CIVIL AERONAUTICS AUTHORITTY

Bureau of Federal Airways
Technical Development Divasaon

Washington

REPORT NO. 8

REPORT ON CIRCUIT DESIGN FCR LOW-FREQUENCY RADIO RANGES

By
D. M. Stuart

Radio Development Section

November, 1939

ReoYo



TASLE OF CONT=NTS

SUMFARY = - = = = = m e o e e o
INTRODUCTION = = = = m — o m o e e e e e e e e e =
GONERAL DESCRIP™ION 4hD FRINCIPLES OF OPERATION - — — —

TEECORETICAL ANALYSIS OF RADIO RANGE CIRCUITS - - — — —

¥ s



REFPORT ON CIRCUIT DESICN FCR LOW-FREQUENCY RADIQ RANCES
T
0y

D. M, Stuart

SUMMARY
This report presents a discussion of the circuit theory involvsd in
the design of the radio range coupling system, and & descripticn of the
equipment employed in the latest type of radio rangs station. Particu-
lar emphasis 1s laid upon the thsory of the coupling system because 1t
15 the most important rpart of the entire equipment, and also bescause its
function 15 perhaps the least undersiood by those who do not have airect

contact with the problems of radio range operatiocn. Some of the theoret

cal work 1s new as far as the literature on the subject is concerned,

and the results are presented here for the first time i1n published form,

INTRCDUCTION

During the past four years the airways raaic range has assumed a
position of 1ncrcasing importance as an ald to air nevigation. This has
been brought about chiefly by the rapid growth of instrument and Yover-
the-top" flying in which the pilot must rely slmost entirely upon gromd
raalo aids for directional guadance and position fixing.

In order to keep pace with the rapid technical auvancement in the
fields of both aviation and radio, the Radio Development Section has
engaged 1n a2 continuous program of i1nvestigation lookaing toward the im-
provement of radio raige facilities.

Experience gained with the earlier forms of equipment has pointed
the wey to many i1mprovements in design and methcds of operation. It has,

however, been 1mpossible 1n most cases to incorporate improved design
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features in existing equipment without complétely rebailaing it.

On July 1, 1937, the Bureau of Air Commerce entered upon an ex—
tensive program of sirway modernization and construction, involving the
procurement of approxamately one hundred sets of radio range equipment.
An opportunity mas thus afiorded to specafy and obtain complete equip-
ment for each station, the component parts of whach were designed for
coordinatced opsration with each other, This involved a desirable de-
parture from former procurement procedure which, because of limited
finances, required that only a few 1tems of equipment be purchased at a
time as the need for them arose,

In specifyang the electrical characteristics of the eguipment for
the new stations, a number of important changes from past practice have
bzen made, These changes result i1n a simplification of the adjustments
necessary for the tuning process, and the aligmment and stabilization of
the courses. We will daiscuss here the general theory of operation of
the new equipment without, however, entering i1nto a comparative study of

the advantages of the new over the old.

GENERAT, DESCRIPTION AND PRINCIPLES OF QPERATICN
In Fig. 1 15 snown 2 polar aiagram of the distribution of electro-
magnetic field intensity about a four-course airway radic range. By
transmitting the two [igure-of-eight patterns alternatzsly, and keying
one with the ¥orse character A (.-) and the other with the character N
(=) 1n such a way that these complementary signals interlock, 1t 1s
possible to make a direct azurzl comparison of lhez receaved intcnsities

of the twvo signils. In flying thie range, Lhe pilot follows the course
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defined by the equisignal line passing through one of the intersections
of the field patterns. Devaation to right or left of thz course is
indarcated by predominance of one or the other of ihe 4 or N sigmals in
the headphones. When on course, a continucus unvarying tone 13 heard,
interrupted only by transmission of station icentification signzls at
24—second intervals. The identification signals are also transmitted
cnice 1n each figure-of-=1ght s¢ that the ratic of their intensities s
the same as that of the AN sirmals.

Theoretically the courses are aefined by the eguisignal lines which
are conceived as having no wdth. Actuelly, becavse of the 1mability of
the human ear to detect changes 1n signal levzl of less than about C.5
decibels, the courses appear to have a finite widin of spproximately 3
degrees under i1deal conditions. In mountainous country, i1t 1s not pos-
sible tc reaixzze the 1dez’ performance which may be obtainad from radio
ranges located in level terrain. Reilection of energy from large verti-
cal obstacles, such as mountains, cistoits the radiataon patterns so that
they may i1ntersect at more than oune pcint, and thus produce multaple
courses. This 1s an entirely natural phenomenon ond 1s not to be associ-
atead 1n any way with malfunctiommng of the equipment 1tself.

Two types of antenna systems ara in current use at the various radao
ranges, both of which have the directieonal characteristics 1llustrated
in Fig. 1. One of these consists of two crossed loops intersecting at
thair centers with thelr planes at right angles. The other 1s the modi-
fied Adcock antenna, the present version of which consists of four verti-
cal steel tower radiztors symmetrically daisposed at the corners of a

square, and excited from a centrally located transmittsr. Since the loop
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system 1s subject to severe course sw1ng1ﬁg auring the hours of dark-
ness, 1t has been largely superseded by the Accock system, which is
free from this defect., Accordingly, in this report, we shall limt our
discussion entirely to those ranges employing the Adcock antenma system,
The simultanecus range and broadcast stations require, 1n adcition
to the mcdified Adcock system, a Tifth central antenna for the trans-
mission of carrier energy ana speech. A discussion of the operaticn of
this type of range has been given slsewnerel and wmill not be repeated
here. However, the contents of this report will apply ecually to either
the similtansous station or to the older type of range because there is
no fundamental cifference in the circurt arrangements between the tuwo,
Witk the modaified Adcock system, 2 symmetraica) figure-of-sight
fi1eld pattern 1s radiated when two ciagonally oppesite antennas are
excited 1n such a way vhat thexir currents are egqual in magnitude and
180° out of phase. If the phase differs from 1800, within certain limits,
the pattern sti1ll retains the general form of the iigure-cof-eight, but
becomes unsymmetrical with one lobe larger than the other. If 211 four
radiators of the system are excited simulianeously, a {igure-of-cight
pattern is proauced whose axls assumes a position with respect to the
radiators dependent upon the relative current smplitudes in the two diag-
onally opposite pairs. By mzking the proper adjustments of the phase
between oppesite radiators, the relative currents in diagenal pairs, and
the ratio of poewers supplied during A& end N transmissions, 1t 1e possible

to proauce, alternately, two figure-of-cight patterns at raght sngles,

Iy, E. Jackson & D. Y, Stuart, Proc. I.R.E., Vol. 25, No. 3
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which intersect on any arbatrerily aseigned z2lignment of rcurses. Thas
15 11lvstrat:d in Fig. 2.

In Fig. 3 15 shom a simplified schematic diagram of the coupling
system in use at the new rzdio range stations. Let us trace through
the operation of the system, considering separately the function of each
1tem of equiyment.

St ting at the output terminal of the transmitter, the first
elwmznt of the ceupling circuit encountcred 1s the Jaink circuit relay.
The funci.on of this relay i1s to swatcnr the redio frequ=ncy output of
the transmatter from one gonicmeter primary to the other, In physical
construction, the relay 1s of the polar type, designed for rzpad change.-
ovar, It 15 energized by an automataic, molor—driver keying device not
shovm on the diagram. In operation, the armature moves to ths left con-
tzct end remains there cduring the Jash of the letter N, thon to the right
contact —aking the dot of the letter A, back to the left to make the dot
of the N; and finally to the right to m-i"e the dash of the A after vaach
the entire sequence 1s repeated. In order to cobtain e smooth interlock
of the two signals, the relay contacts are acjusted so that no appreci~
able gap occurs 1in the scquence of opsraticns.

The goniometer 1s a varisble coupling transformer uscd to rocgulate
the relative energy supplied to the two diagonally orposite pairs of
antennas. It consists of two mutually perpendiculsr primary windings
inquctively coupled to two mutually perpencdicu’ar secondary windings in
such a way that when the primary waindings are rotated rcelative to the
secondary windings the mtual inductance follows the law

dstosis



M, =M,CosG for Secondary #1

My = MgSING for Secondary #2
where Mg 25 the putual inductance at maxymum courling, end G 15 the
angle between t*e primary winding under consideration and #1 -econdary

winding. For the other primary waniing we lLave, of course,

M, = MoSIN G for Secondary #1

M'2= Mo Cos G for Secondary #2

If energy 15 applied to the N or lelt praimery, the voltage applied to
the transmssion lines tc antonnas 1 and 2 111 pe

Ejp= EgCos G

wnile that znplied to the liwzs to antemmas 3 znd 4 wll be

E34= ES SIN G

The rssuiting field pattern, assuming all lines to be of equal length,
and preoper aajustment of the antennas, irould be a symmetrical figure-of-
e1ght with axis i1nclined at an angle G to the line of antennas 1 and 2.

With energy applied to the other primary we would have

E;j2=—EgSING

E34= Eg C056
and the field pattern would be 1dentzcal to the first sxcept rctated by
Q0 degrees 1n space. The courses promced by this errangement would be
90 degress apart and aligned at angles of 45 oegrees ¥ G to the diagonal

tover lines It 1s obvious that rotatinon of the geriometer windings

through a given angle w1l rotate Lhe range courses through the same
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angle under the above outlinzd cond:tions The L pad connected 1n one
of the primary circuits 1s usad te regulate the relative power applied
to the primaries, and thus control the relative field intensities of

the figure-of-cight patterns. Tts use 1is avoidea insofar as 1s prac-
ticable, but 1t 15 essential in securing so-called "squeezed courses.”

The T sectinn srtificial lines inserted in the circuit between the
genrometer secondaries and the real lines are azajustzble phase sbaitang
networks, and are used only when the course aligmment requires that
opposite towers operate &t phase differences of other than 80 degrees.
The raal transmission lines -thich welavzr cnergy to the antenna circuits
are of the concentric conductor variety end are usually buried in the
ground

The antenna tuning unit consisis of a losuing inductance to adjust
the recctance ol the sntenna circuit, and a varizble coupiing trans-
former to match the antennz i1mpedonce to that of the 1line., FProvisions
are made for varying the reactance of the primary w_nding of thke trans-
former by mezns of a sseries variavle conaenser, cnd for reversing the
phase of the antenna current by rotatzocn of the secondary wincing to
eilther side of the zeroc courling pesition,

The raciating elements of the nolified Adcock antenna are insulated,
self-supporting steel towers, 125 fzet 1n heaght. At the frecuencies
employed (200-400 ke¢) these towers have an =lectracal length of only 9°
to 180 and are egquivalent to a2 lumped cepacaity in series with a resist-
ance. The total resistance of the antemna circvit, exclusive of the
loaaing coil, 18 aprroximately L.5 ohms. The eguivalent lumpsd capacity

of the tower 1s approximately 8.5 micromicrofarads. At 200 kilocycles
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then, the rmpedance of the ontenne 1s 1.5-3%29 chms. It 1s svicent
that .f the reactive component of this impedance 18 recsonatcd by wmcons
of the loading coil in the tunming unit, the r.sultant impedance of the
circuit wall vary videly for small changes in antcnna capac ty. The
problem presented by this circumstance Zerms ths basis Tor the discus-

sion 1n the following section.

TI EORETICAL ANALYSIS CF RADIC RANGE C1RGJITS

It nas been pointed out that the location of the ccurses emanating
from a radioc range depends upon the phase and amplitude of the currents
flowing in the varaous radiating elements of the antenna system. In
general then, 1t 1s to be expected that variations in antenna constants
will alter the established current relations and thereby cause a shift
in the position of the courses. It 15 obviously impossible to prevent
small variations of the electrical constants of any practical antenna
system which 1s subject to the effscts of chansing weatner and gronnd
concitzons. However, i1t 1s rossible by means of special circuit arrange-
mznts to minimize the effect of artemma detunming upon course alignment.
Since thess circuits comprise such an important part of the radic renge
coupling system, and verform such an essential function, they wall be
niscussed here at scme lcength.

In Ffig. 4 1s shown a schematic diagram of the transmission lines
and antenna tuning wvnits 1nvolved in supplying power to a pair of aiag—
cnally opposite antenna towers. In this diagram, the electrical con-
stents of the towers are represcnted by their 2umped circuit egrivalents.,
In what follows we will first 1cealize the transmissicn line and coupling

transformer praimary by ass umng that tne former has ne attenuation and
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that the latter has no resistance. For an eflicient coupling system,
these assumpticns ave justified, and lead to results wnhaich arc a very
close approxamation to the truth. After i1llustrating the theory under
these assumptions, the cffects of circuit losses on the system wall be
considered. We will adhere to the use of the following symbols fer
designation of the mest important electrical paraneters, znd will intro-
auce and defaine additional symbols i1n the text 2s the need arises.

& = Electrical length of transmission line.

2o~ Characteristic impedsnce of transmission line.

Zg= Driving point impedance of transmission line.

Z, = Self impedance of primary circuirt.

Z, = Total irmpedance of primary circuit (sel! impedance plus

reflected 1mpedance)
Zy= lutvel impedance between ~onicmeter win.ings at —axaimum

coupling.

I~
3
f

= Impeclance of goniometer pri-ary #1.
Zpp = Impedance of goniometer primary #2.

2o = Impedance of sccondary circuit.

Es = Trancmission line uriving peint voltage.
E, = Voltage applied to primary circuit.

I = Current in promary circuit,

I, = Currcnt in secondary or antenna circurt.
lg = Tran-mission line criving point current.
¥ = Phasc angle of antenna carcuit.
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At the coupling transformer of -ntenna A we nave

E=4 2, +L 2,
o= II 2!2+ Ia 22

(1)

from which
= T g _— =2
2, 2, 2|, (2)
Zpp (3)

In cur notation the voltage at the senaing end cf the transmission

line 18 g£1ven 1n Lorms of the roceiving end veltage and current by

Eq=E,C0s € +ul| %2, SIn € (4)

Using (2) and (3) in (4), we obtain for thre transfor impedance

relating the antenna current teo the lire scnding end voltage

Zszz%z Z,008 &- i—?z (2, cos&+uZosin @) (5)

From 1nspection of (5), 1t may be scen that Zgz Will bzcome 1nde-

perident of the antenna smpedance Zp 1f we make
Z2,C0s & +iEy SINE=0 (6)
Solving (6) for Z;, we obtain

==uZy TanN € (7)

& $osta



and

By satisfying equation (7), we establish a constant-veltage

constant-current relation betwe=en the sending end of the line and tre

he line and coupling souipment may €

% s 1 b PR YR
eIl De LOUKSeA
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I=

l_l
-

=]

o+

upon as comprising a modification of one of the networks asscciated
with the name of Boucherot, the prcperties of which are -vell known. It
may be shown from the theory of i1deal transmiscion lines that the react-
ance -ZOTAN < 15 exactly the zmount reguired te tune & short cir-
curted line of electrical length € to series resonance, Tnis fact 1s
made use of, as we shall aescribe, 1n the practical adjustment of equip-
ment 1n the field.

Equation (7) represents a physically realizable concition except
for ©=90° 1n which case an infinite value of primary circuit react—
ance would be required., In practice, however, the clectrical lengths
of the transmassion lines are always sufficienlly removed from 90° to
prevent such a dafficulty from arising. Suppose now that the primary
reactance at Antemna A 1n Fag. 4 1s aujusted to enual —Z, TaN €.

Then as the tuning of the antenna circuit is varied, the ratlo-%f-re-
mains constant as given by 8. Since the voltage Eg 1s common to the
transmission 1inzs to both diagonal antennas, the ratio of the currents

1n the two antennes remains constant. Thus 1f the primary circuat at
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cacn of the four antennas 1s adjusted in accordance with (7), the
established phase and amplitude relations of Lhe currents in opposite
pairs will be preserved even lhough the antennas may become cetuned
by ranaom variations 1n capacity or resistance.

In addition to satisfying (7) at each antenna tuning unit, 1t 1s
aesirsble that the totel impedance presented by each primary circuit
should be sdjusted to match the line i1mpedance in order to obtzin an
efficient transfer of power, and eliminate standing weves {rcm the line,

1t may be shown from (2) and (3) that the total primary impedance 1s

given by
?_2
= —_ 2
ZII - z] zz (9)
which 1s squivalent to
2 R X2 x
= 21272 J(x -~ =—2) \

Since the characteristic impedance of our line 1s a pure registance,

1t 15 required that

2
X3 Ry
Ty 2o (11)
RZ + X2
and
2
X, X
|- 12 2 - (12)

2 .
RZ + X2

250 5
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If we define the phase angle of the antenna circuit as

g=Tan"' %ﬂ (13)
2

we may rewrite (11) and (12) as

VEoRe

= 11.1
7 Cos o ( )

Tan P =-Tan © (12.1)

whach are the circuat relations which must obtain in order that the
line impedance will he matched,

In applying the results of the foregoing analysis to the actual
adjustment of equmapment in the {1eld, 1t 15 only necessary to carry
out the following simple procedursa.

After the transmitter is adjusted to cperate on the assigned sta-—
tion frequency, each wnding of the gomiometer 1s carefully resonated
by means of the series varliable condenser provided for this purpose.
Next, the sending ends of the transmission lines are effectively short-
circuited by a resistance of one ohm or less, and a small radio frequency
voltage 1s applied across thils resistance. With the antenna circuit
opened, the condenser in series with the transformer praimary at each
antenna tuming unit is adjusted until rescnance of the entire transmis-
sion line is indicated by a thermogalvanometer inserted in series wath
the primary winding. Since this adjustment is made to satisfy (7), it
15 clear that 1f artificial lines are to be used they must be 1ncluded

1n the carcuat at the time of the adjustment. Without disturbang the
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setting of the primary condenser, the antemna circuit rezctance and
the mitwal inductance of the transformer are next adjusted so that the
i1mpedance presented by the primary matches the characteristic imped-
ance of the transmssion line., Thas establishes the circult condi-
tions specified by (11.1) and (12.1). During the antenna tuning oper-
ation, all of the towers except the one under adjustment should be
grounded i1n order to avoid the effects of their mutual impedances.
While this procedure 1s recognized as being not strictly correct, it
does not result in any serious misadjustment in the present case and is
recomended for 1ts simplicity.

After the tuming procedure has been completed, the gonicmeter,
artificial lines, and course shifting pad may be adjusted to previcusly
calculated settings to secure the desired course aligmment. The method
of making these calculations i1s well known, and will not be described
here. It may be said, however, that very accurate results may be ob-
tarned, and the time required to align the courses reduced to a mrnimum
1f the calculations are carefully made and applied.

It must be mentioned at this point that when (7) 1s satisfied, we
are limted to operating opposite antennas at a phase dafference of
exactly 180 degrees, since the transfer impedance given by (8) 18 a pure
1maginary, indicating 90 degrees phase difference befween line voltage
and antenna current. Under this condltlén, course aligmments would be
restricted to those in which opposite courses are 180 degrees apart. If
1t 15 desired tc depart from this reciprocal bearing relation in course
aligmment, opposite antennas must be operated at phase differences other

ELL P
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than 180 degrees in vhich case 1t 15 irpossible to satisfy (7). lhe
transfer impedance Z5, «ill nc longer be independent of antenms tur -,
end 2t 1s to be expected that variations wn tower constants will alter
the phase of the antenna currents, and thercby shift the courses. Tor
this reascn, 1t 15 to be emphasized that & non-reciprocal courss align—
nent can only be obtained by an unstsable adjustment of the cgquipnent,
and 15 to be avoided wherever possible.

Let us consider now a racdio range adjiusted in accordance with the
above cutiined proceaure and havang a reciprocal aligrment of courses.
Supnose the goniometer to be set on zerc degrees so that one pair of
towers 1s excited only during the N aznd the other pair excited only dur—
ing the A, If one of the towers becomes detuned, let us say one of
those which radiates during the A signal, the current i1n bolh of the A
towers will fall off egqually while the current in the N torers will be
unaffected. The field intensity of tne A lobes will be reducsd, and the
location of all of the courses »11l be stifited. This occurs regardless
of our ccnstant current netirork because of the necessarily impsrfect
regulation of the voltage source. Suppose now that under the same con—
dificns the gonicmeter i1s set on 45 cegrees. Loth of the gomiometer
seconaaries are then equaily coupled to each of the primaries and the
iniuced seccndary voltages are at all times equal. Since the secondary
winuings have been tuned tc exact resonance, the <ntire secondary volt-
age appears across the trensmissicn lines so that the sending end volt-
ages on each pair of lines are always equal regardless of the impadance

presented by the lines. If then any one of the antennas becomes detuned,
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the currents must drop equally in all Zour and the course alignment
1]l be unaffectad. It 1s thus seen that maxamm course stability is
obtained when the geniometer 1s set at 45 degrees and that any depar-
ture from this setting invelves a sacrafice 1n stabality.

In order that the gonicnmeter may be se¢t on 45 degreecs, the course
gligmment must be lknown prior to tre f1me the towers are erected so
that they may be properly oriented. It has been the policy to locate
the towers for optimm stability wherever possible, and it 1s therefore
censiderad highly desirzble that the originally established course
alignment be adhered to xn order that this stable condition may be pre-
served.,

It has been pointed out that for goniometer setiings other than
45 degrees, the degrse of course snifiing which oceurs when an antemma
bececues detuned 15 a function of the regulation of the power scurce or
transmitter. Let us investigete the effect of antemna tumng upon the
various 1mpedances of the coupling system in an effort to determine this
Iunctional relationship.

It nmay be shown from {rsnsmssion line tasory that the input 1mped-

ance to cne of the lines will be given in cur nctation by

Z, Cos6+.Z,SINE

Zg= 7 1
s 020 Cos@+JZ,Siné (24)
22
Putting Z,= 2/~ an ana letting 2, =—JZ,Tan©
2
we obtain
2 2
2g=~ 2o Z;p Cos & (15)

2,2,~JE5SIM © Cos @

Z %4
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Since the line 1s to be matched initially, the value of mutual 1mped-

ance of the coupling transformer wall be given by (11,1}, 2.e.,

11.2
Cos? @ ( )

2h == XiF -
It 15 to be ncted that the value of R, prevailing 2t the {time when the
antenna 1s originally tuned governs the value of £, However, -vhen
Z,2 1s cnce established, 1t 1s not subject to rencom variations since
1ts value depends only on the geomctry of the transformer. The type of
antenma which we are considering 1is subject to rather large changes in
capacity accompanied by only very minor variations in resistance. There-
fore, i1n what follows 1t wlll be assumed that only the reactive term of
the impedance 2, 1s variable, Substituting (11.2) 1n (15} we obtain

after some manipulation

29

2s S TFa(Tan ¥+ Tan @)

(16)

Eoguation (16) gives the input i1mpedance to a single transmssion line
in terms of the phase angle of the antenna circuit. The 1mpedance
presented to the goniometsr seconadary by the two lines in parallel under

the condalion where cnly one antenna has been detuned is

Zo
24+4(Tan ¥+ Tan ©)

£g =

17)

If the mutual 1mpedance between cne secondary and cne primary of the

geniometer 2% maximum coupling 1s given by Z,, =4Xy,, and the goniom-

eter setting 1s 6 , we w11l have for the primary impedances when all
AP ¥
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gonmometzr circults erz self -resonant

2
Zp =2Xu 4 JXiCOSae(TAN"P-F Tan 8)

1 zO
. (18)
Ze, =2—zx”- + o X2 SIN? G (Tany + Tane)
0

It 15 1nteresting tec note that under conditicn (7), tre r.sistive
component of +he gonlometer prisary impedance 1s i1ndependent of antenna
tuning. When an antenua becomes detuned, the effect 1s merely that of
introducing a reactive term in the pramary circuit as indicated by (18).
As would be expected, when G=:45O the two primaries have the same
impadance under all conditions of antenna tuning.

The curve of Fig. 5 illustrates the way in which antenna current
varies with artenna tiuning under typical cperating conditions, In
plotting thas curve frem equat-ons (18), 1t was assumed that 6 =0
and the impedance of the generating source was 25% of the prirary resist—
ance of the gomiomster., It 1s apparent that the higher the resistancs
of the anlenna circuit or cof the generating source, the more nearly the
current will remsin ceonstant with changss in antenna reactancs.

In the preceding analysis, as was stated at the outset, the cou-
pling circuits have been assimed te be resistanceless. The results
obtained under tnis assumption are an a~curate representation of the
true state of affairs as far as indiceting the correct adjustment of the
various circuits i1s concerned. It becomes necessary, however, to take
account of the losses in the transmission lines, «nd the antenna cou-
pling unit prinary circait in order to arrive at a quantitative estimate

of the cegrze of aspanvience of the transfer impedance Zgp upon the
= DY
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antenna impedance 2,

In considering the elfect of line attenuation and transformer
primary resistance, i1t 1s convemient [lor purposes of analysis to re-
place the coupling transformer by 1ts equavalent circuit as shown in
Fig. 6. Since the resistance of the transformer secondary merely aads
to the resistance of the antenna circuit and has no effect upon the

transfer impedance, we may write for the eguivalent circuit parameters

1’ +
ZA= F"‘-I-J)ﬁ—.l)(‘2 ——--F{I Jx' (19)
J Xg
R +u4X
Zo= 0 X :
c 12 \‘ 3 Xp

Tne characteristics of the T secticn may be obtained from the well

known relation

2y _VRAUX, YoXe | Padﬁ

Ze X, (20)

Coshy= [ +

where P =YXz YR, + X,

i
and 2
ihe real and imaginary parts of whach sre the attemuation amd phase

constants respectively. We have then, expancing Cos h Y and equating

rzals and 1maginaries
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Cosh a Cos b =pPcCos §

(21)
SINh d SiINnb =PSINn b

Irom which

2 2
\/HPZ'S\I(I +p2 Y_ apfcod § (22)

Cos b=
end
SINh &= P Sinbd
'\/i +p2 X1+ p?)2— 4570052 § (23)
2

n a practical system -uchk as the cne under discussion, the following

approximations dre always valid

e 2
X R
>R (22)
§ <10°
We may wraite taen with negligible error
Cosb§=10 (25)
p =YXz
X2
Usang (7), (32.1), and (32.1) 1n (25) we obtain the result
p=Sin©& (26)
and from {22) we have
Cos b=SIn©,
(27)

The angles b and € are thus shown to be complcmentary.
To the degree of approxametion which we have adopted (23) r=auces

to

Lo o
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R R
=—=T e=—1L1_ 28
Sinh 4 2X, AN 57 ( )

R
and since 1n practice 2;_5 15 very small we may put
0

RI
2o

a-=

Summparizing our analysis up to this point, we nave debtermained that the

propagation constant of the T section of our equivalent circuat is

given by

In arrivang abt these results, 1t has been essumed tnat the actual cou-
pling circuit 15 adjusted so that (7), (11), and (12) are satisfied.

The angle® 15 the elsctrical length of the real line which would be usea
with the coupling system, as adjusted, to satisfy (7).

Considering now the composite circurt formed by the real transms-

sion line, the T section, and the i1deal transformer coupled to the antenna,

we will have for the transfer impedance

2
sy = Z,NCosh P+ 22 Sinh P (29)

vhere
nt= impedance transformation ratio for the i1deal transformer.

P = propagation constant for the composite line.

Ao



Since frem (27) the total electrical length of the composite line 1s

shown to be 90°, (29) becomes

Z
Zg, =jn2-28mh°(+ji—g Ceshel (20)

= +d
where i d!

=<,ba1ng the attenuatron constant for the real Jine. Putting

2, = Rt 1 X, we may write

1
2
(Z, Gos h2a¢r n* R+ X2) SinhPet+ 2n°Z R, SiNh=<Cosh] 5”’
h

(31)

2‘32

Z Cosh o<+ nZR, Sinh o

-1
= p— 2
d = Tan "2 x, S (32)

In practice the antenna reactance 1s subjest to so much wicer varia-
Trons than 18 the rasistance that we may consider the resistance as
& constant and write

|
2 s 10
(25 (Coshec+3imhad) + % x5 Sinh%ex)? €
Zgp = 0 (31.1)

Zo(1 +CoTh o)

= "__
b= Tan R

(32.1)

It may easily be cemonstrated that variation of the magnitude of Zgp
with changes of X, 15 orly of rinor importance i1n 1ts effect upon
course alignment as compared with variations in the phase, §. Let

us then locus our attenticn upon the relaticn (32.1).

2 oo
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It 15 seen that 1f = =0

b= Tan-! (—o0 ) =90°

and 18 entirely independent of the value of X,. Thus the lower ve make
the attemuztion of the composite cirguit, the more nearly we may
approach this ideal condition. The curves of Fig. 7 show the phase
angle § as a function of X, for various line attenuations. Im Fag.
8, similar information i1s presented 1n a slightly different manner.
Here the phase shaft and course shift which may be expected to occur
with a2 fixed amount of antenna aetuning are plotted zgainst the attenu—
ation of the line being used. These curves 1llustirate forcefully the
necessity for using transmission laines and coupling transformers having
the lowest possible lesses.

Up to this point we have studied the behavior cf our circuits,
always under the assumption that they were acjusted to satisfy (7).

Let us consider now the effects of departing from (7 ) as 1s necessary
1n securing nen-reclprocal course aligmmsnts.

We w1ll assume that cuwr coupling transformer is adjusted so that
its transfer impedance 1s givan, to the degree of approxamation avopted
1n the preceding work, by‘-%ﬂ-ﬁ}b « When this 1s operated in conjunc-
tion with a transmission line of electrical length -8, we will have then
for the phase angle of the transfer impecance referred to the sending

end of the line
©=b+e

Since we are not now restricted by (27), we must detcrmine the valae of

£ staie
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our transfer impedance from (2%) by inserting

P= ¢+ 1€

We have

i
Zgo = N(Ry+1X,) Gosh{o(+18) +§J Sinh (ect+1€) (30)

Putting

2
n R2= 20

X, =2 Tan ¥

and expanding the hyperbelit functions we obtain
?_'523%' (CoshocCosO'-TANPSINRO<S ING + SINhoLCos ') +
+1-52 (Sinhe< SING +TaN @ Coshex Cos8!+ Coshoc Sin6)
which may be writtien

z 2 '
252=—ngBCosho<+ Srth:-c) +SIN26 Tan ¥ +

L
+{SinPxSIN2 g + CoshZoc CosZE) Tan2 TJEEJQ (31.2)

where

LY Cos®'
$= Tan-' SIN'GI"r [+TanheC
Cos©— TaANY SING'

I+ CoTh o¢
LAo ¥y

(32.2)
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Since we are pramarily anterested in the rate at which &5, and B vary
wmth ¥ , let us form the derivatives of 1hese functions ana study

thelr behavaor, It may be showm thet

Sin%o' cost &

2

d_ SECT (I+00Thc>< +|+TANh°<) \

49" 1+Sin28 'rauq;(COTh“—TANhK )+TAN2T SINZE’ Cos?g ) (33)
2+ TANhex+CoT hoe +CoTh<}? (I+TaNhox f

and

dl2gp| — ZoS|N2GSEGE‘P+2TANWSEC g (Sinn®ecS1N® ©'+ Cos X Gos 26 )
dP  2n[(GCoshect+Sinhoc+SIN2ETANY +(SinnPecSin? '+ CoshiecCos®e' TANZQJ‘ {34

Evaluating these at Yy =0 whaich 15 the proper antenna tunming for our

transformer equivalent c¢ircuit, we obtain simply

@ _ S[NZGI cos?¢o
d T 1+Cothec 1+ TANheC (35)
¥
¢=0
dLszl_ SIN 28"
. 2n Coshoc+ SiNhoc (36)

(35) and (36) are shown graphically in Figs. 9 and 10 respectively.
The mumerical value of these differential coefficients 15 a measure of
the degree of aependence of the transfer impedance upon the impedance of
the antenna circuit. As would be expected, each of the curves passes

Q
through a mmmum at b+ €=90 which 1s the phase angle at which

28 sp
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(7) 1s satisfied. It 1s interesting to note that for b+&=90°
the amplitude of Z4, 15 absolutely 1ncependent of ¢ for small varia-
i10ons, while the phase 1s still dependent to a slight aegree on ¢ be-

cause of losses in the line and coupling system.

ECLIPMENT

In specifying the equipment for the new ranges, special attention
has been devoted to securing well coordirnated operation of all of the
component parts i1nr accorcance with the foregoing theory. The praincipal
aim has been to provide for maintenance of the established course align-
ments within a tolerance of 1.5 aegrees under all reasonable operating
conditicns. In order to insure contimuity of servace, those 1tems of
equipment 1n which failure 1s most likely to occur have been installed
1in duplicate with provisions for switching to the stanacby unit in the
event of a brealdeown of the regular equipment., Standby engine driven
generators are installed in the range building to take over in case of s
farlure in the commercial power source.

In Fig. 11 15 shown a photograph of the transmitter. Thas 1s a
oual umt with two independent radio frequency channels operating on
frequencies differing by 1020 cveles One of the channels delivers 400
watts of carrier power, which may be modulated 70% by speech, to the cen-
ter antenna. The other delivers 275 watts of ummodulated energy through
the rcupling system to the four corner antennas. The audible tone sig-
nals at the receiving end are producea by the 1020 cyrle beat between
the coerrier, anc the single sidehand radjated frem the corner antennas.
Tp1s beat ~ote xs rainteined by the freaquency aifferonce of two matched

A-cut cuartz plates which supply the primary excitation to the twe

o2 7 4y
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channeis of the transmitter.

The covpling unit shown in Figs. 12 and 13 includes two link car-
cult relays, two keyang devices, a course shifting pad, the gomometer,
and the artificlal lines, together with the necessary tuning condensers
and other auxiliary equipment., The relays and keying devices are pro-
vided in duplicate as a standby measure, and to simplify the switching
operations in changing from one transmitter to the other.

In the design of a goniometer, one of the most important consider-
ations 1s that of cbtaining a variaticn of mmtual inductance with rota-
t1on which approximates very closely to a sinusoidal function under
operating conditions. In the present equipment, 1t was required that

the mutual inductance should follew the law

M =MySING

within a tolerance spscified by

M-IM.SING
Mo
with the further restriction that
M(at 0°
_j____j_<:‘0'
Mo

The margin by which these minimum requirements have been exceeded 13
1llustrated by the experimentally determined goniometer characteristac
of Figa 14. The value of Mg, , the mutual inductance at maximum coupling,
has been chosen such that t e iwmpedance appearing at the primzry termi-
nals during normal operation 1s from 50 to 200 ohms depending upon the

operating frequency. It has been deterraned that this range of impedances

L sty
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cencentrically by i1solantite doughnmut shaped insulators spaced erory
6 inches. The calculated value of characterastic impecance 15 68.5
ohms. Actually, because of the presence of the insuistors, the meas-
ured value 15 55,3 ohms. The attenuation at 300 kilocycles has been
determined by measurement to be 0,185 decibel per thousand feet, and
the phase constant at this {requency 1s 115.C degrees per thousand feet
which correspends to a velecity of propagaticn of 0.955 times the free
space veleccity. AL the olaer range stations, two conductor parkwzy
cable, havaing an attenuation at 300 kilocycles of aspproxamately 1.0
decibel per thousand feet was used. The i1mprovement in course stabil-
1ty resulting from the use of the new lines as compared to the old
lines may be seen by reference to Fig. 8.

The antemna tuning unit showm 1n Fig. 15 15 ccenstructed in a
weatherproof aluminum house and one unit 1s monted at the base of each

tower upon a framework of steel angles. The loading inductance 15 com-

and an adjustable roter cecil, The coupling transformer has a primery
inauctance of 200 microhenriss, and a maxarum rmutual indue tance of 60
microhenries. The primary 1s wound with hesgvy litz to reauce losses tco
a mnimm since losses 1n this circuat affect the course stebilaty. The

pramary Q at 300 ldlocyeles 138 350

;. 3 which correspends to a resastance of

{

approxamately 1.0 olm. The variable primary tuning condenser has a
capacity of 0,0CL mrcrofarad, and a plate spacing of 3/8" which gives
1t a peak rating of 4500 volts. Fixed condensers are provaded to oper-
ate in parallel with the variable ccndenser to give a total continuous

range of capacity of from O te 0.005 microfarad,

WD o
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In adaition to the antemna tuning ezguipment, each tuning house in-
cludes choke corls for tower lighting and a lightning arrester to pro-
tect the equipment in case the antenma 18 struck. The method of
laghting employed is a single wire system in which the tower 1tself acts
as the return circuit. The tower is effectavely grounded by the light—
ing choke as far as power frequencies are concerned, but retains a high
i1mpedance to ground at radio frequencles.

In choosing a tower radiator for radio range operation in the 200-
40C kilocycle band, a number of factors rmust be taken irto account.

From the standpoint of radiation efficieney a very high tower 1s indl-
cated. lowever, since radlo ranges arc generally lccated 1n the vacimty
of air termimnals, the towers must nrot be so high as to constitute a
hazardous cbstruction to aireraft. Economic censlderatiens arc also a
Factor tending teo limit the height of the antermas. A4s ithe best 211
around compromise, the towers which are used are 125 fset high, and

tzper from a 5-feot squars crosg sectlon at the base to 2 1-foot square
section 2t the top, The four legs of the tower rest on porcelzin com-
pressicn insulators, and are held dorm by means of fie rods running to a
fifth insulator at the center of the base, The entire insulated tower

is supported on an 8-foot steel substructure which in turn is anchored
into a reinforced concrete pirer rising approxamately 2 feet above ground
level. Each fower base 15 surrounded by 2 wire mesh counterpolise sup-
ported at a level 2 feet below the insulaters by structural steel ccolumnms.
The function of the counterpoise 1s to minimlze the possibility of varies-
ti1ons 1n antenna capacity math chenging cond.tions of the earth and

vegetation 1n the immediate vacinity of the tower base.

Ziogrs
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Fig. 16 shows the range station control rack which conteias a’ _
of the switching and auwxaliary equipment required for the operatic: of
the range. The upper panel carries the interccmmunicaling phone zrd
a two-motion Strovoer machine svatch which contrels all of the switch-
ing oparaticns at the station, and may be cperated by either the local
daal or over a telephore llre by & remote dial, The nexv lower panel
is & conctant level amplafier which prevents overmodulation of the
carrier during speech broaccasts and holds the average modulataon at
a relavively haigh level., 3Below the desk 15 installed a band elimina—
tion falter which eliminates frequencles in ths neighborhood of 1020
cycles from the voice during broadeasts, and thus reduces interference
between speech and range signsls., A line equalizer which corrects the
frequency characteraistic of the telephore line to the ramotz control
quarters 1ls located 1mmedaately below the filter panel, The lower com-
partment contains g voltage regulator and a rectifier which supplies
powar for operation of the various relays of the control system.

The operatoerts rack at the :cmote control guariers 2s shown in
Fig. 17. The centrcl equipment cconsistc of the interphone and dial
mounted i1n the left rack, ana the miccrophone to line zmplifier and
nenltoring wnit located in the right hand rack., A1l of the other space
in the racks i1s teken up by receivers for tro-way commmcation with

aircraft.
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FIGURE INDEX

Field Intensity Distribution of a Four Course Radio Range.
Fi1eld Intensity Distribution feor Producing a Non-reciprocal
Course Alignment.

Schemstic Diagram of Radio Range Coupling System.

Schematic Diagram of Coupling System Involved in Exciting

Orie Pair of Diagonally Opposite Antennas.

Curve Showmang the Variation of Antenna Current with Antenna
Tuning When (7) 15 Satisfied.

fctual and Equivalent Circuits of Antenna Tuning Unlt
Coupling Transformer.

Curves Showing the }arlatlon of Phase Between z Pair of
Antennas as a Function of Antemnna Tuming for Various Trars-
mission Line Attenuations.

Curves Showing the Phase Bhift and Course Shaft Which May

be Expected to Occur for a Fixed Anvenna Detuning (—XF‘.—Z= 3 0)
as a Function of Line Attenuation. These Curves do not

Pass Turough the Origin Because of the Losses 1n the Trans-
former Primary.

Curve Shomng the Rate at Which the Phase Between a Pair of
Antennas Changes with the Phase of one Anteénna Carcuit as a
Function of the Total Transmission ILine and Terminating Network
Prase Angle. The Conoition B +0290° 1s Equavalent to (7).
Curve Showinz the Rate of Change of the Nagnitude of Transfer

Impedance vath Antenrna Phase as a Function of the Tetal Trans-

mission Iane and Terminatang Network Plase Angle.
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Front View of Two-Clannel Simultaneous Range and Broadcast
Transmtter.

Front View of Radic Range Coupling Unit.

Rear View of Raaiac Range Coupling Unit.

Experimentally Determined Goniometer Characteristic.
Anterna Tuning Umit, Cover and Shields Removed.

Statzon Remote Ceontrol Rack.

Operater's Remcte Control Racks and Desk.



FIG 1

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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ANTENNA TUNING UNITS

TRANSMISSION LINES
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FIG 3 SCHEMAT!IC DIAGRAM OF RADIO RANGE COUPLING SYSTEM
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FIG 6 ACTUAL AND EQUIVALENT CIRCUITS OF ANTENNA
TUNING UNIT COUPLING TRANSFORMER
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FIG 9 CURVE SHOWING THE RATE AT WHICH THE PHASE BETWEEN A PAIR OF
WORK PHASE ANGLE THE CONDITION B16

24 oK p



)
s

L

P i

—
AN AN

i

T
I

T
Ty
Il

|l

I

| T
el L]

fHI
L

Ty 1T
I

41T
pnE

.

L

T

I
1

W_Wﬂn_n & ] o \%m“ MMH ro e HH § FeEe R R H ,Hnrr.u\.lu o |H I mHJ,u M_ H
Emany [waEx ANE ‘-_Hmu S e e e e P ak ri FH H Eiteaj
) FEee e Ee e R O e e R P R (R e e e, e e ] ARER
H-H M Ha FHH \Wu_u Eamyulzmalinss u\r-_mw muslanplaEnann u_u-u_uu.._h e T uu H m_u u_w_u
= A e e B R | e SRR [ (R SEEEEE Ak Emu Ruwas rHHH
HT ._ru- W,wﬂwﬁ\ ks -h giE g s ru ket .|m enadfeaaicenancrnpdsiunn)innhrnanddnagkanalEean]Eazdls T A R
oo e | oy e [ L B e e e e D B e e e HE B e
il _?.WM Eill=i H dsssil HWWF l‘w%h‘f- L A R e gt e [
R e T T e e P
e HHEH A R HA R HE R HEH FHH R H R i
H JI.H_mf.... AL \m‘w HH 8 11 L paled \w.__u roA- A e e H
sea=flE==x pNEEa A FEAFRAREAERR] ERRRN=REH T R HHA - HH T
T R O TR R PP P R LR e e e
HTH Jﬁ.ﬁ.#;.,?ﬂ R o LR T T S e
b o 1 ._| mas i o H PR BHEEEEEEH B W N
ST B A e ] R AR e Heaee R P R e R R R H-HHEH . ]
e A U T | Fr TN L_ ikt RN R HT e e i
I L o I o OO I PEEaNsaNEE » wn AN T ]
e e e R T e e e e A e P
f 1 H O A PR A 1 SENEEFEENE ISR NEEEE i HHHHHEH
m@um .._m HHHHT H T AR HHHEHH alpaist HHH A aeyds HH S et SO
P R R E FHHHH O
T T [ [ femzany] xnanbeant duararnay AT AR R LR SRR N A AR A A REE ArmEsREmn FH: \rw_funm
SR e TR e R 1] HHH H e AT y H i
H_H,1 1 Mw.w A o B PR P e R R jEasggand e H <J.-|\ H A m A.._.vv M uﬁ H
h s FR A R R R R T
it [ EadEnaEsanaldsanahenzt dlunle u,.ﬁuuw i b e e - o i
H |M4rw\rn_~_w TS HH Li.luu\ul “m = fRéEE IENEeNNEREENNEE COLT n_mu Hd m_
u L Anmanaadeanrduananlilic igREn HEH H H~r
ki pammnpliEnannanunsilsn N H e e H R
e myed ian e dunny b w i iy e g A e e e A R AT |
u Uﬁ : H (rm_m H m_\u._lm u_‘m@uww,r N e .Lmn. %_u wiEBAn AR m
Lt Sl lxsilensnh Ennngaensldanapghans JRunpRnann AnEau yann A (R e e R
o maplunpa g AEEES RN W W L UH EuEESANiEniERuuERAlnEEy fnAN AumEA NN
wmmwn 1 ._‘LHN HE Fuwr mm__ : ww N fEaitece L-mju%h_\lul_w HH EH
m.,r[. HPHE T mmur:wm FHHHH HE AR [ R AR - P
s “wjr.\ m\. .T-M H u_uu\ HH mmwmm_umwm_m ﬁﬁm _mm HHTH T P b T
L LA Al_m Jist H.;u_u.:‘w mMum..-‘u_*muuL‘ A R N e i
SEppEEEEgE . I O O O L m »: B i
P e E TR R #Hﬂ e e P NG P R
| FH R R R B R R B R T B R R M H u [t
HH ur,mbu‘ﬁ-@u @_Tuﬂn_u U .ﬁ_uf HH T n_-rm-mu.um_ I uu._\U e HHH HHHHHD S
FrHEHEH (B 1 TEE PR T R A e | (R e A e [(HEEFE A O HH O] H
it \H_mMu- FHH L B M“_Hm o o H%uurnu T o wm_uﬁl O O o FHH o BaH n__.ﬂnu_u HH w_uummr\ H
H | HHA e e e Hee ] Ao o9 [ M- A o A TER b <t g o T H e IR — wAmame H
o LT HE THERLE .\uwﬁ_ui umSgis u\‘umiiuwfu_% HH |1 __uﬂLwme R P T KEaEEEN
B FH R B HHHH HEH I H W HEHER HHERE HH
e LT T [ Sitcca M ERgiEet et e (HHHT o= ch P SR R e T e
[ s BEE 1] I T pENEAEEiAEEN A e = ™11 B I
mi w_.mm_w THT | [H Euuw‘ HH (1] :_Hm H A e tu o (25Z)P ' A T e
H 1 r|

FIG 10 CURVE SHOWING THE RATE OF CHANGE OF THE MAGNITUDE OF TRANSFER
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FIG I FRONT VIEW OF TWO-CHANNEL SIMULTANEOUS
RANGF AND RROANCAST TRANSMITTFR



FIG 12 FRONT VIEW OF RADIO RANGE COUPLING UNIT
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FIG 13
REAR VIEW OF RADIO RANGE COUPLING UNIT
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FIG 14 EXPERIMENTALLY DETERMINED GONIOMETER CHARACTERISTIC
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FIG 15 ANTENNA TUNING UNIT COVER AND SHIELDS REMOVED
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FIG 16 STATION PEMOTE CONTROL RACK






