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INTRODUCTION

Microwaves and ultra-high-frequency waves have been applied
with remarkable success to the problem of detecting and tracking aircraft, surface vessels, and submarines.

Radio equipment capable of

determining the position of both hostile and friendly aircraft and
vessels is rapidly becoming indispensable in military and naval operations.
The principles governing the operation of radio-echo detection equipment are relatively simple.

Radio energy is transmitted

from a highly directional antenna system.

A metallic object or any

object which presents a dielectric discontinuity to the waves will reflect a portion of the energy toward the transmitter.

Suitable re-

ceiving equipment will detect the reflected energy.
Short waves are well adapted to the echo-detection problem
because they will be reflected by smaller objects than will long
waves, and because the antenna systems required to produce the necessary amount of directivity will be small.

Wavelengths ranging from

about three meters to only several centimeters are being used for object detection at the present time.

The choice of wavelength usually

depends upon the particular application, although some of the systems
using the longer wavelengths will probably be replaced by systems
using shorter wavelengths as the microwave techniques are further
improved.
The use of radio waves for obstacle detection has been contemplated for many years, but only recently has the problem been solved
successfully.

In an address made to the Institute of Radio Engineers

and to the American Institute of Electrical Engineers in 1922, Marconi
pointed out the possibilities of obstacle detection by means of short
radio waves.

"In some of my tests I have noticed the
effects of reflection and deflection of these
waves (three meter waves) by metallic objects
miles away.

"It seems to me that it should be possible
to design apparatus by means of which a ship
could radiate or project a divergent beam of
these rays in any desired direction, which rays,
if coming across a metallic object, such as another
steamer or ship, would be reflected back to a receiver screened from the local transmitter on the
sending ship, and thereby immediately reveal the
presence and bearing of the other ship in fog or
thick weather."
Marconi's observations indicate another use to which detection equipment may be put; namely, the navigation of ships or aircraft.
In 1956, C. W. Rice used five-centimeter waves in an obstacle detection system.

A water-cooled magnetron furnished about

ten watts of five-centimeter energy to a half-wavelength antenna located at the focus of a two-foot paraboloid.

The paraboloid concen-

trated the radiated energy into a five-degree beam.
tenna system was used for reception.

A similar an-

The two paraboloids were mounted

on a frame which could be rotated to direct the axes of the paraboloids
toward a target.
The system was capable of detecting rapidly moving automobiles at a distance of one mile.

The operation of the system was due

to a Doppler frequency shift in the reflected wave since the reflection
or re-radiation came from a moving source.

The reflected wave was re-

ceived along with a small amount of energy coming directly from the
nearby transmitter.

The result was a beat note between the direct,or

"spill-over", energy and the energy of the reflected wave.
mitting frequency fo,
f

= fo

L'

For a trans-

the frequency of the reflected wave is
where v is the target velocity and O( the

angle between the target's course and the line of sight of the radiating

The beat note in the receiver, therefore, is f

-

V c.os

.

system.

An automobile moving at sixty miles per hour directly toward the detection system would produce a beat note of 1070 cycles per second in
Rice's experimental system using 5 cm. waves.
The Western Electric Terrain Clearance Indicator developed
in 1959 is another type of radio-echo detection equipment.

The instru-

ment measures the absolute height of an airplane above ground by transmitting energy earthward and receiving the reflected wave.
of 450 megacycles per second is used.

A frequency

Distance measurement is accom-

plished by frequency modulating the transmitter at a known rate.

The

receiver produces a beat note between the direct spill-over and the
energy reflected from the earth.

Inasmuch as the transmitter is

frequency modulated at a linear rate, the beat note will be proportional
to the height of the airplane above ground.

The beat frequency output

of the receiver is applied to an electronic frequency meter, which
may be calibrated to read altitude directly in feet.
The two systems just described involve continuous-wave transmission.

The pulse technique used in ionosphere research has proved

even more successful for obstacle detection.

Pulses of extremely short

duration - several microseconds - are transmitted at regular intervals.

The range of a target is directly proportional to the elapsed time between the transmitted pulse and the corresponding received echo*

Azimuth

and elevation of the target are obtained by orienting the antenna system.
The determination of the azimuth and elevation of a target is a direction-finding problem and any of a number of schemes may be used to
solve the problem.
The research described herein was centered about the development of an autoitatic-tracking radio detection system.

It was desired
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to develop a detection system which would not only locate a moving
target in azimuth and elevation, but which would thereafter track
target continuously and automatically.

the

Thus, once the beam of the an-

tenna had found the target, the system was to orient itself so that the
electrical axis of the antenna pointed directly at the target.
target moved, an error in pointing would immediately appear.

As the
However,

if that error in pointing were indicated both in magnitude and in sense;
that is, whether up, down, right, or left, then a servomechanism or
follow-up could be used to rotate the antenna mount in azimuth and elevation until the error was corrected.

Then if

the target continued to

move, the antenna mount followed continuously, always pointing the
electrical axis of the system at the target.
The value of such a device in anti-aircraft work is apparent.
If the electrical axis of the antennas is carefully aligned with the
geometric axis, the direction of pointing of the antenna system will
coincide with the line-of-sight.

Then if

the antenna system points at

a target, the azimuth and elevation data obtained from the orientation
of the antenna mount may be imparted to searchlights or to directors and
thence to guns by means of data transmission systems.
So far as the author is aware, the feasibility of the automatic tracking of targets, and the peculiar suitability of microwaves
for this purpose was successfully demonstrated for the first time during
the summer of 1940 at the Massachusetts Institute of Technology.

The

ten-centimeter, reflection type, continuous-wave, automatic-tracking
system which indicated these possibilities was developed by the Sperry
Short-Wave-Antenna Research Group.*
*From January, 1940, to June, 1941, the Sperry Gyroscope Company
sponsored a research project at the Massachusetts Institute of
Technology to develop an antomatic-tracking system. The research
was directed by Dr. W. L. Barrow, and the research assistants who
participated in the work were F.D.Lewis, W.W.Mieher, D.S.Pensyl,
and H.J.Zimmermann.
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This thesis is based on portions of the research carried
out in connection with the project.

For the sake of completeness, the

system developed in 1940 will be described in Chapter I.

However, the

thesis is concerned primarily with the development of transmission-line
modulators, double-beam radiators, -and microwave bridges.

These elements

formed only a part of the system, but the research represented an effort
to improve the above-mentioned components and thus improve the performance
of the system.

Many of the components developed for the automatic-track-

ing system may be applicable to other microwave equipment.

CHAPTER I

THE AUTOMATIC-TRACKING SYSTEM

The automatic-tracking system developed by the Sperry ShortWave Antenna Research Group was capable of azimuth tracking only.

Ele-

vation tracking could be obtained by additional equipment of a similar
nature.
A sixty-inch Sperry searchlight unit was used as the rotatable
The transmitting source was a ten-centimeter

mount for the apparatus.

klystron whose output was coupled to a rectangular metal horn by means
of a flexible wave guide.

The receiving apparatus, which performed the

azimuth direction-finding function, consisted of two rectangular horns.
Each of the horns was coupled to a wave guide in which the received energy
was amplitude modulated, at the same audio rate but with a 1800 phase difference, by a mechanical paddle-wheel modulator.

The signals from the

two modulators were then combined linearly by bringing the two respective
wave guides into a single guide which was coupled to a crystal detector.
The audio-frequency output from the crystal detector was amplified and
applied to a balanced modulator or "phase-meter" whose output was a pulsating direct current.

The polarity of the d-c output depended upon the

direction of the error in pointing the system at the reflecting target.
For test purposes a zero-center galvanometer was used as a left-right
indicator, but in the complete system the pulsating direct current was
applied to the control field of an amplidyne generator whose reversible
polarity output drove a direct current motor geared to the searchlight
mount.

A diagram of the system is shown in Figure 1.1, and photographs

are shown in Figure 1.2.
The operation of the system may best be explained by beginning
with the source of the ten-centimeter energy.

The continuous wave output

from the klystron was radiated by the transmitting horn which was
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FUgure 1.2

The Automatic - Tracking System

approximately ten wavelengths long.

The horn served -to concentrate the

radiation in a beam about fifteen -degrees wide between the half-power
points.

The direction of maximum field intensity, along the axis of the

horn, was the electrical axis of the system.

When the energy radiated

from the horn impinged upon a metallic object, a reflected wave was received.

The two receiving horns, similar in structure to the transmit-

ting horn, were placed with their axes in the same plane of elevation,
but diverging in azimuth.

The angle of divergence was made equal to or

slightly less than the beam angle of the radiation pattern of a single
horn.

In other words, the radiation patterns of the receiving horns were

made to intersect at or slightly above the half-power points (.707 of
maximum field intensity).

See Figure 1.5.

Consider the effect of a target which lies on the axis of the
system.

Energy radiated from the transmitting horn will strike the tar-

get and be reflected.

In general,. the target is an irregular body so

that the reflected wave suffers considerable scattering, but a small portion of the energy will be reflected back toward the receiving horns. So
far as the receiving horns are concerned, the target is a radiating
source and the problem reduces itself to one of direction-finding on
that source.

In the present instance, with the target on the electrical

axis of the system, the reflection will produce equal signal intensities
in the two horns.

If, however, the target lies to the left of the elec-

trical axis, the signal voltage received by the left horn will exceed
that received by the right horn.

Conversely, if the target lies to the

right of the axis, the response of the right horn will predominate that
of the left.
The direction-finding scheme or method of obtaining a leftright indication was one in which the intensities of the reflections
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received in the two channels were compared with each other.

By taking

the difference of the two intensities, as indicated in Figure 1.5,
greater precision was achieved.

Direction finding could be accomplished

with a single receiving channel, by rotating the antenna system, consisting of transmitting and receiving horns, until maximum reflected signal
intensity is obtained.

However, the radiation patterns obtained from

horns or any other known type of antenna system do not have sharp maxima;
At the half-power points the radiation

hence angular definition is poor.

patterns exhibit a much greater change in field intensity for a given
increment of angle.

It

is desirable to use the maximum intensity com-

patible with rapid rate of change of field intensity per unit angle.
These conditions exist substantially at the half-power point for most
radiation patterns.
A system which makes use of the difference between two field
intensities will therefore have greater angular resolution than one which
operates on the maximum of the reflected signal.

The greater the slope

of the "difference curve" the better the resolution.
In the automatic-tracking
modulators were used.

system described herein, mechanical

Two butterfly valves, one in the wave guide output

of each receiving horn, were coupled to a shaft driven by a synchronous
motor.

The thin metal vanes were machined to fit

inside of the rect-

angular wave guides so that as the vanes rotated the wave guides were
periodically opened and blocked.

When the system was properly adjusted,

the ten-centimeter energy in the wave guides was approximately sinusoidally
modulated in amplitude.

A complete cycle of modulation occurred for each

half revolution of the modulator paddle; hence a 100 cps modulating frequency resulted when the vanes were driven at 50 rps.
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The vanes in the two channels were set at right angles to each
other so that when one channel was open the other was completely blocked.
the 90-degree space displacement of the modulators produced a 180-degree
phase relationship between the modulation components in the two receiver
channels.

After modulation, the energy from the two channels was com-

bined by joining the wave guides by means of a "Y" section, and the output of the "Y" section was applied to a crystal detector followed by a
high-gain audio amplifier.

The detector unit used is shown in Figure 1.4.

The output of the audio amplifier had the following characteristics.

When energy was reflected from a target on the axis of the trans-

mitting horn, the two receiving horns were energized with equal field intensities.

The amplitudes of the modulated waves from each channel were

then equal, and since they were 180 degrees out of phase, the audio components coming from the crystal detector annulled each other.
the audio amplifier had zero output.

Consequently,

If the target lay to the left of

the system axis, the amplitude of the audio component from the left channel predominated that from the right channel.

The output from the audio

amplifier was then a 100 cps voltage whose magnitude was proportional
to the difference of the field intensities received by the two horns.
The phase of the 100 ops voltage corresponded to the phase of the paddlewheel modulator in the left channel.
phase zero degrees).

(For convenience, let us call this

If, on the other hand, the target lay to the right

of the system axis, the amplitude of the modulated wave from the right
channel exceeded that from the left.

The output voltage from the audio

amplifier then had a phase angle of 180 degrees.

Hence the output from

the amplifier was characterized by zero amplitude for an "on-course"
target.

For "off-course" targets the amplitude of the output voltage

increased approximately linearly with the angular error up to a certain

15

Figure 1.,4

Wave Guide Detector Unit
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point.

The amplitude variation with angular position of the antennas

was similar to that shown in the difference curve of Figure 1.5.

The

output voltage suffered a phase reversal as the target passed through
the "on-course" position.
A balanced rectifier circuit (See Figure 1.1) was used to obtain a pulsating d-c voltage whose polarity depended upon the phase of
the 100 ops audio voltage.

The circuit is in effect a phase comparison

circuit and requires, in addition to the input voltage of varying amplitude and reversible phase, a reference voltage of the same frequency and
fixed phase.

The reference voltage was obtained from a two-pole gene-

rator coupled to the same shaft which drove the modulators.
In the system used, the reference voltage generator consisted
of a pair of headphones mounted near an elliptical iron rotor.
Figure 1.5.)

(See

As the rotor turned, the air-gap between it and the head-

phones changed.

The variation in the reluctance of the magnetic path

varied the flux and induced voltages in the coils.

The output from this

generator was several volts and was very nearly sinusoidal.
For best operation of the phase comparison circuit, the reference voltage should be in-phase with the voltage from one of the two
receiving channels.

Assume the reference voltage has zero phase; that

is, it is in phase with the voltage from the left channel.

If the tubes

in the balanced rectifier circuit (See Figure 1.1) are initially biased
to cut-off, then for an on-course target, no current flows in T or T2
1
since they receive no grid excitation.

A target to the left of the

system axis results in an audio signal voltage of zero phase, and amplitude proportional to the error in pointing.

This voltage is applied

out-of-phase to the grids of T, and T 2 . The reference voltage, whose
phase coincides with that of the signal voltage from the left channel,
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Figure 1.5

Motor-Driven Modulator and Reference Voltage
Generator
Y-Section and Detector Unit

is applied "in-phase" to the plates of T1 and T 2 . In order that T, and
T2 may be associated with the left and right channels respectively, consider the transformer supplying the 100 cps reference voltage to be so
connected that the plates of T, and T2 are positive when the grid of T,
Then T1 will conduct current

is driven positive by the signal voltage.

and 0, the mid-point of the load resistor, will become positive with
respect to point A.

At the same instant, the grid of T2 is negative so

that this tube does not conduct, even though it has a positive plate
voltage applied.

If the signal voltage is extremely small, T2 may conduct

slightly, but nevertheless the plate current of T 2 will be smaller than
that of Ti.

On the next half cycle, the plates of both tubes will be

negative and neither will conduct current.
T,

conducts more current or charge than T2 .

Over a complete cycle tube
The result is, considering

the voltage from A to B, that B will be positive with respect to A.
If the target lies to the right of the system axis, the 100 cps
signal voltage will have a phase angle of 180 degrees with respect to the
reference voltage.

Now the grid of T2 will be positive when the plates

are positive; hence the plate current of T2 will exceed that of T 1 , with
the result that point A becomes positive with respect to point B.

The

pulsating d-c voltage between A and B varies in amplitude in the manner
indicated by the "difference curve" of Figure 1.5 as the antenna mount
is oriented with respect to the target.

This characteristic may be used

to actuate a follow-up or servomechanism.
The output of the balanced rectifier was applied to the control
field of an amplidyne generator which, in effect, is a rotating machine
power amplifier.

(See Figure 1.6.)

The amplidyne has a power gain of

about 10,000 and the polarity of the d-c output reverses with the

19

ETc

amP/itf

7ne

Qr;yver

TO

1C60 -V

_Iee,

Ir1dt/io'r
rruAer
he d'rire fm/vfn

Figure 1.6

4 mo/i4r~
ar

Schematic Diagram of Amplidyne Generator and Motor used
to rotate Searchlight Unit.

Photograph shows Amplidyne and associated Amplifier Unit.
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polarity of the control field excitation.

The amplidyne output was

used to drive the armature of a separately excited d-c motor.

This

motor was belt-connected to the rotatable searchlight unit on which the
apparatus was mounted.

The field supply of the driving motor was polar-

ized in such a way that a reflection received from a target to the left
of the system axis caused the motor to drive the searchlight unit to the
left.

When the system had rotated sufficiently to bring the target "on-

course", the driving force became zero.

Thereafter the system followed

the target to left or right, since an error in pointing resulted in a
driving force in the proper direction to reduce the error to zero.
For the most part, the research was devoted to the development
and improvement of components of the system.

Actual tests on the complete

system were not exhaustive, but they did show the feasibility of automatic tracking.

For example, the system followed a two-foot-square

aluminum target at a distance of fifty to one hundred feet.

It also

would follow a person or a group of persons walking about on the ground
within the range of about 100 feet.
With the transmitter removed from the system and placed in the
laboratory, the remainder of the unit could be used as an automatic radiocompass.

In these tests the searchlight unit could be turned twenty

degrees "off-course" and the unit would automatically rotate until it
pointed at the laboratory window from which the transmitting horn radiated
ten-centimeter energy.

The range obtainable when using the system as an

automatic radio-compass was two to five hundred feet.

(See Figure 1.7.)

The maximum range could have been extended by increasing transmitter power and receiver sensitivity.

The klystron oscillator used in

the system developed only about five watts, and the crystal detector plus
audio amplifier did not compare in sensitivity with a good superheterodyne
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22
receiver.

A ten-centimeter superheterodyne had been built during the

course of the research but was not used on the system.*
To go from the crude laboratory equipment to a satisfactory
working model required an extension of the maximum working range, and
improvement in the servomechanism.

Additional equipment would be needed

to provide elevation tracking as well as azimuth tracking.

Also, to make

the automatic-tracking system useful for fire control a continual measurement of the range of the target being followed must be obtained accurately.
Although the actual range of the target could be obtained from an auxiliary radio locator of the pulsed type, this information could be obtained
directly from the automatic-tracking set.
The range measurement could be made by modulating the transmitter.

The modulating frequency would depend on the maximum range which

it is desirable to measure.
is to be twenty miles.

Assume, for example, that this upper limit

The time required for radio energy to travel twenty

miles and be reflected back (a total distance of forty miles) will correspond to a time interval of about 200 microseconds.
of a 5000 cps wave.

This is the period

Suppose then that the transmitter is sinusoidally

modulated by means of a 5000 cps wave.

A comparison of the phase of the

modulating wave with the phase of the 5000 cps modulation of the wave
reflected from the target would give a measure of the range.

A phase de-

lay of 560 degrees would correspond to a range of twenty miles, a 180degree delay would correspond to ten miles, and so forth.
With elevation and azimuth tracking plus a range indication,
the system would provide the necessary information for automatic gunlaying.
* Built by D. S. Pensyl.

CHAPTER II

MICROWAVE MODULATORS

P4
In the automatic-tracking system described in Chapter I the
received signals were sinusoidally modulated by the motor-driven butterfly-valve modulators.

The desired variation in the radio frequency am-

plitude is not always sinusoidal.
variation is desired.

In many applications a square wave

In that event the modulator may be considered to

be a microwave switch, alternately opening and closing a radio frequency
The modulator problem is closely allied with the problem of

channel.

direction finding in some continuous wave systems for automatic tracking,
and blind-landing of aircraft.
The paddle-wheel modulators used in the automatic-tracking system, and shown in Figure 2.1, produced sinusoidal modulation when properly
adjusted.

It was found, however, that the wave form of the modulation

could be distorted by improper adjustment of the tuning elements on the
crystal detector.

Satisfactory sine wave modulation depended also upon

the wavelength of the transmitter output.

These effects may be attributed

to resonant conditions established when the paddles are in certain positions.

The irregularities in wave form were so severe that it was found

necessary to tune the system, using a cathode-ray oscillograph to check
the wave form of the modulation.

At wavelengths of 10.6 to 10.8 centi-

meters the modulator output was reasonably sinusoidal when the tuning
elements on the detector were correctly adjusted, but for longer and
shorter wavelengths the wave form was unsatisfactory for all settings
of the tuners.
The two receiving channels were not independent of each other.
Reflections could occur between the two modulators, through the medium
of the connecting "Y" section.

Proper termination of the "Y" section by

careful adjustment of the detector tuning elements minimized the

Wave Guide

Figure 2.1

Sketch of Butterfly-valve Modulator used in each of
the two receiving channels.

Photograph shows first double channel modulator used
in automatic-tracking system.
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reflections from one channel to the other.
The inference to be drawn from the foregoing discussion is
that the variation of the modulated wave was not a simple function of
the paddle position.

Under certain conditions the maximum amplitude

did not correspond to the "wide-open" position of the paddle.

The angle

at which maximum amplitude occurs depends to some extent upon the associated wave-guide circuits.
In order to obtain high-percentage modulation with the paddletype modulators it

was necessary to machine the rotating paddles so that

they closed the channel as completely as possible.

Experimental results

indicated about 95 percent modulation.
Transmission line or wave-guide modulators of any type cannot
supply energy, hence only downward modulation can be achieved.

In other

words, the amplitude is modulated from the steady carrier value down to
zero amplitude.

The average value of power transmitted for 100 percent

sinusoidal modulation (downward) is only three-eighths as much as the
unmodulated carrier would transmit.

If square-wave modulation, or

switching, is used, the average value is maintained approximately at the
carrier level.

MODULATION BY REACTANCE VARIATION
Wave-Guide Reactance Modulator
Amplitude modulation of radio frequency energy may be accomplished by varying the termination of a transmission line.
it

In general,

seems less difficult to obtain square-wave modulation than to obtain

sinusoidal modulation by the reactance-variation method.

An experimental

investigation was made to determine the applicability of the reactancevariation principle to both wave guides and coaxial lines.

Tests on

the wave-guide modulator were conducted during November, 1940.
The test modulator was built for use with the 4 by 6.5 centimeter rectangular pipes used in the laboratory for ten-centimeter transmission.

At ten centimeters this pipe will transmit only the TEoa mode.

The TEOi mode may be set up in the rectangular pipe by means of an antenna passing through the center of the pipe.

See Figure 2.2.

Since an antenna passing through the pipe may be used to accomplish almost complete energy transfer from coaxial line to hollow
pipe or vice versa, it seemed likely that an auxiliary antenna would control the flow of energy through the pipe.

The reactance tuner which

terminates the antenna after it passes through the wave guide must be
carefully adjusted to achieve optimum energy transfer.

Similarly, if

an auxiliary antenna is inserted in the wave guide, variation of the tuning of the antenna should result in modulation of the energy passing
through the pipe.
Details of the modulator are shown in Figure 2.5.

The photo-

graph shows the auxiliary antenna which was inserted in the wave-guide
channel to accomplish the modulation.

The sketch shows the arrangement

of apparatus used in testing the modulator.

Tests made under static

conditions indicated the limitations and possibilities of this type of
modulator.

The maximum variation of amplitude obtainable would corres-

pond to a variation of the antenna termination from open-circuit to shortcircuit conditions.

It

was found possible in this limiting case to ob-

tain an amplitude variation from maximum to four percent of maximum.
The experimental procedure was as follows.

The energy source

was a ten-centimeter klystron adjusted to a wavelength of 10.6 centimeters, and coupled to a rectangular horn.

The receiving pipe in which

the modulation was accomplished was placed several feet from the horn.

/

/
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Figure 2.2

Coaxial Line to TE
Coupling Unit
in Rectangular Wave Guide.
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The curves shown in Figure 2.4 were taken with the reactance tuner and
reflector on the crystal detector set for maximum crystal response.

Then

the modulator reactance tuner was varied and data taken for both opencircuit and short-circuit termination of the modulator antenna.

The

open-circuit condition was attained with nothing present at the end of
the antenna.

Short circuit was attained by placing a metal disk on the

end of the short line terminating the antenna.

A capacitance short cir-

cuit produced by separating the disk from the line by a layer of polystyrene tape was found to be electrically equivalent to the metallic
short circuit.
The variation in crystal current as the reactance tuner "b"
was adjusted indicated the feasibility of this scheme of modulation.

Re-

ferring to Figure 2.4 it is evident that satisfactory modulation would
be obtained with tuner "b" set at points A or E.

At these points the

maximum amplitude of response, obtained with short-circuit termination,
was within a few percent of the amplitude obtainable without the modulator
present.

This was important since it indicated the modulator introduced

practically no insertion loss.

It will be noted that a change to open-

circuit termination reduced the amplitude to less than four percent of
the maximum.
The ability of the antenna to block the passage of energy
through the pipe may be attributed to complete reflection of energy.
It is interesting to note that points B and D of Figure 2.4
showed no variation of output even through the termination was changed
from open-circuit to short-circuit.

At point C modulation could have

been obtained, but the maximum amplitude was reduced by almost 50 percent.
Data for the curves shown in Figure 2.5 was taken in a slightly
different manner.

In the previous set of data, detector tuning remained
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In the present instance, the reactance tuner "b" on the modu-

constant.

lating antenna remained fixed while the tuner "a" on the detector unit
was varied.
With tuner "b" set at 6.8 centimeters and with open-circuit
termination of the modulator antenna, the channel was completely blocked,
regardless of the setting of tuner "a".

Under short-circuit conditions

points A and C represent satisfactory operating points.

Point A is pref-

erable to 0 since it is not quite as critical of adjustment.

At these

pointsinsertion loss due to the presence of the modulator was negligible.
At point B both open- and short-circuit termination effectively blocked
the pipe.
Whereas in Figure 2.5 open-circuit termination blocked the
pipe for all settings of tuner "a" when tuner "b" was set at 6.8 centimeters, the data in Figure 2.6 shows reversed conditions.

Here, with

"b" set at 5.2 centimeters, the pipe is blocked for short-circuit termination, regardless of the setting of "a".

Then at points A and C open-cir-

cuit termination opens the channel.
The foregoing tests, made under static conditions, indicated
that the reactance modulator has considerable flexibility, ease of adjustment, low insertion loss, and the capability of producing high percentages of modulation.
Figure 2.7 shows the- arrangement of apparatus used to obtain
rapid variation of the antenna termination in order to produce modulation.
The eight-tooth gear wheel was driven at 1800 rpm by a synchronous motor.
Figure 2.8 shows some of the wave forms obtained with various
tuner settings.

These wave forms were traced from the screen of a

cathode-ray oscillograph.

The sloping tops of the wave forms were

attributable, in part, to the response characteristics of the amplifiers
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used.

However, slight misalighment of the rotor shaft with respect to

the reactance-terminated antenna may have been partially responsible.
The eight-tooth gear wheel was the only one tested with this modulator.
Results obtained with the coaxial-line modulator, to be described next,
indicated that better square waves could have been obtained by removing
the small disk from the center conductor.

Sinusoidal modulation could

be obtained with somewhat greater difficulty by shaping the modulating
wheel.

The determination of the proper time variation in the terminat-

ing capacitance necessary to produce sinusoidal modulation would have
to be done experimentally.
Some modification of wave form might be attained by shaping
the ends of the inner and outer conductor of the transmission line to
produce the required time variation of terminating reactance.

This would

be a simpler expedient than machining a special contour onto each tooth
of the modulating wheel.
The paddle-wheel modulators used on the automatic-tracking system seem somewhat more suitable for sinusoidal modulation than the reactance-type modulator.
Coaxial Line Reactance Modulator
During April and May of 1941 a modulator was developed for use
with coaxial-line elements.

It was anticipated at that time that in cer-

tain instances space limitations or other reasons might require the use
of coaxial lines instead of wave guides in the automatic-tracking system.
Hence a modulator was developed for coaxial-line applications.
sults obtained with this unit were highly satisfactory.

The re-

Square-wave modu-

lation or switching was most easily realized, but an empirically-designed
rotor yielded reasonably good sinusoidal modulation.
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Square-Wave Modulation:
Square-wave modulation or switching from one channel to
another was investigated first.

The operation of the unit may best be

described with the aid of the diagram shown in Figure 2.9.

Here the modu-

lator unit is shown as it would be used in a two-channel receiving system,
of which the automatic-tracking system is a good example.

The two chan-

nels were made identical so that electrical symmetry was obtained.

The

photographs in Figure 2.10 show the actual layout of the coaxial lines
and the appearance of the modulator with cover removed.

Figure 2.1 is

a detail drawing of the modulator housing.
Modulation or switching was accomplished by reactance variation.
The termination of coaxial lines A
bladed, motor-driven rotor.

and A2 was varied by means of a three-

The spacing between the rotor blades and

the ends of these lines was of the order of five mils.

Thus with a rotor

blade aligned with one of the lines, the termination was a small capacitive reactance.

At the same time the other line was open-circuited.

In receiving systems a reactance variation of this type is superior to
a metallic short circuit and open circuit.

Make-and-break contact in-

evitably introduces noises into the receiver.
The coaxial lines were made with sliding sections so that
lengths could be adjusted.

With the rotor in the position shown in

Figure 2.9, assume for simplicity that lie

A 1 is terminated in a short

circuit and A2 is open circuited.

and A2 were adjusted to an

Lines A

odd multiple of a quarter-wavelength.

The impedance looking into A1 at

its junction with the left channel was then quite high.

Thus the passage

of energy from the left horn to the receiver was not affected.

However,

the impedance looking into A 2 at its junction with the right channel was
very low (theoretically zero); hence the right channel was blocked by
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the short circuit.

It now becomes apparent that lines B 1 and B 2

also be adjusted to an odd number of quarter-wavelengths.
B2

must

Thus, since

is terminated in a low impedance at the junction with A 2 , the im-

pedance will be high looking into B 2 at the junction with B
to the receiver.

and the line

If this adjustment is incorrect, the energy which should

pass into the receiver from the left channel may pass over into the right
channel.

fhen the rotor position changes so that a rotor blade lies opposite A2 , then the right channel passes energy to the receiver while the
left channel is blocked.
The lines A 1 and A 2 could have been multiples of half-wavelengths, and theoretically the operation would have been the same, except
that the order of opening and blocking channels would be reversed.

Thus,

with the rotor in position as in Figure 2.9, the left channel would be
short-circuited.

It was found experimentally that the first-mentioned

adjustment was preferable; that is, with lines A1 and A 2 being odd multiples of a quarter-wavelength long.
Lines C 1 and C2 were adjustable in length to provide a means
of matching the impedance of the receiving horns to the modulator channels.

Similarly, impedance-matching was provided between the receiver
.

and the junction of lines B and B
1
2

Static measurements were made to determine satisfactory adjustment of the line lengths and to perfect the rotor design.

A source

of ten-centimeter radiation was placed several feet from the modulator.
Each of the two channels received energy from a wave guide (used instead
of a receiving horn).

Each channel was tested with the opening of the

other channel blocked by a metal plate.

In this way the rotor position

was determined for "on" and "off" conditions of each channel.

Then,

with both channels open, it was found that the wave form was unchanged.
A crystal detector was used as the receiver.

Readings of crystal cur-

rent were taken as the rotor position was varied.
Figure 2.12 shows the results obtained with the first rotor
built.

The blades of this rotor were made 7/16 inches wide.

ness of the rotor was about 5/8 inches.

The thick-

The width of the blade was

chosen to cover the 7/16-inch coaxial line which it was to terminate.
With this width of blade, the leading edge of one blade just began to
cover one coaxial line as the trailing edge of another blade left the
other coaxial line.

The goal of course was to obtain a square wave with

no spaces between the "on" positions of the two channels.

Figure 2.12

shows the variation in output as the leading edge of a rotor blade passed
over one of the transmission lines.

It is obvious here that no variation

occurred until the rotor blade began to cover the center conductor.

The

time interval between the "on" positions of the two channels was too
great here.

If. one channel can be turned on as soon as the other is

turned off, the average power passed by the system

will be increased.

The second rotor design was such that the leading edge of one
blade began to cover the center conductor of one channel as another
blade uncovered the center conductor of the other channel.
in a rotor blade 51 degrees wide.
resulting wave forms.

This resulted

Figure 2.15 shows the rotor and the

These blades were slightly too broad since there

was about four degrees overlap (both channels "on".)
The third rotor tested had blades 47 degrees wide to eliminate
the overlap.

Figure 2.14 shows the results obtained with the rotor

whose blades were 47 degrees wide.
Further improvement in the square waves was obtd. ned by decreasing the size of the center conductor at the ends of the coaxial
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lines exposed to the modulator rotor.

Since variation in receiver sig-

nal occurred only as the rotor blade covered or uncovered the center
conductor of the coaxial line, the complete variation from zero to maximum output was thus made to occur in a smaller time interval.
Sinusoidal Modulation;
Sine-wave modulation was obtained by using a special rotor. The
shape of the rotor was determined by a method of successive approximations.
Three rotors were built, and the third yielded very satisfactory sinusoidal
modulation.

It is doubtful whether the modulator is as suitable for si-

nusoidal variations as it is for square-wave modulation because of the
difficulty of designing and machining the rotor for sine-wave output.
Static measurements made on the first rotor yielded peaked waves.

The

necessary modifications to produce sinusoidal modulation were estimated
and a second rotor made.
over-correction.

Static tests on this unit indicated a slight

The third rotor, designed by interpolating between the

first two, yielded very satisfactory sinusoidal modulation.

Figure 2.15

is a photograph of the rotors used to produce sinusoidal and square-wave
modulation.

Figure 2.16 gives design data on the third sine-wave rotor.

The maximum rotor radius was .875 inches, and a out of only forty-thousandths produced complete modulation.

Static measurements were made on

each channel with the other channel blocked by a metal plate over the
opening of one of the receiving wave guides (used in the laboratory in
place of the receiving horns).
Dynamic tests were made with the rotor driven by a synchronous
motor and wave forms indicated on a cathode-ray oscillograph.

The re-

sultant wave forms in both the square-wave and sine-wave cases did not
differ materially from those obtained under static conditions.
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Figure 2.15

Rotors Used for Square-ave Switching and
Sinusoidal Modulation
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The coaxial-line, reactance-type modulator seemed to be highly
satisfactory, but certain factors involved in its construction and operation are undesirable.

It was noted, with some of the rotors, that the

amplitude of the output wave was not identical for all blades.

This was

due to a slight lack of symmetry in the rotor, misalignment of the rotor
bearings or of the terminal ends of the two transmission lines.

Since

the necessary capacitance variation can be obtained only with very close
spacing between the rotor and the transmission lines, all dimensions are
highly critical.
formance.

The unit must be precision-machined for reliable per-

CHAPTER III

SPLIT-BEAM RADIATORS
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The use of overlapping-beam radiators in direction-finding applications was indicated in the description of the automatic-tracking
system.

(Chapter I)

The idea is by no means a new one.

The CAA-MIT

microwave blind-landing system used the same principle, and radio range
stations have for many years defined sky-routes by the equisignal region
of two overlapping radio beams.
In microwave installations the most obvious method of producing
-

the double-beam radiation pattern is to use two separate radiators
usually either horns or paraboloids.

The radiators may be placed physic-

ally in the proper positions to produce the desired angle between the
electrical axes (directions of maximum radiation).

The resulting radia-

tion patterns then appear as indicated in Figure 5.1.

The angle between

the electrical axes of the two radiators is usually made equal to or
slightly smaller than the beam angle of the individual radiators.

This

brings the intersection of the radiation patterns at, or slightly above,
the half-power points.

The use of two separate radiators unquestionably

serves the desired purpose, but in some installations space limitations
may be such that this simple expedient is impractical.

As a specific

example, the automatic-tracking system in its entirety would have required
five electromagnetic horns or paraboloidal radiators, one for transmitting,
two for azimuth tracking, and two for elevation tracking.

It seemed de-

sirable to investigate the possibility of conserving space by combining
the functions of the several radiators.
The research described in this chapter indicated the feasibility
of obtaining a split-beam radiation pattern from a single paraboloid or
horn.

The directivity of the radiator when thus doing double duty was

the same as was obtained when two radiators were used to obtain the
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split-beam pattern.

This combination of functions would reduce the num-

ber of radiators required for the automatic-tracking system from five to
three.
It seems possible, from the results obtained, that further
combination could be made with the result that four beams could be produced in a single unit.

This idea was not investigated, but if success-

ful, the number of radiators would be only two - one for transmitting, and
one for both azimuth and elevation direction-finding.
The operation of the overlapping-beam radiating system depends
on the type of modulation employed.

For example, in the two-channel re-

ceiving system used in the automatic-tracking device described in Chapter I,
out-of-phase sinusoidal modulation was applied to the two channels.

'When

the left channel was opened and the right channel closed by the butterflyvalve modulators, the beam was off to the left.

On the next half of the

modulation cycle the right channel was open and the left one closed; hence
the beam was due to the right horn alone and was in its extreme right position.

For intermediate positions of the modulator vanes, both channels

are partially opened, and the two horns form an array.
Measurements were taken with the two horns for various static
positions of the modulator vanes.

The results indicated, to a first order

of approximation, that a single lobe was swept from the farthest left to
the farthest right position and back again during the modulation cycle.
Actually the shape of the beam changed somewhat and secondary lobes appeared as the beam moved back and forth.
If square-wave modulation is used, there should be no change
in the beam shape since only one channel is open at any given instant.
The beam would be in the left position for a half-cycle and then switch
to the right position for the next half-cycle as the channels are

55
alternately opened and closed by the square-wave modulator.
Two Beams from a Single Paraboloid
The radiation properties of paraboloidal reflectors energized
by wave guides were investigated in considerable detail during the course
of the Sperry Short Wave Antenna Research (November and December, 1940).
The experiments described herein will include only those which pertained
to the production of split-beam radiation patterns.

The general prop-

erties of parabolic reflectors have been treated by R. V. Gould - "An
Investigation of the Parabolic Reflector for Microwave Transmission,"
M. I. T. Thesis (S.M. 1941).
then a parabolic reflector is energized at its focus by a wave
guide or half-wave dipole, a sharp beam of energy is radiated.

For a

given frequency of operation, the beam angle of the radiation pattern thus
obtained is inversely proportional to the diameter of the paraboloid.

The

pattern depends critically upon the position of the energizing wave guide
or dipole, and depends also upon the radiation pattern of this source.
With the energizing wave guide placed at the focus of the paraboloid, ihe resultant beam has its maximum intensity along the axis of
the paraboloid.

If the wave guide is moved laterally toward the left,

the beam shifts to the right of the axis of the paraboloid and vice versa.
Then if two wave guides are used, one to the left and one to the right of
the focus, a split-beam radiation pattern is obtained.

The Reciprocity

Theorem insures similar performance if the same radiator is used for reception.

It is usually more convenient to determine radiation patterns

for a receiving antenna system than for a transmitting antenna system.
Measurements, both on parabolas and horns, were made, using the parabola
or horn to be tested as a receiving antenna.

Microwave energy from a

laboratory source (klystron or magnetron) was radiated from the laboratory window by means of an electromagnetic horn.

The test unit, mounted

on a turn-table, was located about fifty yards from the radiating source.
Radiation patterns were taken by recording the magnitude of the d-c crystal
current at each angular position as the test unit was rotated.

All pat-

terns were taken in the azimuthal plane to minimize the effects of ground
To obtain patterns in two planes at right angles to each

reflections.

other, the plane of polarization was rotated.

Thus, to obtain the radia-

tion pattern in the plane of the magnetic field, vertical polarization
was used; to obtain the pattern in the plane of the electric field, horizontal polarization was used.
Tests were made to determine quantitatively the effect of lateral
displacement of the receiving wave guide.

The parabola used was the sixty-

inch glass reflector in a Sperry Searchlight.
silver-plated.

The back of the glass was

This reflector functioned as effectively as the spun-

copper reflector which had been used in earlier tests.

The two photo-

graphs in Figure 5.2 show the complete unit used for the beam-shift tests.
The drawing in Figure 5.5 gives the important dimensions of this radiating
system.

It will be noted that this parabola was fairly flat; that is,

the focus was well in front of the parabola.

The depth of the parabola

was 25 centimeters, whereas the focus was 65.5 centimeters from the vertex.
However, the searchlight mount added a cylindrical extension to the glass
reflector.

The effect of this metal cylinder on the radiation patterns

was not determined since the glass reflector was not removed from the
mount.

However, the patterns obtained did not seem to differ appreciably

from those obtained using the spun-copper parabola, which had no such
cylindrical extension.
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Figure 3.2

Searchlight Parabola
Beam-Shift Tests
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The dimension "d" in Figure 3.5 indicates the distance from
the vertex of the parabola to the opening of the wave guide.

The axial

position of the end of the wave guide will be designated by "d" on the
graphs which follow.

Lateral displacement of the center of the wave

guide from the axis of the parabola will be designated by "c".
The energy source used in the beam-shift experiments was an
end-plate magnetron which energized a rectangular horn.
wavelength was 8.5 centimeters.

The operating

The receiving system consisted of the

parabola on its rotatable mount, the 2.5-inch diameter wave guide, a waveguide-type crystal detector, (see Figure 1.4) and a d-c microammeter. The
mode.

circular wave guide was designed to transmit the TE

The de-

tector unit was mounted in a rectangular wave guide designed for the
equivalent rectangular mode TE

.

A round-to-rectangular pipe section

joined the two wave guides to facilitate conversion of the wave energy
from TE1 ,1 to TEO, 1 (rectangular).
The ordinates of the graphs which follow are plotted in terms
of a-c volts.

The conversion from d-c crystal current to a-c volts was

made with the aid of a calibration curve obtained at sixty cycles.

The

circuit shown in Figure 5.4 was used to determine the crystal characteristic (rectified current vs. impressed volts a.c.).

It

the crystal characteristic was independent of frequency.

was assumed that
The voltage

readings plotted should then be proportional to received field strength.
Calibration curves were made for each crystal used, and for each value
of d-c load resistance used.

In making the calibration the total resist-

ance (including the d-c resistance of the inductance) was made equal to
the resistance used in taking radiation patterns.
Figure 5.5 is a graph showing the variation of received signal
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strength as a function of the distance "d". Although the geometrical
focus of the parabola, determined by measurements made on the reflector,
was 65.5 centimeters from the vertex, maximum received signal voltage was
obtained with the wave-guide opening 65.2 centimeters from the vertex.
This phenomenon was observed in all parabola experiments in which a wave
guide was used to radiate or collect the energy at the focus.

Apparently,

the wave configuration in the guide is such that the energy seems to radiate from a virtual source several centimeters beyond the end of the wave
guide.
With the opening of the wave guide set at a distance
d = 65.2 centimeters from the vertex of the parabola, radiation patterns
were taken for several lateral positions of the guide.

The first pattern

was taken with the wave guide on the axis of the parabola (c = o).

Then

the pipe was displaced laterally, two centimeters at a time, and patterns
were taken for c = 2, 4, 6, and 8 centimeters.
in Figure 5.6.

The patterns are plotted

Vertical polarization was used, hence the patterns are

in the plane of the magnetic field (parabola rotated about a vertical
axis).

As the pipe was moved to the right of the parabola axis, the

beam shifted to the left.

It will be noted that secondary lobes become

more numerous and more pronounced as the wave guide is shifted farther
from the axis of the parabola.

This is an important effect which must

be overcome, or at least minimized, in the development of a split-beam
antenna system.

No significance can be attached to the magnitudes of

the maxima of the radiation patterns.

Instability of the magnetron trans-

mitter or slight inaccuracies in positioning of the receiving wave guide
may have been responsible for the variations.

The maximum response should

diminish as the wave guide is moved laterally from the axis of the parabola.
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Figure 3.7 is a plot of the shift (in degrees) of the radiation
pattern maximum from the axis of the parabola, versus the lateral displacement of the wave guide (in centimeters) from the axis of the parabola.

The beam shift is approximately a linear function of the wave-

guide displacement, and is 0.8 degrees per centimeter.

Split-Beam Tests with Parabola
A double-channel wave-guide system was constructed to extend
the results of the beam-shift experiments just described to the actual
production of split-beam radiation patterns and to the utilization of
these patterns in direction-finding or target-tracking applications.
Radiation patterns taken with a detector unit attached first to
one channel and then to the other are shown in Figure 3.8.

The trans-

mitting source used was a Sperry klystron operating at a wavelength of
10.4 centimeters.

The wave guides were three inches in diameter and

were placed adjacent to each other so that the center of each was displaced 3.8 centimeters from the parabola axis.

The maxima of the two

beams were separated by five degrees, or each beam was shifted 2.5 degrees.

The beam shift was therefore only .65 degrees per centimeter.

The decrease in beam shift was to be expected with increased wavelength.
If linear dimensions are expressed in wavelengths, the results check
fairly well with those from the beam-shift tests.

In the present in-

stance the 5.8-centimeter displacement of the wave guides corresponds
to .567 X.

On Figure 3.7 a displacement of .5677X

corresponds to

o = .504 centimeters, for which the beam shift is 2.5 degrees.
The slight difference in the magnitudes of the maxima of the
two patterns was attributed to mechanical dissymmetry of the two channels,
slight misalignment, or variation in the klystron output.

It will be
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noted in Figure 5.8 that there is considerable spread in the radiation
patterns at low levels.

This spurious pickup is objectionable since it

may result in multiple crossovers which would give false indications in
a direction-finding system.
more sharply.

The patterns shown in Figure 5.6 terminate

The difference was not the result of changing wavelength,

but in accuracy of measurement.

The measurements made with the 8.5-centi-

meter magnetron as a source are probably in error.

It is believed that

spurious pickup would have been recorded had the output of the magnetron
or the sensitivity of the detection apparatus been greater.
The photographs in Figure 5.9 show the double-channel waveguide system after auxiliary apparatus had been added to conduct direction-finding tests.

The closeup shows the 90-degree bend at the top of

the wave guide, followed by a round-to-rectangular section to convert
the TE.,

1

mode in the round pipe to TE ,1 in rectangular pipe.

After

conversion, the waves pass through a short filter section which attenuates
higher-order modes introduced by the bend and the mode-changing section.
Then the waves pass through a double-channel, paddle-type modulator. The
modulated waves are combined in a "Y" section and detected in the crystal
detector unit.
Radiation patterns shown in Figure 5.11 were taken with one
channel blocked and the modulator paddles set for maximum output from the
other channel.

Then the conditions were reversed.

The klystron trans-

mitter was operated at a wavelength of 10.6 centimeters during these
tests.
The patterns have several crossovers and spurious radiation
extends fifty or sixty degrees to either side of the main lobes.
of these characteristics are objectionable for direction-finding.

Both
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Searchlight Parabola
Wave-Guide System
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Despite the relatively poor characteristics of the radiation
patterns, the system functioned fairly well as a direction-finder.

The

left-right indication was obtained by connecting the output of the crystal detector to a phase-meter (balanced-modulator circuit), shown in
The modulator was driven by an 1800 rpm synchronous motor

Figure 5.12.

so that the detector output waz a sixty-cycle voltage whose phase depended upon the relative amplitudes of the signal strength in the two
channels.

The reading of the zero-center meter plotted as a function of
the rotation of the searchlight unit is shown in Figure 5.15.

Only one

false crossover appeared, and the indication beyond this point was extremely small.
Elimination of the false crossover would make this receiving
antenna system satisfactory for automatic-tracking or direction-finding
apparatus.

Time did not permit carrying on the necessary research to

make this improvement.
Another type of apparatus for producing split beams with the
parabola was evolved from the experiments on horns, which will be described in the latter part of this chapter.
of the apparatus.

Figure B.14 is a photograph

The device used to energize the parabola was a double-

channel rectangular wave guide with two coaxial-line output terminals.
This feed system was suitable for use with the coaxial-line reactancetype modulator described in Chapter II.

The center conductors of the

coaxial-line channels passed through the wave guide and terminated in
adjustable reactance tuners.

The channels were separated by a metal

baffle whose position could be adjusted, and the end of each channel
contained a movable plunger.

The operation of this double-channel wave
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guide will be discussed more fully in connection with beam shift in horns.
A sketch of the apparatus and the most suitable radiation patterns obtained are shown in Figure 5.15.
The patterns were obtained by connecting a crystal detector
first to one channel and then to the other.
than five degrees.

Beam shift was slightly less

A more desirable intersection of the patterns, requir-

ing slightly greater beam shift could be obtained by separating the channels.

The results of the work on parabolas indicate the feasibility of

obtaining split-beam radiation patterns from a single reflector.
The preceding experiments have all been made with beam shift
in the plane of the magnetic field.

Beam shift in the plane of the elec-

tric field was not investigated, but similar or better results would be
obtained.

Radiation patterns from parabolas have larger secondary lobes

in the plane of the magnetic field than in the plane of the electric field;
hence the overlapping beams should be less subject to multiple crossovers
in the plane of the electric field.
Two Beams from a Single Electromagnetic Horn
Although the electromagnetic horn occupies more space than a
paraboloid which yields-the same amount of directivity, the horn may be
useful in some microwave applications.

Hence, the possibility of obtain-

ing split-beam radiation patterns from a single horn was investigated
(March, 1941, to May, 1941).

The experiments were conducted with rect-

angular horns and yielded results comparable to those obtained with the
parabola.
Design data on rectangular horns used to produce a single highly
directive beam has been published by Chu and Barrow (Elec. Eng. July,1939).
Angles of flare in the planes of the electric and magnetic fields are
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usually chosen to produce maximum directivity obtainable with a minimum
of secondary lobes.

The horn tapers from the open end to a size suitable

for coupling to a wave guide which will transmit only the TEo,i mode at
the operating frequency.
The three horns built for the split-beam experiments were made
The

with larger throats to permit the use of two wave-guide channels.
first horn constructed was designated as Horn No. I.

Essential dimen-

sions of this horn are shown in Figure 5.16.
Attempts at producing beam shift by coupling the 4 by 6.5 centimeter wave-guide detector unsymmetrically were not satisfactory.

Figure 5.17

shows the patterns obtained when beam shift in the plane of the electric
field was attempted.
overs.

Large secondary lobes resulted in multiple cross-

A radiation pattern obtained with the detector unit located at

the center of the throat was symmetrical but had secondary lobes whose
magnitudes were 55 percent of that of the main lobe.

Beam shift in the

plane of the magnetic field was also unsatisfactory.

The patterns were

smoother but had multiple crossovers.

See Figure 5.18.

Better results were obtained with horn terminations designed
for double-channel output.

Horn-box No. 1 is shown in Figure 5.19.

Two

cartridge-type crystal detectors were mounted on wooden probes, which
were supported by the reflecting plunger.
fuse clip.

Each crystal was mounted in a

Soldering lugs protruding on each end formed a half-wavelength

dipole (approximately).

The plunger was movable in the horn-box, and the

crystals were movable with respect to the plunger.

The positions of

crystals and plunger shown in Figure 3.19 were found to produce the most
satisfactory radiation patterns.

Using Horn No. I and Horn-box No. 1,

the radiation patterns shown in Figure 5.20 were obtained.

These patterns

for split beams in the plane of the magnetic field were free from secondary
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83
lobes, but did not have sufficient spread between the beams.
The crystal detectors were then turned through ninety degrees to
test beam shift in the plane of the electric field.

Figure 5.21 shows the

new position of the crystal detectors and Figure 5.22, the radiation patterns for split beams in the plane of the electric field.

These patterns

were marred by the presence of multiple crossovers.
Horn-box No. 2, shown in Figure 5.25, had the same dimensions as
the first box, but was equipped with coaxial-line fittings, antennas, and
tuners in the position which had been found to be best in Horn-box No. 1.
Minimum secondary lobes occurred at a different position of the movable-plunger.

The patterns for beam shift in the plane of the magnetic field

for this plunger position indicated too much beam spread.

See Figure 5.24.

A second horn was constructed with the same throat dimensions as
Horn No. I but with different flare angles.
are shown in Figure 5.25.
this horn.

The dimensions of Horn No. II

A new type of horn-box was developed for use with

Figure 5.26 shows the details of Horn-box No. 5.

Crystal de-

tectors mounted on probes were used to measure the energy received by each
channel.

The two channels were separated by a metal partition which could

be moved parallel to the axis of the horn-box.

The position of the parti-

tion, as well as the positions of the crystals and plungers, was critical
in determining the shape of the resultant beams and the amount of beam
shift.

Numerous measurements were made for various combinations of the ad-

justable parameters.

Radiation patterns obtained for optimum positions of

the partition, crystals, and plungers are shown in Figure 5.27.

The main

lobe of the radiation patterns from each channel had a beam angle of 15.5
degrees, and the spread between the two maxima was 15 degrees.
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intersected approximately at the half-power points and showed no multiple
intersections due to spurious side lobes.

Hence they would be very satis-

factory for direction-finding systems.
To increase the directivity and power gain of the doublechannel horn radiator a larger unit was constructed.

Horn No. III, shown

in Figure 5.28, was twice as long as the first two horns tested.

The

same terminating device, Horn-box No. 5, was used to measure radiation
patterns.

The patterns obtained are shown in Figure 6.29, and as would

be expected, the directivity was almost twice as great as that of Horns
Beam angles were eight degrees and the spread between maxima

I and II.

was about ten degrees.

This resulted in an intersection slightly below

the half-power points.

No multiple crossovers were observed.

The preceding results show that a single horn can produce satisfactory split-beam radiation patterns in the plane of the magnetic field.
In the plane of the electric field, multiple intersections of the patterns
were not successfully eliminated.

However, further research may lead to

satisfactory split beams in the plane of the electric field.
Explanation of Beam Shift in the Electromagnetic Horn
The ability to shift the direction of maximum radiation several
degrees from the geometrical axis of the horn may be attributed to a change
in the distribution of electric and magnetic field intensities at the
mouth of the horn.

This field distribution is in turn due to the presence

of one or more wave-guide transmission modes in the horn.

The ideas to

be explained here are more readily visualized if a transmitting horn is
considered.

The Reciprocity Theorem may be invoked to include receiving

horns in the argument.
The rectangular horn, when used to produce a single directive
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beam of radiation along its geometrical axis, is usually tapered to
meet a wave-guide termination which is designed to transmit only the
TE

mode.

In this mode the transverse components of electric and mag-

netic fields have a uniform distribution across the guide in the direction of the electric field and a half-sinusoid distribution in the direction of the magnetic field.

This distribution of field intensities, sym-

metrical about the geometric axis, is retained as the waves expand in
the horn, until finally they are launched into free space.

The symmet-

rical distribution of field intensities results in a single beam of radiation along the geometric axis of the horn (plus small secondary lobes).
In the double-beam-horn experiments the energizing wave guide
was made sufficiently large to transmit TEO,2 waves as well as TE
waves.

Assuming, for the moment, that the guide is energized with TE

waves alone, the distribution of transverse field components in the direction of the magnetic field is two half-sinusoids.

The fields on one side

of the axis are out of phase with those on the other side of the axis.
The resultant radiation pattern contains two main lobes of equal magnitude, one on either side of the geometric axis of the horn.

Radiation

along the geometric axis of the horn is negligible.
A comparison may be drawn to simple antenna structures.

A

half-wave antenna with a sinusoidal current distribution radiates maximum energy broadside to the antenna.

A full-wave antenna with a current

distribution of two half-sinusoids, out of phase with each other, produces
two main lobes, each 56 degrees from the broadside direction.
Consider again the radiation from the rectangular horn.

When

the energizing antenna in the horn-box is placed on the geometric axis of
the horn, a symmetrical field distribution results (in the plane of the
magnetic field); hence the TE

mode is established.

Even though the

95
wave guide may be wide enough to transmit the TE,2 mode, there is little
tendency for this mode to be established.

However, when the antenna is

placed midway between the center and the edge of the wave guide, the
coupling to the TE

fields is most favorable, and the coupling to the

TE,1 fields is still 0.707 of the coupling when the antenna is centered
in the wave guide.
in the horn-box.

Hence, both TE'l and TE ,2 modes will be established
The relative amplitudes and the phase relationships of

these two modes will determine the distribution of field intensities at
the mouth of the horn, and hence will also determine the radiation pattern.

An asymmetrical distribution will shift the main lobe of radiation

away from the geometric axis of the horn.

Figure 5.50 shows several pos-

sible intensity distributions.
A horn-box used to produce split-beam radiation from a horn
should be capable of controlling the phase relations and, if possible,
the relative amplitudes of the TE0

1

and TE

modes.

Horn-box No. 5
The

(Figure 5.26) was more flexible than the other two in this respect.

relative phases of the two modes was controlled by the position of the
metal plate separating the two channels.
The relative phases of the two modes depends upon the total
length of the wave-guide channel through which the two modes pass.

Near

the open end of the horn, the transverse dimensions of the wave channel
are large compared to the critical dimensions for both modes; hence both
modes have the same phase velocity and phase wavelength.

However, the

horn-box was designed to have a width only slightly greater than the
critical dimension for the TE ,2 mode.

Hence in the throat of the horn

and in the portion of the horn-box behond the metal partition the phase
velocities and the phase wavelengths of TE
siderably.

and TE

differed con-

The width of the horn-box was 12 centimeters, and the operating

Resultant
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wavelength was 9.8 centimeters.

The wavelength in the pipe is

F77
is the free-space wavelength and

Cut-off wavelength for TEo

o,n

and TE,

2

A9

modes is given by the relation

where b is the width of the wave guide.
TE

AO is the cut-off wavelength.

Cut-off wavelengths for the

modes are 24 and 12 centimeters respectively.

culated phase wavelengths for TBol and TE2
meters respectively.

-

where N

The cal-

are 10.8 and 16.8 centi-

The phase of one mode therefore changes relative

to that of the other as the total length from the horn mouth to the beginning of the metal partition is changed.
In the parabolic reflector systems previously discussed, lateral displacement of the energizing wave guide toward the left resulted
in beam shift toward the right of the geometric axis.

In double-beam

horn systems, the energizing antenna in the left channel may be made to
produce a beam shift either to the left or to the right of the geometric
axis simply by reversing the phase of TE
to the TE

mode.

180 degrees with respect

(Refer to Figure .30)

Data taken with Horn No. I and Horn-box No. 1 gives some idea
of the effect of the relationship between TE

and TE

horn-box did not have a partition between the two channels.

modes.

This

The position

of the reflector in the wave guide and the positions of the detectors were
the adjustable parameters.

The reflector was set to give maximum re-

sponse and the crystal detector moved relative to the reflector to obtain
the several radiation patterns.
shown in Figure
images of these.

.l.

The patterns for the right channel are

Patterns for the left channel would be mirror

It will be noted that the main lobe of radiation moves

both to left and to right of the geometric axis.

Large values of beam
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shift are accompanied by large secondary lobes, but with the improved
horn-box (No. 5) it was found possible to obtain sufficient beam shift
for direction-finding without excessive secondary lobes. (See Figures
5.27 and 5.29)
Improving Directivity of Horns
Experiments with TE

and TE

modes in the electromagnetic

horn suggested the use of higher-order modes even when single-lobe radiation is desired.

The sinusoidal distribution of field intensities prowave alone does not yield maximum directivity for a

duced by the TE
given horn opening.

It was decided to investigate the effect of modifying

the sinusoidal distribution by combining the TE
mode.

mode with the TE.

Horn No. II and Horn-box No. 5 (without partition) were used for

the tests.

A wavelength of 7.8 centimeters was used for these tests so

that the horn-box (which was 12 centimeters wide) would transmit the
TE5 mode, as well as the TE

mode.

The horn-box was modified to use

only one crystal detector which was mounted on the geometric axis of the
horn.

Thus the TE

o,2

mode was not established.

The distance between

crystal detector and the metal reflector was fixed to yield maximum response.

Then patterns were taken for numerous positions of the reflector.

A few of these patterns are shown in Figure 5.52.
half-power points varied from 190 to 60.
"d" is also shown in Figure 5.52.

The angle between the

A plot of beam angle versus

Beam angle for a horn having the same

dimensions at the mouth as Horn No. II, but energized only with the
TE0 , mode, is about 15 degrees.
Further research should be carried out to determine more accurately the effect of higher-order modes in the production of sharp beams.
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CHAPTER IV

MICROWAVE BRIDGE CIRCUITS

104
In microwave installations which are subject to space limitations, it is desirable to utilize the same antenna structure for both
transmission and reception.

In continuous wave systems of the type de-

scribed in Chapter I, double utilization of the antenna may be obtained
with the aid of a microwave bridge circuit.

The requirements of the bridge

circuit are that energy from the transmitter may be radiated from the antenna, that received energy may pass from the antenna to the receiver,
and that energy from the transmitter be balanced out at the receiver.
Figure 4.1 shows several microwave bridge circuits in schematic
form.

In Sketch (A) a balanced-input receiver is used.

When the bal-

ancing impedance is adjusted so that its resistance and reactance simulate
those of the radiating horn, the left and right sides of the bridge are
electrically identical.

The high-frequency voltage from the transmitter

propagates along the two transmission lines and arrives at the receiver,
having the same amplitude and phase between points A and B and between
points A and C.

There is then no voltage impressed on the receiver be-

tween terminals B and C.
connected to the horn.

However, both the transmitter and receiver are
Balanced detector circuits are seldom used, hence

this bridge has limited application.
Sketch (B) of Figure 4.1 shows a circuit which is arranged to
permit the use of a receiver with an unbalanced input circuit.

The line

lengths on the two sides of the bridge are identical, but a transposition
is made in one of the bridge arms.

In practice, half of the transposi-

tion would be made in each of the arms d 2

to assure symmetry.

With the

balancer properly adjusted, voltage from the transmitter is annulled at
the receiver because the amplitudes are equal but the phase of the voltage
arriving via the left side is reversed with respect to that which propa-
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Schematic Diagrama of Transmission Liun Bridge Circuits

gates along the right-hand side.

This bridge circuit is unsuitable for

microwave applications because it could not be constructed using coaxial
lines; parallel-wire lines are seldom used in microwave applications.
The bridge circuit shown in Sketch (C) is a modification of
the circuit in Sketch (B) to permit the use of coaxial lines in the
bridge arms and to permit connections to receiver, transmitter, horn,
and balancer, which are unbalanced with respect to ground.

The required

phase reversal is obtained by increasing the path length of one arm of
the bridge by a half-wavelength.

For satisfactory operation of this cir-

cuit it is necessary that low-loss transmission lines be used so that the
attenuation in the additional half-wavelength of line be negligibly small.
If this requirement is not met, the amplitudes of the voltages arriving
at the receiver via the two paths will not be equal.
In the bridge circuits described, it must be recognized- that
only half of the transmitter energy is radiated.
sipated in the balancer.
reaches the receiver.

Similarly,

An equal amount is dis-

only half of the received energy

Hence the sensitivity of a microwave system using

a bridge circuit of the above type will be only one-fourth of the sensitivity obtained with a two-horn system.

To circumvent this difficulty,

the horn and balancer could be replaced by a two-horn array comparable
in size to the single horn.

The array would have approximately the same

directivity as the single horn.
During the course of the Sperry Short-Wave-Antenna Research
several microwave bridges were built and tested.

One series of tests

was conducted with forty-centimeter waves, another with ten-centimeter
waves.

107
Forty-Centimeter Doppler Detection System
From August to October, 1940, a forty-centimeter Doppler detection system was tested at the East Boston Airport.

Most of the equipment

used had been built for the Sperry Runway-Localizer Research.
mitting source was a forty-centimeter Westinghouse klystron.

The transThe two

radiating horns were constructed of plywood and lined with copper foil.
They were about eighteen feet long and were seven by nine feet at the

mouth.

See Figure 4.2

The receiver

was a forty-centimeter superhetero-

dyne with a special Western Electric diode converter, an RCA 955 local
oscillator, and a ten-megacycle intermediate frequency amplifier.

The Doppler detection system (See Introduction) was first tested
with separate horns connected to the transmitter and the receiver.

The

horns were placed side by side and aimed along one of the airport runways.
Airplanes landing and taking off could be detected at distances estimated
to be one or two miles.

A marked difference in the beat frequency between

the reflected signal and the direct spill-over from transmitting to receiving horn could be noted as an airplane turned from the direction of
the horn axes to a direction normal to the horn axes.
At the maximum operating range of the detection system, the
amount of energy reflected from the target airplane was small compared
to the energy spilled over from transmitting horn to receiving horn.

The

spill-over energy limited the gain at which the receiver could be operated,
hence it seemed desirable to control the amount of spill-over by means of
a bridge circuit.

Figure 4.5 is a sketch of the forty-centimeter Doppler

detection system, using two horns and a circuit for balancing spill-over.
This was, in effect, a bridge circuit in which one path by which energy
passed from transmitter to receiver was the mutual coupling between the
two horns.

The other path

was a coaxial line equipped with an amplitude

Figure 4.2

ROtangular Horns used in Forty Centimeter
Aircraft Detection System
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adjuster and a phase adjuster.

The amplitude adjuster first used was a

reactance tuner which controlled the amplitude of the balancing voltage
by mismatching impedances.

This necessitated readjustments on the trans-

mitter to maintain proper power output.

The phase adjuster was a variable-

length line built in the form of a trombone.

The two adjustments were

somewhat interdependent, but they permitted at least partial balancing
of the spill-over between horns.
The results obtained with the Doppler system using the coaxialline balancing circuit were not markedly different from the results obtained without it.
in the receiver.

The components used were makeshift and introduced noise
Benefits gained by the reduction of spill-over to the

receiver were partially offset by loss of overall sensitivity due to impedance mismatches which reduced the power output of the transmitter and
the sensitivity of the receiver.

The tests made with this system were

not sufficiently exhaustive to obtain quantitative information, but results obtained later with ten-centimeter bridge circuits (to be described)
indicated the need for impedance-matching transformers at both transmitter
and receiver, to compensate for mismatches caused by the balancing circuit.
Forty-Centimeter Transmission Line Bridge
The foregoing tests with the two-horn Doppler detection system
had been made while construction of a transmission line bridge was in
progress.

The bridge which was built was of the type shown in Sketch (C)

of Figure 4.1.

The bridge arms were coaxial lines and the four terminals

were made to connect to coaxial lines which in turn led to the transmitter,
the horn, the receiver, and the balancer.
in Figure 4.4.

Details of the bridge are shown

The terminals connecting to the klystron, horn, and

balancer were adjustable to permit compensation for slight dissymmetries
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in the structure.

The position of the terminal leading to the receiver

could be varied over a distance of several centimeters by means of a
screw adjustment.

This made it possible to adjust for a half-wavelength

path difference between the left and right sides of the bridge, over the
range of wavelengths obtainable from the forty-centimeter klystron.
The balancing unit used with the bridge to duplicate the input
resistance and reactance of the horn consisted of a variable resistance
and variable reactance constructed of coaxial-line elements.
is an assembly drawing of the balancer.

Figure 4.5

The variable reactance was a

coaxial line with a movable short-circuiting plug.

From transmission

line theory, a loss-less line terminated in a short circuit has an input
impedance

Z=

jZ0 tan-

, where Z

of the line, 1 is its length, and k
the frequency of operation.

is the characteristic impedance
is the wavelength corresponding to

The line, therefore, has inductive reactance

for lengths from zero to a quarter-wavelength and capacitive reactance
for lengths between a quarter- and a half-wavelength.

Theoretically the

variation obtainable is from zero to infinite inductive or capacitive
reactance.

Actually, the line has some losses so that the upper limit

is of the order of ten thousand ohms.
resistive component of impedance.

The losses also introduce a small

The inner conductor of the line was a

three-sixteenths-inch rod and the inner diameter of the outer conductor
was three-fourths of an inch, hence the characteristic impedance was
85 ohms.

The theoretical Q of the line was about 2000 at a frequency of

750 megacycles per second.
The variable resistance was also constructed of coaxial-line
elements.
sary.

To obtain a variable resistance two adjustments were neces-

Referring to Figure 4.5, it will be noted that the resistance

element is a coaxial cavity with a fixed short-circuiting plug on one
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end and a movable plug on the other end.

A screw adjustment was pro-

vided to facilitate accurate setting of the line length.

A second screw

adjustment moved the entire coaxial assembly back and forth to change the
point of connection to the cavity.

A slot was cut in the outer conductor

to pass the center conductor of the coaxial transmission line into the
coaxial cavity.
Figure 4.6 will assist in making a qualitative explanation of
the transmission-line variable resistance.
wire line is shown.

For simplicity, a parallel-

The line is one-half wavelength long and is short-

circuited at both ends.

If leads are connected to any arbitrary point,

a distance x from one end, the impedance looking into the line will be
a pure resistance.

Let x be less than a quarter-wavelength.

Then the

portion of the line to the left of the terminals has inductive reactance
and the portion to the right of the terminals has capacitive reactance.
Furthermore, it will be seen from the reactance curve that the inductive
and capacitive reactances are equal no matter where the terminals are

placed along the line.

Hence the two portions of the line form, in ef-

fect, a parallel resonant circuit.

The shunt impedance of the equivalent

circuit constructed of lumped elements is approximately L/CR.

Moving the

point of connection to the line produces the same effect as changing the
L/C ratio of the parallel resonant circuit and thus varies its shunt resistance.

If the terminals are connected near the end of the line, the

shunt resistance is low.

Maximum resistance is obtained at the center.

The balancer was connected to the bridge by means of a halfwavelength line, which of course is a one-to-one transformer, so that the
resistance appearing at the terminals of the resonant cavity also appeared
at the bridge terminals.

Any reactance introduced in the transfer through

the half-wave line as a result of changes in the operating frequency could
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be overcome by the reactance element of the balancer.
Figure 4.7 is a photograph of the bridge and balancer with
associated equipment used

for preliminary tests in the laboratory.

The

transmitter was a"stand-pipe" oscillator using a Western Electric 516A
triode.

Its output was about five watts at a wavelength of forty centi-

meters.

The receiver was a crystal detector working into a d-c milliam-

meter or an a-c amplifier.
Laboratory tests were made to study the performance of the bridge.
With transmitter and receiver connected, but with the balancer and "unknown" terminals open, the best balance obtainable was about 0.5 milliamperes.

Maximum current in the crystal when the bridge was unbalanced was

5.5 milliamperes.

This reduction of spill-over (by a factor of ten) was

not considered to be satisfactory.

The only explanation for the lack of

a better balance was that apparently the attenuation around the "long"
side of the bridge exceeded that around the "short" side.

This was pro-

bably due to the sliding joint necessary to permit assembly of the bridge
rather than to the additional half-wavelength of travel of the energy.
Better results were obtained when the balancer was used to compensate for some of the dissymmetries.

Minimum balance currents of the

order of ten microamperes were obtained.

This represented a ratio of

several hundred-to-one in crystal current obtained for unbalanced and
balanced conditions.

The ten-microampere balance current was obtained

using various items as the "unknown."

High-frequency resistances ranging

from 50 to 500 ohms were balanced, and a 70-ohm coaxial line terminated
in a half-wave antenna was balanced.

Power into the antenna was approxi-

mately half of that obtainable by direct coupling between the oscillator
and the antenna.

Figure 4.8 shows the arrangement of apparatus used in testing
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the bridge in a single-horn Doppler detection system.

For these tests,

the forty-centimeter klystron was used as a transmitter and one of the
runway-localizer horns was used as the radiator.

First adjustments were

made with a crystal detector and audio amplifier, but after preliminary
balancing the forty-centimeter superheterodyne receiver was used as the
detector.
The results of the tests were disappointing.

The overall sen-

sitivity of the detection system was considerably less than had been obtained with the two-horn system.

Whereas the two-horn system detected

small airplanes at distances in excess of one or two miles, the singlehorn system barely detected a large airliner which took off from the
runway only a few hundred yards from the horn.

The difference between the

two systems seemed greater than could be accounted for by the theoretical
halving of the transmitter power and receiver sensitivity.
The tests were discontinued at this point, but in the research
on ten-centimeter bridges the same difficulty was encountered and remedied.

The tremendous loss of sensitivity was due to impedance mismatches

at various points in the system.

The power radiated from the horn had

been checked with and without the bridge present, and actually the reduction caused by the presence of the bridge was less than fifty percent.
Thus the transmitter and horn were functioning properly.

Both trans-

mitter and horn were equipped with impedance-matching lines and stubs.
Hence the difficulty was due almost entirely to loss of receiver sensitivity.
The work on ten-centimeter bridges indicated that it was possiblein some cases, to obtain balance conditions which left the receiver
entirely insensitive and other balance conditions which did not reduce
receiver sensitivity.

The same was true of transmitted power output.

Some bridge circuits reduced output at balance, others did not.

To avoid

loss of output power or receiver sensitivity, it was found necessary to
make all bridge arms adjustable in length.

In other words, satisfactory

balance conditions required not only definite lengths of the bridge arms
relative to each other, but depended upon the absolute lengths of the
arms as well.

In microwave bridges, physical requirements usually neces-

sitate making the bridge arms an appreciable fraction, or multiples of a
wavelength long.

There is therefore the possibility that an unfortunate

choice of lengths may result in impedance transformations of considerable
magnitude from one terminal of the bridge to another.

If the arm lengths

are adjustable this difficulty may be overcome.
Ten-Centimeter Bridge Circuits
Research on ten-centimeter bridge circuits for balancing "spillover" was undertaken for two principal reasons.

First, it

seemed desir-

able to combine transmitting and receiving horns or parabolas to reduce
the bulk of the automatic-tracking system.

Second, if the above idea did

not seem feasible, it was considered necessary to reduce spill-over even
in a two-horn system to permit the use of more gain in the receiver for
detecting distant targets.

A considerable number of balancing circuits

were tested during the period from December, 1940, to March, 1941.

The

circuits used were basically similar but differed in the details of the
amplitude and phase adjusters used.

Both wave-guide and coaxial-line cir-

cuits were investigated.
The results obtained with parabolic reflectors energized by
wave guides had led to consideration of this type of radiator for the
automatic-tracking system.

As indicated in Chapter III, the parabolic

reflector produces a sharp beam of radiation along the mechanical axis
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of the parabola when the energizing wave guide is placed at the focus.

When the wave guide is displaced laterally by a small amount, the beam
shifts off the axis in the direction opposite to the direction of the
displacement.

This suggested the use of a single parabolic reflector

on the automatic-tracking system.

Energy from the transmitter could be

supplied to a wave guide at the focus of the parabola to radiate a beam
along the axis of the parabola.

Four wave guides placed around the trans-

mitting wave guide could be used for reception.

Two pipes, one left and

one right of the focus, would produce the necessary split-beam pattern
in the horizontal plane for azimuth tracking.

Similarly, two pipes, one

above and one below the focus, would produce a split-beam pattern in a

vertical plane for elevation tracking.
Figure 4.9 shows schematically the arrangement of apparatus
necessary for balancing spill-over from the transmitting wave-guide to a
single receiving wave guide.

In an actual system, the wave guides would

have bends to permit placing all of the apparatus behind the reflector.
The first spill-over balancer tested is shown in Figure 4.10;
the parabolic reflector at whose focus the end of the transmitting pipe
was placed is not shown.

A coaxial line was used to convey energy from

the transmitting pipe to the receiving pipe.

The coaxial line was

coupled to the transmitting pipe by means of a coupler which consisted
of an antenna passing through the center of the pipe and terminated in an
adjustable reactance tuner.

The amplitude of the energy coupled to the

line from the wave guide was controlled by detuning the antenna terminating stub.

This device proved to be unsatisfactory because in some posi--

tions of the reactance tuner the transmitting pipe was almost completely
blocked and very little energy was radiated.

This effect had been anti-

cipated on the basis of the results previously obtained with reactance
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Block Diagram of Apparatus for Ten Centimeter
Spill-over Balancing Tests
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modulators in wave guides.

(See Chapter II).

To maintain high power output it was necessary to adjust the
apill-over coupler to a position which did not interfere with the passage
of energy through the transmitting pipe.
the receiving pipe.

Balancing was accomplished at

The adjustable probe controlled the amplitude of the

energy coupled to the receiver, and the position of the probe along the
slotted pipe controlled the relative phase with which the balancing energy
and the direct spill-over combined.

The spill-over energy consisted of

two components, one the result of the mutual coupling between the pipe

openings, and the other the result of transmitted energy being reflected
from the parabola into the receiving pipe.

The existence of these sep-

arate components was verified by removing the parabola and noting that
there was still appreciable spill-over.

In fact, moving the pipes along

the axis of the parabola, a few centimeters each side of the focus, resulted in both increased and decreased values of apill-over.

This was

due to the constructive and destructive interference between the two components of spill-over, since axial movement of the pipes changed the path
length and hence the phase of the energy reflected into the receiving
pipe from the parabola.

The position of the pipes relative to the parabola

may be adjusted for preliminary balancing since tests made with parabolas
indicated that the axial position of the energizing wave guide had only
a secondary effect on the radiation properties over a region of several
centimeters either side of the focus. (See Figure E.5)
The apparatus was tried in the laboratory as a Doppler detection
system.

An audio amplifier was connected to the crystal detector output

and the bridge balanced.

A small aluminum reflector, moved rapidly, at

distances of ten or fifteen feet from the parabola, resulted in overloading of the amplifier.

With a d-c meter connected to the crystal,
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the reading at balance was of the order of one microampere.
flector produced umbalance

The re-

currents in excess of 100 microamperes.

The sensitivity was far greater than had been obtained with the fortycentimeter bridge circuit.

This was due to the fact that the amount of

spill-over was more nearly comparable to that in the two-horn fortycentimeter system since the mutual coupling between pipes was much
smaller than the amount of spill-over resulting from the coaxial-line
bridge connection.

Joining the transmitting and receiving pipes by means

of a "Y" section resulted in increased spill-over and decreased sensitivity.
In general, the greater the spill-over, the poorer the sensitivity of
the system.
Greater flexibility in the balancing adjustments and better results were obtained with the apparatus shown in Figure 4.11.

Slotted

pipe sections were inserted in both the transmitting and the receiving
wave guides.

The coaxial-line balancing link was provided with adjust-

able length probes at both ends.

Hence it was possible to adjust the

amplitude of the spill-over without seriously affecting the transmitted
power output or the receiver sensitivity.

The necessary variation in

the phase of the balancing energy could be obtained by moving either of
the probes.

For a fixed position of one probe, a balance could be ob-

tained with the other; hence a large number of balance points were obtainable.

All permitted balancing down to one- or two-tenths micro-

amperes crystal current, but some balances resulted in loss of sensitivity,
so that a reflecting object in the field of the parabola produced only
a slight unbalancing of the circuit.

The extra adjustment therefore per-

mitted the attainment of an optimum balance condition.

The differences

in overall sensitivity of the system for various balance conditions was
due to the degree of impedance matching or mismatching which existed.
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Figure 4.11 Spill-over Balancer using slotted-pipe sections and
adjustable probes in both the transmitting and

receiving wave guides.
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Neither the transmitting nor the receiving wave guide was properly terminated so that standing waves were present (standing wave ratio about
two-to-one).

It was therefore possible to connect the balancing line

to the wave guides at various impedance levels and to select the position which yielded best results.
Additional flexibility of adjustment was obtained by including
a trombone phase adjuster in the coaxial-line spill-over link.

The addi-

tion of the trombone permitted phase adjustment of the balancing voltage
with both probes set at optimum positions in the slotted pipes.

There

was, nevertheless, some interdependence of the various adjustments.

A

photograph of the trombone phase adjuster is shown in Figure 4.12.
The trombone was provided with a fine-thread screw adjustment
to permit precise adjustment of the line length.
The trombone phase adjuster was incorporated in the balancing
circuit shown in Figure 4.11 and in all coaxial-line circuits tested
thereafter.

A slight variation of the preceding bridge circuits is

shown in Figure 4.12.
the receiving pipe.

In former circuits the receiver had terminated
In the present instance, the receiver was connected
Schematic-

in the receiving pipe ahead of the spill-over balancing line.

ally, this circuit is similar to the previous circuits, but its performance was not as satisfactory.

There was considerable reduction of

receiver sensitivity at balance.
A spill-over balancer consisting entirely of wave-guide elements
is shown in Figure 4.1.

The balancing link between transmitting and

receiving pipes was a rectangular wave guide joined to the two pipes by
means of T sections.

More than ample coupling to the TEo,l

modes in

the transmitting and receiving pipes was obtained in this way.

The am-

plitude adjuster was a butterfly-valve similar in structure to the wave
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guide modulators used in the automatic-tracking system.

Phase adjust-

ment was obtained by means of a wave guide reactance stub coupled to the
balancing line by means of a T section.

The two adjustments were more

interdependent than those used in previously described balancers.

This

circuit is included only for completeness of record; its bulk, lack of
flexibility, and poor performance made it definitely inferior to the
coaxial-line circuits.
All of the ten-centimeter spill-over balancing circuits thus
far described have utilized separate transmitting and receiving .wave
guides, together with a single parabolic reflector.

If the transmitting

pipe is located at the focus, and receiving pipes (each with their own
balancing circuits) are distributed around it, then the main lobes of
the radiation patterns for the receiving pipes are shifted from the axis
of the parabola by a few degrees.

Such a scheme would be suitable for

applications in which split-beam radiation patterns are desired.

How-

ever, in many applications, such as in a Doppler detection system, or
for altitude determination, a single receiving antenna is sufficient, and
if combined with the transmitting antenna system, the radiation patterns
should be coincident.

To obtain radiation patterns with main lobes along

the axis of the parabola, both for transmission and reception, a single
wave guide must be placed at the focus of the parabola.

The channels

leading to the transmitter and to the receiver must both be connected to
this one wave guide by means of a "Y" section or some similar device.
Figure 4.14 shows a single-pipe parabola feed system with spillover balancer.

The "Y" section and feed pipe were circular wave guides.

Transition sections were inserted in each channel to permit the use of
rectangular slotted pipes in the balancing circuit.

As would be expected,

the magnitude of the spill-over was greater than in the two-pipe systems.
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Spill-over crystal currents of one or two milliamperes were obtained.
The circuit could be balanced to less than one microampere, but at balance the overall system sensitivity was poor.

This loss of sensitivity

may be attributed directly to the greater percentage spill-over.

The

single-pipe system approaches the same conditions as were encountered
with the forty-centimeter bridge.

Figure 4.15 is identical to Figure 4.14

with the exception that polarization of the TE1 ,1 mode in the circular
"Y" section was changed.

The spill-over was the same in both cases.

Since the results obtained with a single pipe energizing a
parabola were rather unsatisfactory, a rectangular horn radiator was
tried.

The rectangular wave guides were joined to the horn by means of

a "Y" section as shown in Figure 4.16.

Again the amount of spill-over

was large and the system rather insensitive.

Some reduction of spill-

over was obtained by inserting a baffle in the "Y" section to separate
the transmitting and receiving channels until they emerged into the horn.
This resulted in a slight beam shift.

(See Chapter III)

For the horn

used in these tests the beam angle was thirteen degrees and the displacement between maxima of the transmitting and receiving radiation patterns
was only one and one-half degrees; hence the beam shift was not objectionable.
The results obtained with the various bridge circuits indicated
clearly that the overall sensitivity of a transmit-receive system is
greatest when the spill-over is least.

In all cases in which the amount

of spill-over was relatively large, the sensitivity suffered.

Impedance-

matching devices alleviated this condition somewhat, but not entirely.
Further research should be conducted to improve bridge circuits so that
single radiating systems may be used for transmission and reception.
At the time this research was carried out, a radiating system
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The space avail-

was needed for a ten-centimeter altimeter installation.

able for the radiating system was limited, but based on the results of
the tests on bridge circuits, it seemed advisable to use two small horns
for transmission and reception instead of one large horn.

The radio

frequency system for the altimeter, shown in Figure 4.17, used coaxial
lines throughout.

Spill-over balancing was accomplished with a trombone

phase adjuster and two probe-type amplitude adjusters.

The amplitude

adjusters were provided with screw adjustments to move the coaxial balancing line with respect to the transmitting or receiving line.

Maximum

spill-over was obtained with the center conductor of the balancing line
touching the main line.

As the probe was withdrawn, the attenuation was

found to be a logarithmic function of the distance of motion of the probe.
This is a desirable characteristic for an attenuator.

Figure 4.18 is a

photograph of the trombone and two types of amplitude adjusters.
Coaxial lines were found to be more convenient than wave guides
because of their small size and flexibility.

The short lengths used did

not introduce sufficient attenuation to be noticeable.

All lines were

made with sliding sleeve sections to permit adjusting line lengths.
permitted impedance matching (magnitude) throughout the system.

This

The use

of reactance stubs to provide conjugate matching was contemplated but not
carried out.
Preliminary tests were quite satisfactory.

The horns used were

twelve inches wide in the E-plane by six inches in the H-plane, and were
twelve inches long.

Four baffles were used in each to reduce the magni-

tude of secondary lobes.

Beam angles were twenty and forty degrees in

the planes of magnetic and electric fields respectively.
The system was set up to detect obstacles by the Doppler method.
With about five watts output from a klystron transmitter and with a crystal
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detector and audio amplifier receiver, it was possible to detect moving
automobiles at distances of 500 feet.
Direct spill-over between horns was small.

Crystal current

measured with a d-c meter was 20 microamperes when there was no obstruction in front of the horns.

The balancing circuit reduced the crystal

current to 0.1 microampere.

To ascertain the effect of a covering on

the horn openings, the horns were placed six inches from the laboratory
window.

Reflection from the glass caused a spill-over current of one

milliampere.

With the horns placed close to the glass, spill-over cur-

rent was 0.2 milliamperes.

In each case it was possible to balance down

to less than one microampere.

Moving automobiles or people could be de-

tected with some loss in sensitivity due to the loss in the glass.
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CONCLUSION
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The results obtained from the several investigations described may be applied to many microwave systems - radar*, blindlanding, direction-finding, radio navigation, etc.

The specific

radio-frequency components developed, indicated the feasibility of
carrying out certain functions; further research would undoubtedly
result in improved mechanical design and electrical performance.
At the time this research was carried out, ten-centimeter technique
was in its infancy.

Since that time, the military and naval import-

ance of radar and the natural applicability of microwaves to radar
have provided a stimulus which has resulted in tremendous progress
in microwave technique.
The square-wave modulator

or switch described in Chapter II

may be used in any double-channel or lobe-switching system.

The

switch developed was used only for receiving, but with changes in
mechanical design could be made to handle the high power encountered
in the transmitting channels as well.
The split-beam radiators, both horns and parabolas (described in Chapter III), represented a method of using a single radiator in a lobe-switching radar or direction-finding system.

Other

methods of obtaining the same results have been developed, but the
basic ideas are essentially the same.
The split-beam patterns obtained from the radiators developed were satisfactory for direction-finding applications.

The

spread between beams could be adjusted to cause the equisignal intersection to occur at the half-power points of the main lobes.

Some of

*Radar is a descriptive term applied to "radio direction-finding
and ranging" apparatus.

Radar sets are used to detect the presence

of aircraft or surface vessels at long ranges.
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the patterns obtained had objectionable secondary lobes which resulted in multiple cross-overs but satisfactory patterns were obtained
both from the horn and from the parabola when all adjustments were
properly made.

It was noted that the percentage secondary lobes in-

creased as angular beam spread was increased.

This difficulty in

some cases indicated the desirability of operating with the beams
closer together and consequently intersecting somewhat above the halfpower points.
The increase of secondary lobes with increased beam shift

occurs in most split-beam radiators.

For example, "bill-board" an-

tennas consisting of a plane array of half-wave antennas backed by a
plane array of parasitically energized reflectors will produce a single
broadside beam if all the antennas are energized in phase.

However,

if the current in the elements of one half of the array differs in
time phase from that in the other half of the array, the main lobe
is directed away from the broadside by an amount depending upon the
phasing between halves of the antenna.

If a double-channel input is

used, one channel connecting to the left end of the antenna, and the
other to the right end, then switching from one channel to the other
switches the main lobe to left and right.

As the phasing between

halves of the antenna is increased, beam shift increases, but the
percentage secondary lobes also increases.

In both the horn and the

parabola, beam shift may be attributed to a phase difference in the
sheet of electromagnetic energy at the opening of the horn or parabola,
hence there is an analogy between these "surface" radiators and linearantenna arrays.

The experiments on the control of beam angle obtainable
from a horn (Chapter III) by varying the distribution of electro-

141
magnetic fields across the mouth of the horn were not exhaustive,

but the results were sufficiently promising to warrant further study.
A rectangular horn, having a beam angle of 13 degrees when energized

by a TE 0, 1 wave produced a beam as sharp as 6 degrees and as wide
as 19 degrees when a TEO,
the throat of the horn.

wave was combined with the TE
This

wave at

represents a fifty-percent increase

and decrease in beam angle, obtainable by controlling the relative
phase and amplitudes of the two modes.

The ability to increase the

beam angle seems to have no particular significance at the moment since
the same result could be obtained with a smaller horn using only the
TE

mode.

However, the decrease in beam angle from 15 degrees to

6 degrees is significant.
the TE

To accomplish the same result using only

mode would require a horn opening twice as large.

would also necessitate approximately twice the length.
in space resulting from the use of higher-order
is of considerable importance.

This

The saving

modes therefore

Further experiments could be carried

out to determine experimentally the distribution of energy across a
given opening which will yield the sharpest possible beam.

This

might possibly involve TE0 ,5 in addition to the other two modes.

It

seems impractical to go to even higher-order modes because of the
throat width required to transmit these higher-order modes.
The microwave bridge circuits described in Chapter IV offer
considerable possibility for further research.

The results obtained

were satisfactory only in the cases in which the amount of spill-over
from transmitter to receiver was small.

When the spill-over was large,

transmitter output and receiver sensitivity were considerably impaired.
It should, however, be possible to eliminate this difficulty and thus
make possible the use of the same radiator for transmission and reception in continuous-wave systems.
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