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Circuit Design for Low-Frequency Radio Ranges

S5UMMARY

This 1cport pcsents o discussion of the cn-
cuit theory mnvolved 1 the design of the radio
1ange coupling system, and a desciipltion of the
equipment employed 1n the latest type of radio-
range station  Particular  crophosis 13 laid
upon the theory of the coupling system because
it 18 the most umportant part of the entire
equpmenl, and also because 1ts function 15 per-
haps the least undeistood by these who do not
have direct contacl with the problems of radio
range operalion  Some of the theoretical wotk
13 new as far as the hiterature on the subject 1s
concerncd and the results are presented here
for the fist time in published form

INTRODUCTION

Duning the past o yems the anwavsacio
tange has assumed o posthion ol o casimg m-
porlance a3 an awl Lo ar navigalion  This has
been brought aboul chiefly by the rapid grow th
of mstrument and “over-the-top” flymng in
which the pilot must 1ely almost entnely upon
ground radie aids for ditectional gidance and
position fixing

In o1der (o kheep pace wilh the 1apid tech-
pical advancement m the ficlds of bolh aviation
and radio the Radio Deyvelopment Seclion has
engaged 1 a continuous program of investiga-
twon looking toward the unprovement of radio
range facilitics

Experience gamed with the earlier forms of
cquipment has pomted the way to many mm-
provements in design and methods of opela-
tion It bas, however, been impossible 1n most
cases to incorporate 1mproved design {eatures
m existing equipment without completely re-
building 1t
> On July 1, 1937, the Bureau of Au Commerce
entered upon an cxtensive program of auway
modernization and eonslruction, involving the
procurement of approxmately one hundred
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sets of racio 1ange equipment  An opportunily
was thus affoided to specily and oblmmn com-
nlete equipment for each station, the component
parts of which were designed for coordmated
operation with each other This mvolved a
desirable departure from former procurement
procedure which, because of hmited finances,
required that only a few 1tems of eqmpment be
purchased at o tume as the need for them arose

In spceifyving the elecinieal characterstics of
the equipment for the new stations, a number
of important changes from past practice have
been made These changes result m a simph-
firation of the adjustments necessary for the
tuning process, and the ahgnment and stabiliza-
tion of the coursea  We will discuss here the
general theory of operation of the new equip-
ment without, however, entering 1nto a com-
paratiyve studv of the advantaces of the new over
the old

GENERAL DESCRIFTION AND PRINCIPLES OF
OPERATION

In Fig 1 1= shown a polar disgram of the dis-
f1ibution of  electrtomagnetic field intensity
aboul & low-comse arwav radio range 7 By
ttansmitimg the (wo figie-of-eight patterns
alteinately, and heying one with the Morse
c¢hmacler A (=) and the other with the char-
acter N (=) 1n such n way that these comple-
mentarv signals mterlork, 1t 1s possible to make
a direct aural comparson of the received mten-
gitiee of the two signals  In flymg the range,
the pilot follows the rowse defined by the
cqusignal line passing through one of the inter-
sections ot the feld patterns  Deviation to
right o1 left of the course 1s mndicated by pre-
dommance of one or the other of the 4 or A
signals v the headphones When on course,
g continuous unvarymng tone 1s heard, inter-
rupted only by transmssion of station identi-
fication signals at 24-second intervals The



wdentification signals are also transmitted once
in each figure-of-cight s0 that the ratio of then
intensities 1s the same as that of the A-Nsignals

Theoretically the courses are defined by the
equisignal lines which are conceived as having no
width  Actually, because of the mmabihity of
{he human car to detect changes in signal level
of less than about 0 5 decibel, the courses appear
Lo have a fimte width of approximately 3 de-
grees under 1deal conditions In mountainous
country 1t 15 not possible to reahze the 1deal

-

(RO

Figete 1 —Field Intensity Distribution of a Four Course
' Radio Range

performance which may be obtained from radio
rapges lpcated m level tertain  Reflectzon of
energy fiom large vertical obstacles, such as
moyntains, distorts the radiation patterns so
that they may intersect at more than one pomnt,
ang, thus produce multiple courses This 15 2n
epfarely natural phenomenon and 1s not to be
assoclated 1 any way W%ﬂ% malfunctioning of
the equupment 1tself

Two types of antenna systems are 1 current
use at the various radio ranges; hoth of which
have the du;]ectmfml characteristics illustrated
m Fig 1 " One of these consists of two crossed

. loops mtersecting at their centers with then

planes at right angles  The other 1s the modified
Adcock antenna, the present version of which
consiste of four vertical steel tower radiators

2

symmetrically disposed at the corners of a
square, and excited from a centrally located
transmitter  Since the loop system 1s subject
to severe course swinging dnring the hours of
darkness, 1t has been largely superseded by the
Adcock system which 1s fiee from this defect
Accordmgly, w this report, we shall himit our
discussion entirely to those ranges employing
the Adcock antenna system

The simaultaneous range and broadeast sta-
tions require, 1n addition to the modified
Adcock system, a fifth central antenna for the
transmission of carrer energy and speech A
discussion of the operation of this t3 pe of range
has been given elsewhere! and will not be
repeated here However, the contents of this
repert. will apply equally to either the simul-
taneous station or to the older type of range
because there 1s no fundamental difference 1n
Lhe circmb arrangements belween the two

With the modified Adcock system, a sym-
metrical figure-of-eight field pattern 18 radiated
when two diagonally opposite antennas are
excited mn such & way that their currents are
equal 1 magmtude and 180° out of phase If
the phase differs from 180°, witlin certain
limits, the pattern still retains the general form
of the figure of eight, but becomes unsymmetri-
cal with one lobe larger than the other If all
four radiators of the system are excited simul-
taneously, a figure-of-eight pattern 1s produced
the ams of which assumes a position with respect
to tha radiators dependent upon the relative cur-
rent amphtudes 1u the two diagonally opposite
pairs DBy making the proper adjustments of
the phase batween opposite Tadiators, the rela-
tive currents m diagonal pairs, and the ratio of
powers supphed during A and NV transmissions,
it 18 possible to produce, alternately, two figure-
of-exght patterns at nght angles, which intersect
on any arbitrarily assigned alignment of eourses
Thas 15 llustrated in Fig 2

In Tig 3 19 shown a sumphfied schematic
diagram of the coupling systemn 1muse atthe new
radio range stations Let us trace through the
operation of the system, considering separately
the function of each 1tern of equipment

Starting at the output terminal of the trans-
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mitter, the first olement of the coupling cireuit
cucountered 1s the link eiremt relay  The fune-
tion of this relav 18 to switeh the radio-frequency
output of the transmitter from one goniometer
primary to the other  In physical construction,
the relay 1s of the polar type, designed for rapid
change-over It 15 energized by an automatic,
motor-driven keymg device not shown on the
diagram  In operation, the armature moves to
the left contact and remams there during the
dash of the letter V, then to the right contact
making the dot of the letter A, back to the left
to make the dot of the IV, and finally to the
right to make the dash of the A after which the
entire sequence 18 repeated  In order to obtain
a smooth interlock of the two signals, the relay
contacts are adjusted so that no appreciable
gap occurs in the sequence of operations

The gomometer 1s a variable couphing trans-
former used to regulate the i1elative energy
supplied to the two diagonally opposite poirs of
antennas It consists ol two mutually per-
pendiwcular prunary windings mductively cou-
pled to lwo mutvally perpendicular secondary
windmes m <uch a way that when the prunary
windings arc tolated rddative Lo Lhe secondary
windimgs the mutual mdudlance follows Lhe
[aw

M= M, cos G for Sceondary #1
My=M,sin G for Secondary #2

where Af,1s the mutual induetance at maxumum
coupling, and ¢ is the angle between the pii-
maly wmding under consideralion and #1 sec-
ondary winding For the other primary wind-
g we have, of course,

M/'=M, sin @ for Sccondary #1
M =AM, cos G {or Secondary #2

1f energy 15 applied to the N or left primary, the
voltage apphed to the transmission lines to
antennas 1 and 2 will be

E]gZEs cos

while that apphed to the lines 1o antennas 3
and 4 will be

Fy=F,sn &

The 1esulting field pattern, assumung all hnes
to be of equal length, and proper adjustment
of the antennas, would be n symmetrical figure
of eight with axis mnclined at an angle G to the
line of antennas 1 and 2 With cnergy apphbed
{0 the other primary we would have

F.=FE, smm ¢
Fo'=E, cos ¢

and the field pattern would be identical to the
first except rotated by 90 degrees 1n space

/

Figure 2 —Field Intensity Distribution for Producing a
Nonreciprocal Course Alignment

The courses produced by this arrangement
would be 90 degrees apart and ahgned at
angles of 45 degrees + @ to the diagonal tower
lines It 1s obvious that rotation of the goni-
ometer wimdmngs through a given angle will
rotate the range courses through the same
angle under the above outhned conditions
The L pad connected m one of the primary
circuits 1s used to regulate the relative power
applied to the primaries, and thus control the
relative field mtensities of the figure-of-eight
patterns Its use 1s avouded insofar as 1s
practicable, but 1t 1s essential i securing so-
called squeezed courses
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Figure 3 —Schematic Dhagram of Radio Range Coupling System




The = section artificial lmes mserted m the
circuit belween the goniometer secondaiies and
the real Iines a1¢ adjustable phase slufting net-
works, and are used only when the couse ahgn-
ment requres thal opposile towers operale at
phase differences of other than 180 degrees
The teal transmission lines which deliver energy
lo the antenna cwrewts are of the concentric
conductor varety and are usually buried 1n the
ground

The antenna tuning unit consists of a loading
mmductance to adjust the reactance of the
antenna cireuit, and a variable couphng trans-
former to match the antenna impedance to that
of the line  Provisions are made for varying

small changes m antenna capacity  The prob-
lem presented by this eircumstance forms the
hasis for the dizcussion m the following section

THEORETICAL ANALYSIS OF RADIO RANGE
CIRCUITS

Tt has been pomnted out that the localion of
the courses emanating from a 1adio range de-
pends upon the phase and amplitude of the
currents fliowing in the various radiating ele-
ments of the antenna system  In general, then,
it 18 to be expected that vonations m antenna
consiants will alter the established carrent 1ela-
tions and theieby cause a shift m the position
of the comses Tk 13 obviously impossible to

1l
.””_.

Figure 4 —Schematic Dhagram of Couphng System Imvolved in Exciting One Pair of Diagonally Opposite
Antennas

the 1eactance of the primary winding of the
transformer by means of a series vamable con-
denser, and for reversing the phase of the an-
tenma current by rotation of the secondary
winding to cither side of the zero ecoupling
position

The radiating clements of the modified Ad-
cock antenna are insulated, self-supporting steel
towers, 125 feet n height At the frequencies
employed (200400 ke ) these towers have an
clectrical length of only 9° to 18° and are
equivalent to a lumped capacty in series with
a resistance  The total remstance of the an-
tenna carcuit, exclusive of the loading coil, 1s
approxmmately 15 ohms  The equivalent
lumped capacity of the tower 15 approximalely
845 miciomierofarads At 300 kilocyeles then,
the impedance of the antenna 13 1 5629 ohms
It 1s evident that if the reactive component of
this immpedance 1s resonated by mceans of the
loading coll 1n the tuning umit, the resultant
impedance of the circnt will vary widely for

240043 —41—2

prevent small variations of the elecliical con-
stants ol any practical antenna system which
15 subject to the ellecls of changimg weather
and ground conditions  However, 1t 13 possible
by means of special cireurt arrangements to
minimize the effect of antenna detumng upon
course alignment Since these ciremts com-
pitse such an impoitant part of the radio range
couplmg system, and perform such an eassential
function, they will he discussed here ai some
length

In Fig 4 18 shown a schematic diagram of
the transmission hines and antenna tumng units
mvolved n supplymg power to o pair of diag-
onally opposite anlenna towers  In this dia-
gram, the cleetiien] constants of the towers are
tepresented by then lumped cirewt equivalents
In what follows we will first 1dealize the trans-
mussion line and couplng transformer primary
by assuming that the {ormer has no attenuation
and that the latter bas no resistance  For an
officient coupling system, these assumptions are



justified, and lead to results which are a very
close approximation to the truth  After illus-
trating the theory under these assumptions,
the effects of circuit losses on the system will be
considered  We will adhere to the use of the
following symbols for designation of the most
mmportant electrical parameters, and will intro-
duce and define additional symbols m the
text as the need anses
6=EFElectrical length of transmssion line
Zo=Charactenstic impedance of ti1ansmuis-
sion line
s==Driving pomnt mmpedance of transms-
sion line
Zy=8elf impedance of primary cireuit
#Z,,=Total impedance of primary circuit (self
impedance plus reflected impedance)
Zy=Mutual mmpedance between gomom-
eter windings at maximum coupling
Zp,=Impedance of gomometer prunary #1
Zpy=Impedance of gomometer primary #2
Z,=Impedance of secondary circuit
E,=Transmssion line dnving pont voltage
E=Voltoge applied to primary circuit
I;=Current 1n primary circuit
I;=Current 1in secondary or antenna eircuit
I,=Transmssion hing driving pomnt current
¥="Phase angle of antenna circuit

At the coupling transformer of antenna A we
bave
E=LZ4+1LZ, (1)
0:11212+Izzz
from which
E15127

f=- 2 %7 @
_ &
Il_ - ZIE (3)

In our notation the voltage at the sending end
of the transmmssion lime 1s given 1n terms of the
receiving end voltage and current by

Ly=F cos 0470, %,8mn 6 )

Using (2) and (3) 1n (4), we obtain for the trans-
for impedance relating the antenna current to
the line sending end voltage

Z,2=%:Zu cos G—é(zlcose—i—jzu sime) (5)
Iz ZIE

From mspection of (5), 1t may be seen that Z,
will become independent of the antonna im-
pedance Z, 1if we make

Z) cos O43%, sin 5=0 (6)
Solving (6) for #Z,, we obtain
Z=—jZ,tan & (7
oI, since we are neglecting primary 1esistance
Xj=—FZ,tan 6
and
Zy=3X; c08 6 &

By satisfymg equation (7}, we eatablhsh a
constant-voltage constant-current relation be-
tween the sendmmg end of the line and the
antenng cirewtt  The lme and coupling equip-
ment may then be looked upon as comprismg
a modifieation of one of the networks associated
with the name of Boucherot, the properties of
which are well known It may be shown from
the theory of 1deal transmission hnes that the
reactance —Z, tan @ 13 exaclly the amount
required to tune a short circuited lime of elec-
trical length O to series resonance  Thus fact 1s
made use of, as we shall deseribe, i the prac-
tical adjustment of equipment 1n the field

Equation (7) represents a physically realiza-
ble condition except for 8=90° 1n which case
an infinite value of primary eircmt reactance
would be required In practice, however, the
electrical lengths of the transmission lincs are
always sufficiently removed fiom 90° to pre-
vent such a difficulty {rom amsing Suppose
now that the primary reactance at Antenna A
m Fig 4 15 adjusted to equal —Z, tan ©
Then as the tuming of the antenna circwt 1s
varied, the ratio E, remamns constant as given

1y

by 8 Since the voltage £, 15 common to the
transmmission lmes to both diagonal antennas,
the ratio of the currents 1 the two antennas
remains constant  Thus if the primary circuit
at each of the fowr antennas 15 adjusted n
accordance with (7), the established phase and
amplitude relations of the currenis in opposite
pairs will be preserved even though the antennas
may become dstuned by random variations in
capacity or resistance



In addition to satisfying (7) at each antenna
tuning unit, 1t 1s desirable that the total imped-
ance presented by each prunary circuit should
be adjusted to maich the hne ympedance mn
order 1o obtamn an efficient transier of power,
and eliminate standing waves from the line It
may be shown from (2} and (3) that the total
primary mmpedance 1s given by

Z

Zy=Z - /57 (9)
which is equivalent to
AR (1" X
211:R22i£2+3(X1_}_3;2‘15ﬁ%é (10}

Since the characlenstic impedance of our hine 1s
a pure resistance, 1t 1s requred that

AR,
AR an
and
Xi? X,
D (12)

If we define the phase angle of the antenna
circeut as

X,
feyy—1 *r2
Y=t 7 {13)
wo may rewrile (11) and (12) as
__VER:
" cos B 1y
tan = —tan © (12 1)

which ate the ewewt relations which must
obtain 1n o1der that the line impedance will be
matehed

In applymg the results of the foregoing
analysis to the actual adjustment of equipment
m the held, 1t 15 only necessary to carry out
the following stmple procedure

After the transmittelr 1s adjusted to operate
on the assigned station frequency, each wind-
ing of the gomometer 1s carefully resonated by
means of the series vanable condenser provided
tor this purpose  Next, the sending ends of the
transmssion lines are effectively short-eirewited
by a resistance of one ohm ot less, and a small
radio-frequency voltage 1s apphed across this
resistance  With the antenna cirewit opened,
the condenser 1n series with the trapsformer
pumary at cach antenna tuning umit 1s ad-

~1

justed until resonance of the entire taansmission
line is mdicated by a thermogalvanometer in-
serted 1n serles with the prmary winding
Sinee this adjustment 1s made to satisfy (7), 1t
18 clear that if artificial hnes are to be used
thev must be included i the cireuit at the tume
of the adyustment Without disturbing the
setting of the primary condenser, the antenna
ciremit reactance and the mutual inductance
of the transformer are next adjusted so that
the 1mpedance presented by the primary
matches the characterislic mpedance of the
transmission line  This establishes the circmt
conditions specified by (11 1} and (12 1) Dur-
mg the antenna tuning operation, all of the
towers except the one under adjustment should
be grounded in order to avoid the effects of their
mutual impedances While tlus procedure 1s
recognmized as being not strictly correct, 1t does
not result n any serious misadjustment in
the present case and 1s recommended for 1ts
sumpliaity

Afler the tunming procedure has been com-
plated, the gomtometer, artificial hnes, and
course shifting pad may be adjusted to pre-
viously caleulated sellngs to secure the desired
cowse ahgoment [he method of making
these calculations 15 well known, and will not
be described here [t may be said, however,
that very accurate results may be obtamed,
and the time required to align the courses re-
duced to a munimurn 1f the calculations ale
carefully made and applied

It must be mentioned at this pomnt that when
(7) 18 satisfied, we are hmated to operating oppo-
site antennas at a phase difference of exactly
180 degrees, since the t1ansfer impedance given
by (8) 18 & pure wnagmary, ndicating 90 degrees
phase difference between line voltage and an-
tenne current Under this condition, course
alignments would be restiicted to those in which
opposite courses are 180 degrees apart Ifitis
desred to depart from this reciprocal bearng
relation 1 course alignment, opposite antennas
must be operated at phase differences other
than 180 degrees 1 wlich case 1t 18 impossible
to satisfy (7)  The transfer unpedance %, will
no longer be independent of antenna tuning,
and 1t 1s to be expected that variations m tower



constants will alter the phase of the antenna
currents  and therchby shift the courses Tor
tlus 1cason, 1t 15 to be emphasized that a non-
reeiprocal course abigniment con only be obtained
by an unstable adjustment of the cquipment
and 1s {o be avoided wherever possible

Let us consider now a radio range adjusted m
accordance with the above outhned procedure
and havimg a reciprocol ahignment of courses
Suppose the goniometer Lo be set on zero degrees
w0 that one pair of loweis 1s excited only during
the N and the othel pair exeited onlv duting the
A Tf one of the towers becomes detuned let
us say one of those which radiates durmg the
A signal the curient mn both of the A towers
will fall off equally while the current in the N
towers will be unaffected The field mtensity
of the A lobes will be reduced, and the location
of all of the courses will be shifted  This occurs
1egardless of our constant cuirent network be-
cause of the necessanly imperfect regulation of
the voltage source Suppose now that unda
the same conditions the gomotmetel 19 set on 45
degrees Both of the gomomeler sccondaries
ate then equally coupled to cach of the primaics
and the induced secondary voliages ate at all
times ecqual  Smee the secondary windmags
have heen tuned (o exact resonance, the entire
secomncary voltage appears across the transimis-
sion lines so that the sending end vollages on
each pair of lines arc alwavs equal 1egardless
of thc umpedance presented by the lines I
then any one of the antennas becomes detuned,
the carrents must diop equally n all forr and
{he courge alignment will be unaffecled 1t 1s
thus seen thal maxmum course stability 18 ob-
taned when the goniometer 18 set at 45 degiees
and that any departwie from this setting 1n-
volves a sacrifice in stality

In order that the gomometer may be set on
45 degiees the cowse alignment must be known
prior to the time the towers aie ciceted so
that they may be properly oriented 1t has
been the pohicy to locate the towers for optimum
stability wherever possible, and 1t 13 therefore
considered highly desirable that the ongmally
estoblished course alignment be adhered to
order thal this stable condition may be
preserved

I{ has been pomted out that for gomometer
seltings other than 45 degrees, the degree of
course shifting which occuis wlhen an antenna
becomes detuned 1s a function of the regulation
of the power souice or transmitter ILet us
investigate the effect of antenna tunmmg upon
the varous impedances of the coupling svstem
m an effort to determine this functional
relationship

It may be shown fiom transmission hne
theory that the mput impedance to one of the
lines will be given 1n our notation by

Zycos O4+9Z, 81 B

Ze=2 Z,c0s 0+)3%, s 6 (14)

Puttu g Z“:Zl—% ardlettugZ,=—3Z,tan O
we obtain

B — £,%%: cos® O (13)

Z, 7, —3 2%, sin 8 cos ©

Smce the hne 13 Lo be matched mitially, the
value of mutual impedance of the couplmg
transformer will be given by (11 1), 1 ¢,

2un

7, - XY, - —
<t 12 FOSJQ

(11 2)
It 15 to be noted thal the value of B, prevaihng
at the tume when the antenna 15 ongnally
tuned governs the value of 7, However
when Z,; 18 once estabhished, 1t 18 not subject
to random variations since 1ts value depends
only on the geometry of the transformer The
type of antenna which we are considering 1s
subject to rather large changes m capacity
accompamed by only very minor variations m
remistance  Theicfore, i what follows 1t will
be assumed that only the reactive term of the
impedance Z, 15 vanable Substituting (11 2)
in {15) we obtamn after some mampulation

Z

8= 1+ 7(tan ¥4 tan O}

(16)

Equation (16) gives the input impedance 1o a
single transmission line mn terms of the phase
gngle of the antenna cirewit  The 1mpedance
presented to the gomwometer secondary by the



two lines m parallel under the condition where
only one antenna has been detuned 13

z,
T 2-4j(tan T+tan )

7z, (17)
Il the mutual impedance between one secondary
and one primary of the goniometer at maxi-
mum coupling 15 gven by Zy,=3X,, and the
goniometer setting 15 €, we will have for the
primary impedances when all gomomeler cir-
cutts are gelf-rcsonant

2X 2
Ep = Z +3X% cos® ¢ (tan ¥+tan O)
(18)
22X 2 2 ;
Bpy =" +3X* an® G (tan ¥--tan 6)

It 1s interesting to note thal under condition
{7}, the resistive component of the gomometer
pumary mpedance 18 mdependent ol anlenna
tumng When an an‘enna hecomes detuned,
the cftect 1s merely that of introducing a1eactive
term n the puumary cirewt as indicated by (18)
As would be espected, when ¢=45° the two
primaries have the same impedance under all
conditions of antenna tuning

The curve of Fig 5 illustrates the way m
which antenna current varies with antenna
tuning under typical operating conditions
In plotting thes curve from equations (18), 1t
was assumed that =0 and the unpedance
of the generating source was 259, of the pri-
mary resistance of the pontometer It 1s
apparent that the higher the resistance of the
antenna eciremil or of the generating source,
the more nearly the cmirent will remain con-
stant with changes i antenna reactance

In the preceding analysis, as was stated al
the outset, the eoupling circuts have been
assumed to be resistanceless The results
obtained under this assumption are an accurate
representation of the true state of affairs as
far as indicating the correct adjustment of the
various cireutts 18 concerned It becomes
necessary, however, to take account ol the
losses in the transmission lmes, and the antenna
coupling untt primary eirewt in order to attive
at & quantitative estimate of the degiee of de-
pendence of the transfer impedance Zg upon
the antenna mmpedance Z,

248933—d41——3

In considerme the elfect of hne attenuation
and transformer primary resistance, 1t 1s con-

10 ‘
i
ZHp :
L T
e HEHE .
SH06 :
O T
< H
H—HF ;
244 '
W T
[
T
1 _‘02 I
s A T P P i
H— OfFHT IOOﬁ H 2008 2005 4008 50013
5 HHH i X T
L : ] AR 2 X 100% ,
i d s 2
F HH : e e :

Figure 5 —Curve Showing ithe Vartation of Antenna
Current with Antenna Tvmng When (7) s Satsfied

vement for purposes of analysis Lo replace the
couphng transformer by 1ts equvalent cireuit

w.
o2 1t O
ACTUAL CIRCUIT

IDEAL TRANSFORMER

EQUIYALENT CIRCUIT

Ingure 6 -Aclual and Equivalent Ciremiis of Anlenna
Tuning Unit Coupling Transformer

as shown n Fhg 6 Since the resistance ol the
transfoimer secondary merely adds to the



10

resistance ol the antenna ercurt and has no
cifect upon the transfer impedance wemay wiite
for the equivalent cireuit parameters

_ . HlTle 19
Zi=R 13X; Jxle\/—JXZ (19)
A 75 'R+j)(1
ZC*]-‘ 12 _}'T

The charactensties of the 7' scetion may be
obtamed from the well-known zelation

54:w/R1+JanJT’z=p€j 8

cosh y=1 +Z—c X 20
whare
- ’\’,Xz'\"‘R21 + XEI
’12
and

a=é tan*‘—&, y=c+73b

X

the real and maginary parts of which are the
attenuation and phase constants respectively
We have, then, expandmg cosh v and equating
reals and umagimaries

cosh « cos b=p cos & (21)

smmh o sin b=p sin 8

from which

cos Bo ,11—1-p2i1/(_1+ﬁ4)4—4p—’ cost 221
and
i p SN é
s ag\/l—l—pzztv’(l—kpz)‘—ﬁlp‘ cos’ ¢ (23)
2

In a practical system such as the one under dis-
cussion, the following approxumations arc al-
ways valid

X4 2> >R (24)
<1 (°
We may wiite then with negligible eiro
cos =10 (25)
p=’\/X1X2
X]E

TCamng (7), {11 1), and (12 1) m {23) we obtam
the 1esult

p=sIn 8 (26)

and from (22) we have
cos b==1n § 27
The angles & and © are thus <hown to be com-

plementary
To the degtee of appronimalion which we
have adopted (23) reduces to

7
2%,

R
smmh a= —2—)}1 tan 6= (28)

B,
and since 1n practice 57 15 very small we may
[

put
L
T2Z,

4’4

Summarizing owr analvsis up to this pownt, we
have determined that the propagalion conslant
of the T section of our equivalent circuit 1s
given by

y=a+jb
&

4T oE,

b=90°—0

In arnving at these results, 1t has been assumed
that the actual coupling ciremat 13 adjusted so
that (7), (11}, and {12) are satisfied The
angle 018 the clectncal length of the real Due
which would be used with the coupling system,
as adjusted, to satisfy (7)

Considering now the composite cirewrt formed
by the real transmission line, the ¥ section, and
the 1deal transformer coupled to the antenna,
we will have for the transfer mpedance

Zo=%.n cosh P—I—% sinh P {20)

where
n*=1mpedance transformation ratio for the
1deal transformer

P=propagation constant for the compomte
line

Since from (27) the total electrical length of the
composite line 15 shown to be 80°, (29) becomes

Bp=nZ; sinhoc -4-9%’ coshoc (30)
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wlere
e

o) beng Lhe allenuation constant for the real

lne Tulung Z,=R;+;X; we mav wute
P (Z, cosh®oc +n*(R%-[- X)) sinh®oc |
Jsa—

- i

212Z 00 simhoc coshec)ieft
n

W)
scoshoc -Fnifly sinh o (a2)

n* X, sinh e

d=tan"!—

In praclice the antenna reactance 1s subject to
so much wider vamations than 18 the resistance
that we may consider the resistance as a con-
stant and write

__(B%(cosho +amnh o )2 4+nt X7, sinh?oc ) fere

that they were adjusted to satisfy (7) Let us
consider now the eflects of departing from (7)
a8 18 necessary In Seclling honreciprocal course
aligninents
We will assume that our coupling transformer
18 adjusted so that ite transfer mmpedance 1s
given, to the degree of approximation adopted
Zo 74

€

m When this 1s

in the preceding worl, by

operated 1 conjunction with a transmission hine
of electiical length 6, we will have then for the

i T T
S HE fea

! A S Ieiiak | eI | R RIE _—rj mi
i EHEH

g T yNaq e e o

i w Eitg

Zsﬂ 7

(31 1)
Iéﬁl—l—cothtx} 0

N — -1__ —_
b=tan X,

1t may casily he demonstrated that s anabion of
the magnmtude of Z, with changes of X, 15 only
of minot mmpoitance 1n its effeet upon course
alignment as compated with varations 1n the
phase, ® Let us then focus our attention
upon the relation (32 1)

Tt 1= seen that if oc=¢)
$-=ton H{— w) =00°

and 15 entirely independent of the value of X,
Thus the lower we make the attenuation of the
composite circuit, the more nearly we may ap-
proach thisideal condition  The curves of Fig 7
show the phase angle & as a function of X, for
vanous line attenuations In Ihng 8, similar
mformalion 15 presented 1n a shightly different
manner Here the phase shift and course shift
which may be expected to occur with a fixed
amount of antenna detuning are plotted aganst
the attenuation of the hne being vused These
curves llustrate forcefully the necessity for
using transmission lines and coupling trans-
formers having the lowest possible losszes

Up to this point we have studied the behavior
of our circwits, always under the assumption

1L
S 0

H

00| il

kgure 7 —Curves Showing the Variation of Phase
Beiwncen a Pair of Antennas as a I'unction of Antenng
Tunmng for ¥artous Transmission Line Attenmaiions

phase angle of the transfer mmpedance referred
to the sending end of the line

0'=b+0

Since we a1e not now restricted by (27), we
must determine the value of our transfer im-
pedance from (29) by nserting

P=oc 470’
We have
g ! ZU 4
Zo=n(R;+3X5) cosh(oc+507) + Esmh(oc +397)
{30)
TPulling
??IZR2=ZU

ﬂ2X2: Zﬂ tan ‘I’
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2
Origin Because of the Losses 1n the Transformer Primary
and expanding the hyperbolic functions we | which may be written
obtain

. Z ’
Zsz=§°(00‘cho:wb 0’ —tan ¥ sinliocsin € fszjﬁ[(CDShOC +smhoc}*+sin 20° tan ¥
n

-+sinheccos 07+ J%ZO(SIIIhOCﬂnB' + (sinh’cc=1n?® 67
+J-tan ¥ coslieccos B8+ coshecsing’) <+ coshieccos® B tan® Tle® 312
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Since we are primarily inteiested in the rate at
which Z,; and ® vary with ¥, let us form the
dervataves of these funclions and study thewr
It may be shown that

2 (33)

ante’ | eosi 0
(14 coth «)? " (1+tanh oc)?

sin & f ——0F—
where ®—tan-t — - lTtamha o,
, tan ¥sin O
08 B — —————
1“‘_"0th°( o Liehavior
ac? ‘I,( sin® B’ cos’ 67 )
dd ® l+ecoth o " 1—tanh o
v (oth o —tanh oc s
1 C ? | 2 ‘I‘
1-+-s1n 207 tan ‘I!(Q—erﬂl']h « J-coth oc>ﬁ—t.~:m
and
EN Z,sm 207 sec? ¥+2 tan ¥ sec? ¥ (sinh ‘oc sin? O/ +-cosh *ac (03? 67)

d¥  2n[{cosh ocFsnh o )?+<in 207 tan ¥4 (sinh 2o sin &' +cosh 2oc cos? 67) tan? ¥] ¢

Evaluating these at ¥=0 which 1s the proper
antenna tuning for ow transformer equivalent
circemt, we obtam sunply

d®  sin® e’ __cos® & 35)
d¥ 4., 14coth oc ' 1}+tanh oc {
diZg| Z, an 26 36)

A% 20 cosh ocFanh o

(35) and (36) we <hown graphically 1 Figs 9
and 10, respectnely  The numencal value of
these differential coelficients 18 a measwme of
the degree of dependence of the transfer 1mmped-
ance upon the unpedance of the antenna circut
As would be expected, each of the curves passes
through a mimimum at 4-+6=90° which 15 the
phase angle at which (7) 15 satishied Itisinter-
esting 1o note that for b+ G=90° the amphtude
of Z, 18 absolutely independent of ¥ for small
varations, while the phase 1s stall dependent to
a shght degice on ¥ because of losses in the
lime and coupling system

EQUIPMENT

In speafyineg the equipment for the new
ranges special attention bhas heen devoted to
gecuring well coordmated operation of all of the
component parts m accordance with the fore-
going theory The principal aim has been to
provide for muntenance of the established
course abignments within o folerance of 15
degrees under all reasonable operatmg condi-
tions  In order to msure continmty of service
those 1tems of equipment m which {ailure 1-
most Iikely to oceur have been mstalled m
duphieate with provisions for switching to the

(34)

standbv umt 1in the event of a breakdown of the
regular equupment Standby engine driven
gencrators are installed mm the range bulding
to take overin case of a failure m the commereinl
power source

In Fig 11 15 shown a photograph of the trans-
mitter This 1s a dual umt with two independ-
ent radio-frequency channels operating on fre-
quencies differing bv 1020 exveles One of the
channels delivers 400 walls of cairier power,
wlhich may be modulated 709, by speech, to the
center antenma The other delhwers 275 watts
of unmodulated energy through the coupling
avslem to the fowr corner antenmas The awdi-
ble tone signals at the 1ecaaving end are pro-
duced by the 1020 cyvele heal between the
cairier, and the single <ideband radiated fiom
the corner antennas  This beat note 18 main-
tamned by the fiequency difterence of two
matched A-cut quartz plutes which supply the
pumary exalation to the two channels of the
transmitter

The coupbng umt shown in Figs 12 and 13
includes two link ciremt telavs, two keying
devices, a course sifting pad, the gonmometer,
and the airtificial lines, together with the neces-
sary tuning condenzers and other auxihary
equupment.  The 1elays and keying devices are
provided m dupheate as a standby measure,
and to sumpldy the switching operations
changing from one transmitter to the other

In the design of a gomometer, one of the most
mmportant con-iderations 1~ that of obtaining a
vauation of muiual mductance with rotation
which approximates very closely to a sinusoidal
functien under opeiating conditions In the
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Tgure 9 —C'urve Showing the Rate at Which the Phase Between a Pair of Antennas Changes with the Phase
of one Antenna Cirewt as a Funchon of the Total Transmission Line and Termmating Network Phase

Angle

present. equipment 1t was required that the '

mutual mductance should follow the law
M=2AM,and
within a tolerance specified by

M | i}‘ﬁsln Gi< 04

with the further restriction that
Miat 0%)
AL <01
The margin by which these mumimum require-
ments have heen exceeded s dlustrated by the

expcuimentally determmed gomometer charac-

acteristic of Fig 14 The value of M,, the

The Condition B--0=90° 1s Equvalent to (7

mutual mmductance at maximum coupling has
been chosen such that the mipedance appearme
at the primary termmals during normal opera-
tion 18 irom 50 to 200 ohims depending upon the
operating frequency It has been determined
that this range of mpedances pernuts efheent
loadmg of the transmitter and 1s optinum for
the reduction of arcing at the contacts of the
link arcuit relay

The gomiometer rotor 1s mounted on a <haft
which 18 supported at each end by ball bearmes
A large scale dial, attached directly to the shaft
at the front parel, permits setting of the
gomometer within approxmmately one quarter
degree
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Figure 10 —Curve Showing the Rate of Change of the Magmtude of Transfer Impedance with Antenna Phase
as a Function of the Total Transmission Line and Terminating Network Phase Angle

The artufieial lines employ a vanable mmduct-
ance of the shiding contact type 1 the series
arms, and rolatng plate vanable condensers 1n
the chunt arms The controls aic ganged so
that when Lhe length of one hne 18 mereased,
the length of the apposite hine 15 automatically
dectcased a like amount  This mamntans the
electrical center of the systern at the sending
ends of the lines where power 1 apphed It 1s
possible to set the lmes to any desired length,

and the correct charactenstic impedance, by the
adjustment of three dials for each pair of lines
mn accordance with calibration cuives which are
supplied with the equipment

In selecting transmssion lines for use at the
new stations, owr theorctical preof of the eflect
of attenuation upon course stability was the
gudmg pumnciple A further requirement was
that the line should have no external field, and
gshould be adaptable to 1installation under



Figuré 11.%Front View of Two-Channel Slmulfﬁneous Rangé and Broadcast Transmitter.



Figure 12.—Front View of Radio Range Coupling Unit.
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Figure 13.—Rear View of Radio Range C(;upling Unit.
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’ Figure 15.—Antenna Tuning Unit, Cover and Shields Removed.

ground. The concentric conductor type of line
meets both of these criteria satisfactorily, and
has accordingly been adopted. In effecting a
compromise between cost and attenuation, it
appeared that the %-inch size of line was opti-
mum. In physical construction, this line con-
sists of a %-inch outer conductor of hard drawn
copper tubing with a wall thickness of .045
inch, and a }-inch inner conductor supported
concentrically by isolantite doughnut-shaped
insulators spaced every 6 inches. The cal-
culated value of characteristic impedance is
68.5 ohms. Actually, because of the presence
of the insulators, the measured value is 65.3
ohms. The attenuation at 300 kilocycles has
been determined by measurement to be 0.185 de-
cibel per thousand feet, and the phase constant
at this frequency is 115.0 degrees per thousand
feet which corresponds to a velocity of propaga-
tion of 0.955 times the free space velocity. At the

older range stations, two-conductor parkway
cable, having an attenuation at 300 kilocycles of
approximately 1.0 decibel per thousand feet was
used. The improvement in course stability re-
sulting from the use of the new lines as compared
to the old lines may le seen by reference to
Fig. 8.

The antenna tuning unit shown in Fig. 15 is
constructed in a weatherproof aluminum house
and one unit is mounted at the base of each
tower upon a framework of steel angles. The
loading inductance is continuously variable over
the range 0-900 microhenries by means of taps,
and an adjustable rotor coil. The coupling trans-
former has a primary inductance of 200 micro-
henries, and a maximum mutual inductance
of 60 microhenries. The primary is wound with
heavy litz to reduce losses to a minimum since
losses in this circuit affect the course stability.
The primary Q at 300 kilocycles is 350, which
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corresponds to a resistance of approximately
1.0 ohm. The variable primary tuning con-
denser has a capacity of 0.001 microfarad, and
a plate spacing of %’/ which gives it a peak
rating of 4,500 volts. Fixed condensers are
provided to operate in parallel with the variable
condenser to give a total continuous range of
capacity of from 0 to 0.005 microfarad.

In addition to the antenna tuning cquip-
ment, each tuning housc includes choke coils
for tower lighting and a lightning arrester to
protect the equipment in case the antenna is
struck. The method of lighting employed is a
single wire system in which the tower itself acts
as the return ecircuit. The tower is effectively
grounded by the lighting choke as far as power
frequencies are concerned, but retains a high
impedance to ground at radio frequencies.

In choosing a tower radiator for radio range
operation in the 200-400 kilocycle band, a
number of factors must be taken into account.
From the standpoint of radiation efficiency a
very high tower is indicated. However, since
radio ranges arc generally located in the vicinity
of air terminals, the towers must not be so
high as to constitute a hazardous obstruction
to aireraft. Economic considerations are also
a factor tending to limit the height of the
antenna. As the best all around compromise,
the towers which are used arc 125 feet high,
and taper from a 6-foot square cross section
at the base to a 1-foot squarc section at the
top. The four legs of the tower rest on porce-
lIain compression 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 8-foot steel substrue-
ture which in turn is anchored into a reinforced
concrete pier rising approximately 2 feet above
ground level. Each tower base is surrounded
by a wire mesh counterpoise supported at a
level 2 feet below the insulators by structural
steel columns. The function of the counter-
poise is to minimize the possibility of variations
in antenna capacity with changing conditions
of the earth and vegetation in the immediate
vicinity of the tower base.
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Figure 17.—Operator’s Remote Control Racks and Desk.
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Ifig 16 shows the range slation control rack
which contains all of the switching and auxiliny
cqupment required for the operation of the
tange  The upper panel cartes the mte-
communicaling phone and a lwo-motion Sirow-
ger machwe switch which controls all of (he
switching operations at the station, and may
be operated by cither the local dial o1 over a
telephone line by a remote dial The next
lower panel 15 & conslant level amphfier which
prevents overmodulation of the carrier dming
speech broadecasts and holds the average modu-
lation at g relatively hugh level Below the
desk 18 installed a band-elmination filter which
eliminates frequencies 1n the neighborhood of
1020 cycles from the voice during broadcasts,

and thus 1educes interference between speech
and range signals A hne equabizer which
cotrects the flequiney charnctenstic of the
telephone line to the remote-contiol quaiters 1«
located immediately helow the filter panel  The
Iower compar tent conlams a voltage regulator
and a rectifier which supplies power for opera-
tion of the various relays of the control system

The operator’s rack at the 1emote-conticl
quarters 1s shown i Fig 17  The control
cquipment con=ists of the mterphone and dial
mounted in the left rack, and the microphone to
Line nmplifier and monitoring unit located m the
right-hand rack  All of the other apace in the
racks 13 taken up hy 1ecervers for two-way com-
l munication with aircraft

O



