter at mum Coupling 1s glver. by 2, = J XM, and the gonlom- 

eter setting IS G , we ~~11 have for the prunary impedances ;vhen all 
2ta% 
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tp,=ti -I ~X~Cct.s2G(Tm~+ TANS) 
=0 

2 
(18) 

zp2=% -I- JX~ SIN’ G(TAN~+TANB) 

It 1s xnterestmg to note that under condltxn (71, trlc xslstlve 

component of the gonloneter proxy Impedance 1~ mdcpendent of antenna 

tunmg. ‘/hen an antenm becomes detuned, the effect 1s merely that of 

lntroduclng a reactive term. II? the prmary clrcult as mdlcated by (18). 

As would be expected, when G = 45’ the two prlmarws have the same 

mpedance under all. conditions of antenna tumng. 

The curve of Fig. 5 xllustratos the way m which antenna current 

vames lnnth ar.tenna tunng under typwal operatmg condltums. In 

plottmg t’lls c11I‘ve from equat:ons (181, lt was assumed that G = 0 

and the Impedance of tine ,-meratmg smrce ms 25$ of the pmmry resxt- 

ante of the gonlometer. It 1s apparent that the higher the resistance 

of the anienna cu-cult or cf the generatmg source, the more nearly the 

current ml1 rmzm constant mth changes m antenna reactance. 

In the precedmg analysx, as was stated at the outset, the cou- 

plmg cu-cults base been assumed tc be resx&nceless. The results 

obtamcd under tnm assumption are am a-curate represmtatlon of the 

true state of affairs as far as mdwatmg the correct adJustment of the 

various clrcuts 1s concerned. It becomes necessary, however, to take 

account of the losses m the transimssmn lmes, ;nd the antenna cou- 

pllng unit pr~?am~ clrcdxt m order to srrlve at a quantltatlve estlrrdte 

01 t% de,Tee of UepedenCe of the transfer impedance Z,, upon the 
i ii*z 
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antenna mpedance 2, 

in conslderlng the effect of line attenuation and transformer 

primary resxtance, It 1s convenient Tor purposes of analy5~s to re- 

place the coupllmg transformer by Its equvalent cuxut as showa 1.n 

F1g. 6. Since the resistance of the transformer secondary merely dads 

to the resistance of the antenna cxrcut and has no effect upon the 

transfer Impedance, we may vi-lte for the equvalent cucult parameters 

2, = R, + Jxl-J X,2 =j/F 
09) 

to= J x12 
R +Jx, 

J x2 

Tne characterlstxs of the T section may be obtained from the well 

known relation 

coshx= I + 

s =+ TAN-‘+ , ‘y= d+Jb 

(20) 

3J1e real and lrnaglnary parts of w!ilch ore the attenuation a~13 phase 

constants respect-Lvely. Xe have then, expanthng ~0s h y and equating 

reals and uu.ag:lnar=es 

z%3dw 
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Cos h a Cos b q P Cos 6 

SIN h Ci SIN b = P SIN 6 
(21) 

COS b- 
fL7yczx (22) 

SINh a=qT+kzz (23) 

In a practical system ;uch as the cne under dlscusslon, the follovnng 

approximation> are alopays valid 

xfw=q 

6 < IO0 

(24:) 

We may wrlto then P)nth negligible error 

using (7), (ll*l), and(12.1) In (25) we obtain the result 

p = SIN 8 (26) 

and horn (22) we have 

COS b=sIN 8. 
(27) 

The angles b and 8 are thus shown to be complementary. 

To tke degree of approxuwtlon Much we have adopted (23) zauces 

9 
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(28) 

R 
and suxe 1x1 practice 2t, (1s very small Ire may put 

Sununar~zmng OUT analyst LQ to this pnmt, we 11ave determnzd that the 

propagatmn constant of the T sectmn of our equ~valem c]rcmt 1s 

given by 

y=a+ Jb 

b- go”- e 

In 2iTlvlng at these results, - lt has been assumed tnat tne actual cou- 

plmg clrcut IS adJusted so that (7), (II), and (12) are saksfled. 

The angle0 IS the electrxal length of the real lme whxh would be mea 

mth the couplmg system, as adjusted, to satmfy (7). 

Consldermg nom the composxte CI~CUL t formed by the real transoms- 

sum lme, the T sectlon, and the Ideal transformer coupled to the antenna, 

we ~1.11 have for the transfer lnlpedance 

%2 
a? = t2nCos h P+ n SlNh P (29) 

where 

n2= lnpedance transformatum ratlo for the Ideal transformer. 

P =propagatlon constant for the composite lme. 

zo% 
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Smce frm (27) the total electrlczl length of the composite line 1s 

shorn to be 90c, (29) becomes 

2 52 =~n-2~SlNh=i+,$%dd (30) 

where 
0(=.d,+a 

TIb,bs-Lng the attematlon constmt for the real ime. Putting 

Fte = R,tJX, we cay write 

I 

tJ= TAN-‘- 
2 CpshO(+“2ReSINhoc 

n2XpSlNh.=K 
(32) 

Iz practice the antema reactance 1s sub?ect to so much xmer -mrx~ 

z:ons than 1s the rsslstance that me may consider the resistance as 

a comtant and m-lte 

(r,e(CoshPC+S1Nh4)2+n4X~SINhZ~)~E 
JO 

%2= n (31.1) 

@‘T 
AN-,- 20( I fcorh 4 

n2 x2 

It may easily be aenonstrated that variation of the magmtude of t,, 

mth chances of X, IS o~lj of I-mar 1Tportance m Its effect upon 

course alignment as compared Tmth var]atlons In the phase, @. Let 

YJS then iocus our attentwn upon tie relatlcn (32.1). 

.7 v‘wr0 
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It 1s seen that If o( = 0 

Q = TAN-’ (-a, 1 =90’ 

and 1s entxely independent of the value of X2. Thus the lower v'e make 

the -ttenuatlon of the composite czouult, the more nearly me my 

approach this ideal condltmn. The curves of Fig. 7 show the phase 

angle 4 as a fuuctlon of Xe for various line attenuations. In Fig. 

8, similar mnformation 1s presented U-I a slightly different manner. 

Here the phase shift and course shift whxh may be expected to occur 

tith a fIxed amount of antenna uetunlng are plotted agalnst the attenu- 

atlon of the line being used. These curves illustrate forcefully the 

necessity for using transrmss~on lines and coupling transformers having 

the lowest possible losses. 

Up to this point we have studled the behavior of our clrcults, 

always under the assunptxon that they were aqusted to satxfy (7). 

Let us conslder nw the effects of departing from (7 ) as 1s necessary 

m securing non-reciprocal course allLwents. 

'fle ~11 assume that our couplmng transformer IS adJusted so that 

its transfer impedance 1s glvan, to the Gegree of approrlmatlon auopted 

m the preceding work, by +,Jb. Then this I.S operated in con~unc- 

tlon ;ath a transrmss~on line of electrical length +, xo vvlll have then 

for the phase angle of the transfer lnpeaance referred to the sending 

end of the line 

d= b+0 

Since we are not now restrlcted by (27), PE must detervme the x&e of 
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ow transfer Impedance from (29) by lnsertlng 

I== 4+J8' 

We have 

n2R2= t, 

n2X2= t TAN Y 

and qxmLmg the hyporbollk functions me obtam 

t,,+ (CoshPCCosd-TANipSINh=SIN6+SINhCdOSd) + 

+~-$(SIN~~SSN~+TAN qJCCosho( Cos@+CoshoC SIN@) 

+(SINh2c4SIN2d+Cosh20cCos28’)T~~2~ E 1 i Jg (31.2) 

TAN q Cod 

tJ= TAN-’ SIN&+ ItTANhcC 

Cask- TAN 9 SIN@ 

I+CoTh DC 

(32.2) 
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Smce we are prmarlly mterested m the rate at whxh .& and I$ vary 

mth %' ) let us form the derl-zatlves of these functions ana study 

~,heu- behavior. It may be shown t;lzt 

and 

Evaluatmg these at J, =O whxh 15 the proper antenna tunmg for our 

trsnsfomer equvalent urcult, we obtam smply 

sINed 

= I+CorhoC 

+ cos2e’ 

I+TANhDC 

SIN 28 
GOSha+ SlNhoC 

(36) 

(35) and (36) are shown graphxalZty m Figs. 'G and 10 respectively. 

'I%e numerlca1 value of these dlfferentlal coefflclents 1s a qLeasure of 

the degree of clependence of the transfer impedance upon the Impedance of 

the antenna clrcult. As would be eqectea, each of the cvrves passes 

through a rmnlmum at b+e=90° which 1s the phase angle at which 

25fdsl 
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(7) 1s satlsfxd. It 1s uterestmg to note that for b +e= 90’ 

the amplitude of il,, 1s absolutely lnaependent of II, for small varx~- 

tlons, while the phase LS still dependent to a slight aegree on I$ be- 

cause of losses m the line and coupling system. 

ECLFIPMEX'I 

h speclfylng the eqclpment for the new ranges, special attention 

has been devoted to securing well coorduzted operatlcn of all of the 

component parts IP acccrz.nce mth the foregoing theory. The prlnclpal 

aim has been to provide for wlntenance of the establlshed COUTSe align- 

ments rnthln a tolerance of 1.5 aegrees under all reasonable operating 

conditlcns. In order to Insure contmrruity of service, those items of 

equipment In which failure IS most likely to occur have been Installed 

In duplicate mth prcvlslons for svatchlng to the stanaby unit m the 

event of a brealcdcvm of the regular eq;lpment. Standby engine driven 

generators are installed In the range bulldlng to take over In case of a 

_"allure m the cormnerclal power source. 

In Pig. 11 1s shcvn a photograph of the transrmtter. Thx 1s a 

oual unit vnth two independent radio frequency channels operatlng on 

frequencies dlfferlng by 1020 cycles One of the channels delivers 400 

watts of carrier power, alllch may be rnoduulated 70% by speech, to the ten- 

ter antenna. The other deilvers 275 watts of un!cdulated energy through 

the icuplmg system to the four ccrner antennas. The audible tone s1g- 

nals at the rccelvlng end are producea b 2' tine 1020 cycle beat between 

the carrier, and the single sxdehand radiated from the corner actemas. 

T,lls beat -ate 1s raxtalned by t!?e frec~uency ulfferorxe cf tT{o p2tched 

A-cut quartz plates -lrhxh supply the prmary excltst;on to me two 

2*ga 
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channels of the transrmtter. 

The coupling uit shown m Figs. 12 and 13 includes two link clr- 

mit relays, two keying devices, a course shifting pad, the gonxmeter, 

and the artifxial lmes, together pnth the necessary tuning condensers 

and other au~~llary equpment. The relays and keying devxes are pro- 

vided in duplicate as a standby measure, and to slmpllfy the mtchmg 

operations in changing from one transrmtter to the other. 

In the design of a gonlometer, one of the most important conslder- 

atlons 1s that of obtauung a vanatlon of mutual inductance ovlth rota- 

tlon whxh appromtes veq closely to a suxsoldal fun&Ion under 

operatmng con&tions. In the present equpment, It. was required that 

the mutual Inductance should follow the law 

M=M&ING 

mthin a tolerance speclfled by 

k4- 1 $sIN GI 

MO 
<.I34 

tilth the i”urther restrlctlon that 

“‘;.““’ < , 01 

The margm by whxh these mxuum requuements have been exceeded 1s 

Illustrated by the expenmentally dete-ed gonlometer characterlstx 

of F1g. 14. The value of M, , the mutual mnductance at maximum coupling, 

has been chosen sxh that We Impedance appearing at the prl~cary termi- 

nals during normal operation 1s from 50 to 200 ohms depending u>cn the 

0peratFng frequency. It has been deterrued that ‘chu range of Llpedances 

+&.aro 
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ccncentrlcally by 1solantlt.e doughmt shaped msulasors spaced ei?ry 

6 mches. The calculated value of characterlstx mpemnce 1s 68-5 

Ohms. ActualLy, because of the presence of the xsulators, the meas- 

ured value 1s 65.3 ohms. The attematlon at 300 X~loc~~c:es has been 

deterrmned by measurement to be 0.185 decibel per thousand feet, and 

the phase constant at this frequency 1s 115.C degrees per thousand feet 

which corresponds to a velocxty of propagation of 0.955 tunes the free 

space lreloclty. At the olaer range stations, two conductor parkway 

cable, havmg an attenuatxon at 300 kilocycles of approximately 1.0 

decibel per thousand feet was used. The mprovement In course stabll- 

Ity resultmg from the use of the new lmes as conpared to the old 

lmes may be seen by reference to Fig. #. 

The antenna tuning unit shown In Fig. 15 1s ccnstructed in a 

weatherproof alum.~nwn house and one unit 1s monr.ted at the base of each 

tower upon a framework of steel angles. The loading inductance 1s con- 

txuously variable over the range 0-9CO rmcrohenrxs by means of ta?s, 

and an adJust.a'ole rotor ~011. The couplug transformer has a primal 

lnauctance of 200 rmcrohenri-1es, ad a. maxman nutuai lnduc Lance of 60 

nJcrohenrles. The prxzary 1s wound mth heavy lltz tn rerluce losses to 

a nunmum sxnce losses =n thx cuxmt affect the course steblllty. The 

prxw.ry Q at 3CG kilocgclss 1s 350, whvhlch corresponds to a reslstaoce of 

appro-tely 1.0 ohm. The variable primary tuning copdenser has a 

capacity of 0.001 rmcrofarad, and a plate spacing of ?,&V &k?lch glvss 

It a peak rating of 4500 volts. FIxed condensers are prowded to oper- 

ate in parallel mth the varldole condenser to glee a total continuous 

r3nge of cap=clty of from 0 to 0.005 nxrofarad. 
,zuacM 
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In sdcrition to the antenna tuning e+ipment, each tuning house in- 

cludes choke coils for tower lighting and a lightning arrester to pro- 

tect the equipment in case the antenra is struck. The method of 

lighting employed is a single wire system in sbich the toT,ver itself acts 

as the return circuit. The tovjer is effectively grounded by the 1ighG 

ing choke as far as power frequencies are concerned, but retains a high 

impedance to ground at radio frequencies. 

In choosing a tower radiate r for radio range operation in the 200- 

400 kilocycle band, a number of factors must be taken >rto account. 

From the standpoxt of radiation efficiency a very high taxer is indi- 

cated. I:owovsr, smce radio ranges arc generally located in the vlcirmty 

of ax- terrmnals, the toners must not be so high as to constitute a 

hazardous obstruction to aircraft. Kconormc considerations arc also a 

factor tending to lvlut the height of the antennas. As the best all 

around compromise, the towers which are used ore 125 feet high, and 

taper from a &foot square cross section at the base to a l-foot square 

section at the top. The four legs of the tower rest on porcelain com- 

pression insulators, and are held down by means of tie rods running to a 

fifth insulator at the center of the base. The entire insulated tower 

is supported on an g-foot steel substructure which in turn is anchored 

Into a reinforced concrete pier rising approximately 2 feet above ground 

level. Each tower base is surrounded by a sire mesh counterpoise sup- 

carted at a level 2 feet belonthe insulators by structural steel columns. 

The function of the counterpoise is to rmnlmise the possibility'of varie- 

tions in antenna capacity nath changing condLtions of the earth and 

vegetation 111 the immediate vicinity of the toTver base. 

PLW, 
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F1g. 16 shows the range statmn control rack wh-ch cont~~x al_ 

of the \mtchug and auxllmry eqfilp!&nt required for the operatmz of 

the range. The upper panel carries the mtercommumcatm~ phone zd 

2 two-motmn Stronger machme smtch whxh contxls all of the nmtch- 

~.rzg opz-atxns at the statmn, and may be operated by either the local 

dul or over a telephone line by a rem&e &al. The next lovrer panel 

is a con~teat level ampllfler vrhlch prevents overmodulatIon of the 

carrier dunrg speech broaccasts and holds the average modulation at 

a relanvcly high level. Yelcm the desk 1s installed a band eluuna- 

tlon filter which eltinates frequencies UY the nexghborhood of 1020 

cycles from the voxe during broadcasts, and thus reduces interference 

between speech an? range signals. A l;ne equalxer &xch corrects the 

frequency character~stx of the telephone line to the remnot- control 

qwters is located lmmedutely below the illter panel. The lower com- 

partment contains a voltage regulator and a rectlfler khxh supplles 

p oiver for oper-atlor? of the various relays of the control system. 

The operator's rack at the ?cmote ccntrol quarters 1s shown 1x1 

Fig. 17. Thr control equpment ccnslstc of the In&i-phone and &al 

mounted In the left rack, ;ina the nlcxphone to lue ampllfxr and 

mcnltorlng unit located In the rlghht hand rack. All of the other space 

m the racks 1s taken up by receivers for t,w-way cormrxmcatlon vtth 

axcraft. 
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Field Intensity Dlstrlbukon of a Four Course Radio Range. 

Fveld Intensity Distribution for Producmg a Non-remprocal 

Course Allgment. 

Schemztx magram of Radio Range Couplmg System. 

Schematic magi-am of Co~xpling System Involved in Exciting 

One Pax of m2gmally Opposite Antennas. 

Curve Shomng the Variation of Antenna Current pnth Antenna 

Tuning When (7) 1s Satlsfled. 

Actual and Eqmvdlent Cxcults of Antenna Tuning Unit 

Goupllng Transformer. 

Cm-vrs Showng the Varlatlon of Phase Between a Paxr of 

Antennas as a Function of Antenna Tuning for Various Traps- 

rm?slon Line Attenuations. 

Curves Shomng the P'12se Shift and Course Shift mhlch Kay 

be Expected to Occur for 2 Flxed Antrnna Detun~ng(~z=3 0) 

as a Fmctlon of Line Attenuation. These Curves do not 

Pass Tnrough the Orxgu Because of the Losses In the Trans- 

former Prukary. 

Curve Snomng the Rate at milch the Phase Between a Pair of 

Antennas Changes x,lth the Phase of one Ant&ma Cxcult as a 

Fun&Ion of the Total Transmsslon Lme and Terminatmg Network 

Pl;ase Ar,gle. The Conultmn B + e=90° 1s Equivalent to (7). 

Curve Shouvlz the Rate of Change of the vagnltude of Transfer 

Impedance Tnth Antenn2 Phase as 2 -tickon of the Tctal Trans- 

msslon I&e 2nd Term-Lx;tlng Netivorli Plmase Angle. 
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Front V-LW of Two-Clmnnol Smultaneous Range and Broadcast 

Transmtter. 

Front Vljl, of Redm Range Couplmg unit. 

Bear View of Ram.0 Range Coupling Unit. 

Expermentally Detemned Gomometer Charactzristx. 

Antsma Tunmg Unit, Cover and Shields Removed. 

Station Remote Control Rack. 

Gperatcr's Remote Control Racks and Desk. 



FIG I FIELD INTENSITY DISTRIBUTION OF 
A FOUR COURSE RADIO RANGE 
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FIG 2 FIELD INTENSITY DISTRIBUTION FOR PRODUCING 
A NON-RECIPROCAL COURSE ALIGNMENT 
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FIG 3 SCHEMATIC DIAGRAM OF RADIO RANGE COUPLING SYSTEM 
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ACTUAL CIRCUIT 
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IDEAL TRANSFORMER 
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EOUIVALENT CIRCUIl 

FIG 6 ACTUAL AND EOUIVALENT CIRCUITS OF ANTENNA 

TUNING UNIT COUPLING TRANSFORMER 



FIG 7 CURVES SH0WJNG THE VARIATION OF PHASE BETWEEN A PAIR OF 
ANTENNAS AS A FUNCTION OF ANTENNA TUNING FOR VARIOUS 
TRANSMISSION LINE ATTENUATIONS 





FIG 9 CURVE SHOWING THE RATE AT WHICH THE PHASE BETWEEN A PAIR OF 
ANTENNAS CHANGES WITH THE PHASE OF ONE ANTENNA CIRCUIT AS A 
FUNCTION OF THE TOTAL TRANSMISSION LINE AND TERMINATING NET- 
WORK PHASE ANGLE THE CONDITION B+0=90” IS EQUIVALENT TO (7) 



FIG 10 CURVE SHOWING THE RATE OF CHANGE OF THE MAGNITUDE OF TRANSFER 
IMPEDANCE WITH ANTENNA PHASE AS A FUNCTION OF THE TOTAL 
TRANSMISSION LINE AND TERMINATING NETWORK PHASE ANGLE 



FIG II FRONT VIEW OF TWO-CHANNEL SIMULTANEOUS 
RANCF AND RRCIAETALST TRANSMITTFR 



FIG 12 FRONT VIEW OF RADIO RANGE COUPLING UNIT 
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FIG 13 FIG 13 REAR VIEW OF RADIO RANGE COUPLING UNIT REAR VIEW OF RADIO RANGE COUPLING UNIT 
. _ _. . _ _. 



FIG 14 EXPERIMENTALLY DETERMINED GONIOMETER CHARACTERISTIC 
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FIG 15 ANTENNA TUNING UNIT COVER AND SHIELDS REMOVED 



FIG 16 STATIOP PiMOTE CONTROL RACK 
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