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Foreword

HE tremendous research and development effort that went into the

development of radar and related techniques during World War II
resulted not only in hundreds of radar sets for military (and some for
possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this
basic material may be of great value to science and engineering, it seemed
most important to publish it as soon as security permitted.

The Radiation Laboratory of MIT, which operated under the super-
vision of the National Defense Research Committee, undertook the great
task of preparing these volumes. The work described herein, however, is
the collective result of work done at many laboratories, Army, Navy,
university, and industrial, both in this country and in England, Canada,
and other Dominions.

The Radiation Laboratory, once its proposals were approved and
finances provided by the Office of Scientific Research and Development,
chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire
project. “An editorial staff was then selected of those best qualified for
this type of task. Finally the authors for the various volumes or chapters
or sections were chosen from among those experts who were intimately
familiar with the various fields, and who were able and willing to write
the summaries of them. This entire staff agreed to remain at work at
MIT for six months or more after the work of the Radiation Laboratory
was complete. These volumes stand as 2 monument to this group.

These volumes serve as a memorial to the unnamed hundreds and
thousands of other scientists, engineers, and others who actually carried
on the research, development, and engineering work the results of which
are herein described. There were so many involved in this work and they
worked so closely together even though often in widely separated labora-
tories that it is impossible to name or even to know those who contributed
to a particular idea or development. Only certain ones who wrote reports
or articles have even been mentioned. But to all those who contributed
in any way to this great cooperative development enterprise, both in this
country and in England, these volumes are dedicated.

L. A. DuBRIDGE.






Preface

RADAR scanner, or antenna mount, is the assembly consisting of the
A. antenna and the mechanism that causes the radiated beam to scan.
In this volume we are concerned mainly with the engineering of the
scanner and its housing. The electrical design of the antenna and the
transmission line are discussed in Vol. 12 of the Radiation Laboratory
Series. Since the reader is presumed to have an engineering back-
ground, the discussion of radar antenna mounts in Part I deals only with
those features of the design which are peculiar to radar antenna mounts.
The treatment is incomplete in two respects. There is almost no refer-
ence to equipment operating at wavelengths longer than 10 cm, and there
is little discussion of scanners that were not developed at the Radiation
Laboratory. These omissions, particularly the latter, should not be
regarded as indication of editorial complacency; they result from lack of
information by the authors. Many valuable radar systems and radar
antenna mounts have been devised for use at 20 cm and longer wave-
lengths; many have been developed by industry and the armed services.
These systems get only passing mention or none at all because of our
reluctance to write about unfamiliar topics.

It has been necessary to omit much pertinent material for rea-
sons of military security. The editors have sought to include as much
technical information as permissible and the advisory group on security
has been cooperative, Deletions and revisions had to be made in the
proof, however, in accord with recommendations of the final review board
and it was not possible at the late date to smooth out the resulting gaps
by thorough revision. The editors regret the deletions but believe that
the material which remains will prove to be of value.

Part I is written largely for the mechanical engineer; in Part IT elec-
trical considerations predominate. This second part is the first compre-
hensive discussion of radomes, the plastic enclosures for antennas.
Radome development has opened a new field of electromechanical
engineering. Because the electrical aspects are less familiar, they are
more fully treated here.

All the authors wrote as staff members of the Radiation Laboratory.
Their contributions are indicated in each chapter. The book was

X



X PREFACE

planned and guided through several stages of revision by W. M. Cady
and M. B. Karelitz; after their departure in February 1946, L. A. Turner
took over. M. B. Karelitz assumed the principal responsibility for edit-
ing the chapters on ground-based and shipborne antenna mounts; W. M.
Cady for the airborne scanners; and L. A. Turner for Part II on radomes.

The techniques of preparing the volume were in the hands of Louise P.
Butler, Betty S. Karasik, Martha T. Romanak and Joyce H. Randall.
The multiple authorship and the changes of editorial staff that occurred
while the volume was being prepared are doubtless reflected in some lack
of homogeneity. We hope that this will not interfere with the usefulness
of the book.

The nature of the development work at Radiation Laboratory has
been so highly cooperative that very often the originators of an idea are
unknown and credit cannot be given. It is the labor of these anonymous
workers that we most wish to acknowledge, for they are the ultimate
authors. Throughout the writing and editing of the volume we have
benefited from the friendly criticisms of many of our colleagues in this
Laboratory.

The publishers have agreed that ten years after the date on which each
volume in this series is issued, the copyright thereon shall be relinquished,
and the work shall become part of the public domain.

THE AUTHORS.
April, 1948.
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RADAR SCANNERS






CHAPTER 1
USES OF RADAR SCANNERS

By M. B. KARELITZ
INTRODUCTION

A scanner or antenna mount is an essential part of every radar set.
Its function is to support the antenna and to direct the radiation in space
in a manner dictated by the operational use of the set. The scanner also
receives the reflected energy from targets or terrain under surveillance and
provides means for presenting information regarding the bearing angle,
range, and sometimes height of the target.

There is a wide variety of radars for land, ship, and airborne instal-
lations. No other part of the set varies so much in its design as the
mount, and it is the mount that may to a great extent impose limitations
on the performance and various uses of the set. Although the size and
weight of the antenna mount are important factors in any set, it is evi-
dent that they are not so critical for ground and ship installations as
they are for those in an airplane.

THE SCANNER IN USE

1.1. Surface-based Antenna Mounts.—The primary function of sur-
face-based search radar is to provide early warning of approaching air-
craft. Maximum coverage of scanned space, good resolution, and long
range of detection are essential to its proper performance. As will be
seen later, high power and large antennas are required to accomplish
these results. Early-warning mounts are therefore large and are usually
permanently installed on high ground or towers in order to clear sur-
rounding obstructions. When the mounts are used in warfare for early
warning and voice control of friendly airplanes in' forward areas, pro-
visions for rapid dismantling and reassembly are essential. This feature
of the mount becomes of still greater importance in portable early-warn-
ing and height-finding ground radars of limited range suitable for use
near combat areas. Some mounts are installed on heavy trailers for
greater mobility.

Height-finding is essential for control of air traffic. In some antenna
mounts the search and height-finding features are combined; this neces-
sarily makes them more complicated to construct. Other height-finding
radars have been built to supply the existing early-warning stations with

3



4 USES OF RADAR SCANNERS [SEc. 1-3

height information. The essential feature of mounts for height-finding
radars of this type is their capability of being trained rapidly on a target
located by the search radar to establish the elevation angle of the target.

A ship-based radar performs all the functions required of a ground
radar and, in addition, is called upon as an important aid to navigation.
The so-called “surface-search’’ radar is the most common type found on
a ship. The necessity of placing the ship antenna mounts at mast height
imposes a very definite limitation on their size and weight, since the
stability of a ship is affected by topside weight and by increased wind
forces that impose increased overturning moments. Except for a few
portable emergency sets, most antenna mounts of ship radars are fixed
installations continuously exposed to the elements and required to per-
form their function without interruption 24 hr a day.

1.2. Airborne Scanners.—Airborne scanners are also fixed installa-
tions, commonly mounted in the nose or tail of an aircraft, in faired-in
enclosures below the fuselage, or on the wing. These enclosures, or
radomes, are built from materials transparent to microwave radiation.
The operation of airborne scanners is not nearly so continuous as that of
surface radars, but airborne scanners are subject to more severe vibra-
tion and shock and to rapid and extreme variations of pressure and
temperature.

There are many types of airborne scanner for microwave radars
suitable for navigation, bombing, night-fighting, gunlaying, and early
warning. Of these, the scanners for navigation and bombing are the
most widely used. In these scanners a beam in the shape of a vertical
fan sweeps continuously around and illuminates in turn the ground
objects that lie at various azimuth angles. The advantage of this beam
over a “pencil” beam is that it allows search of the foreground as well
as of the more remote parts of the terrain. In the most recent naviga-
tion radars the antenna is stabilized so that its scanning is not affected by
maneuvers of the aircraft.

1.3. Nonradar Scanners.—Scanners are also employed for various
nonradar applications on ground, ship, and airborne installations. They
are an essential part of countermeasure equipment such as locators of
enemy radar and communication stations and of jamming equipment that
neutralizes the effectiveness of enemy radars. Although IFF (identifica-
tion of friend or foe) equipment can have an independent mount, it is at
times combined with the radar antenna mount.

From the preceding superficial enumeration, it is evident that it will
not be possible in this book to cover the design of every conceivable
scanner or mount that might be required for a specific application. The
scope of the book is therefore limited to microwave radars only, the main
characteristic of which is a sharp beam permitting good resolution and
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good bearing accuracy. To attain the desired results and obtain the
desired accuracy of the data presentation, precision is required in the
design and manufacture of both antennas and mounts.

ELEMENTS COMMON TO ALL SCANNERS

Regardless of their particular form and function, most radar scanners
or mounts have certain components in common. These components,
varied in their design, are the antenna, r-f transmission lines and their
power-driven supports, and the means for transmission of data.

1.4, Antenna.—The microwave energy from the r-f oscillator travels
along a transmission line to the antenna. Typically, the antenna con-
sists of two parts: the antenna feed or termination of the transmission
line and the parabolic reflector. The effect of a parabolic antenna is
similar to that of a searchlight in that it sends out energy in a beam. The
feed takes the place of the lamp, and the antenna reflector that of the
parabolic searchlight mirror.

In certain antennas the feed may consist of an array of radiating
elements. The reflector may be of a shape other than parabolic, or it
may be entirely absent.

Two forms of parabolic reflectors are used: cylindrical parabolas
associated with a linear feed and paraboloids of revolution which may or
may not be trimmed to a special contour. A reflector of the latter type
requires a feed that is a point source placed at its focal point. The width
and shape of the resultant beam of energy depends on the wavelength of
the radiation and the size and shape of the paraboloid. A complete
paraboloid transmits a concentrated symmetrical pencil beam, whereas
a cut or distorted paraboloid transmits a fan beam wider in one direction
than in the other. The source of energy may be in the form of one or
several dipoles, a pillbox, a slotted diaphragm (Cutler feed), or a horn
terminating the transmission line.!

1.6. Transmission Line.—The r-f transmission line used in 10-cm-
band radar scanners or mounts may be a rigid coaxial line or a waveguide.
Waveguide, a thin-walled rectangular or round tubing, has the inherent
advantages of simplicity, rigidity, and ability to conduct a larger amount
of energy without internal arcing. For 3-cm or higher frequency radia-
tion, rectangular waveguide is used almost exclusively, since the outside
dimensions of the guides are small. It is desirable to avoid the use of
long lines because (1) the attenuation per meter is appreciable, (2) the
“long-line effect’’? may cause instability of the magnetron transmitter,

1 Antennas are fully discussed in Vol. 12 of this series, Microwave Anienna Theory
and Design.
+ 3 See Glossary.
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(3) the installation and cleaning of a long line is troublesome, and (4)
in airborne scanners weight is at a premium.

Table 1-1 presents some data on transmission lines. The values of
attenuation in this table are calculated for copper transmission line; with
brass and aluminum the loss is about doubled. The calculations agree
fairly well with experimental results. The maximum length tabulated is
that which may potent ally cause the long-line effect in a typical applica-
tion. In a coaxial line, the inner conductor is usually supported by metal
side arms soldered to projections on the outer conductor (stub supports).

TABLE 1-1—SoME PROPERTIES OF TRANSMISSION LINES

. Recommended
Wavelength Size of line, in. Mode Attenuation, maximum
band, cm db/m ]
ength, m
1 | Guide 0.5 X 0.25 TE,, 0.35 2
© 7 10.040 wall
3 Guide 1.0 X 0.5 TE 0.12 5
0.050 wall
3 Guide 1.25 X 0.625 TE 0.072 5
0.064 wall
3 Guide 145 ID, round TM
8-10 Guide 3 X 1.5 TE, 0.020 5
0.080 wall
10 Guide 3 ID, round TE\, 0.014 5
10 Coaxial 0.875 OD TEM 0.075 8
0.032 wall
0.375 diam inner conductor
10 Coaxial 1§ OD TEM 0.04 7
0.049 wall
0.625 diam inner conductor
8 Coaxial 1} OD TEM 0.05 6
0.049 wall
0.500 diam inner conductor

Special rotary joints in the line are required to enable it to pass
through the moving axes of the scanner or to rotate the feed. Transition
sections are necessary to join the cylindrical sections of the rotary joints
to the rectangular waveguide.

It should be noted that the dimensions of rotary joints and the length
of round waveguide or coaxial line at the rotary joints are critical and
‘must be properly chosen so that standing waves are not set up in the line
by complete or partial reflection of energy. When standing waves are
present, there is a variation of the amplitudes of the voltage and current
along the line with alternating maxima and minimg. In a properly
designed transmission line, the ratio of the maximum to minimum voltage
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(standing-wave ratio) should not greatly exceed 1.2. Each rotary
joint in the r-f line causes a small energy loss varying from 0.1 t0 0.3 db.

Where separable sections of waveguide are bolted together, special
choke couplings are required to prevent arcing and leakage of energy into
space at the joints. The efficiency of the transmission line decreases
with its length and with the number of rotary joints employed. It is
therefore advantageous to place the transmitter so that it will move with
the antenna, thus shorten the line, and eliminate one to three rotary
joints. This may be feasible on some ground and shipborne radar sets
but is difficult to accomplish on airborne scanners.

The presence of moisture inside the transmission line increases its
attenuation and tendency to arc over. To prevent condensation that
may be caused in the line by rapid temperature variations and, especially
in airborne equipment, to prevent arc-over because of the reduction of
the atmospheric pressure at high altitudes, the transmission line! can be
pressurized by keeping it filled with dried air at a pressure slightly above
atmospheric.

1-6. Scans.—Depending on their operational use or function, different
radar sets may require different space coverage. The cyclic geometric
pattern described by the beam emerging from the antenna as it covers
the surrounding space is known as the ‘““scan’’; from this comes the word
‘“scanner.”’

Most surface-based sets for surface or air search radiate a beam narrow
in the horizontal plane and fanned out in the vertical plane. The same
is true for airborne surface-search radar. The 360° circular or horizon
scan obtained by continuous rotation of the antenna about its vertical
axis will thus cover solidly a portion of space surrounding the antenna.
When, instead of rotating continuously, the antenna oscillates about its
vertical axis through a small angle of an arc, sector scan is obtained. The
usual rate of circular or sector scan for ground- or ship-search sets is 4 to
6 rpm. The rate of rotation of airborne scanners may be as high as 30
Tpm.

Another simple scan widely employed in gunlaying or fire-control
radars is the conical scan which may be obtained by rapid rotation of a
feed whose axis is slightly offset from the axis of rotation. The path
described by the conically scanning beam is a circle of about a beamwidth
in diameter.

The simple scans are those in which the beam sweeps repeatedly with
but one degree of freedom. Radars employing simple scan are used in
establishing the range of the target and only one of its angular coordinates,
usually bearing. When an additional coordinate, such as elevation angle

1 For further information on transmission lines the reader is referred to Waveguide
Handbook, Vol. 10 of this series.
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or height of the target, is required for obtaining the exact location of the
target in space, the motion of the transmitted beam must have two degrees
of freedom; a complex scan results. Complex scan is also required when
greater and more rapid space coverage is necessary than can be obtained
by means of a simple scan. Thus, conical scan is often combined with
horizon or sector scan. The resulting motion of the beam, known as
““Palmer scan,” is used in radar to facilitate its locking in on a target
encountered during search.

By slowly elevating and lowering the antenna between limits while it
rotates more rapidly about its vertical axis, a helical scan is obtained.
Any desired zone of the surrounding sphere may thus be covered by a
pencil beam.

Spiral scan is another complex motion of the beam used. This motion
is a rapid conical scan in which the diameter of the circle described by the
beam is continuously varied from 0° to a maximum of possibly 60° and
back to 0°.

Although these briefly described scans are most commonly employed,
other complex scans may be devised to satisfy the requirements of scan-
ning coverage and data presentation called for in the functional design
of the set.

1.7. Kinematics of the Scanner.—Electromechanical means must be
provided to support and impart scanning motion to the antenna and to
transmit the position of encountered targets to the indicating instruments.
This is the function of the pedestal, or mount. The complete assembly
of the pedestal and antenna is known as the antenna mount for ground-
based and shipborne radars or as the scanner for airborne radars. A
simple search radar requires a pedestal consisting of a single vertical
spindle (azimuth axis) capable of rotating in its bearings. Pedestals for
surface-based radars with a complex scan must have an additional eleva-
tion axis, supported by and rotating with the azimuth axis, to permit
angular displacement of the antenna in elevation.

Additional servo-driven axes of rotation may be provided in stabilized
mounts to maintain the azimuth axis of the antenna in a horizontal plane
even when the ship or airplane is rolling and pitching.

Provision must be made in the mount for carrying electric power to
all motors, data take-offs, electronic equipment, limit switches, interlocks,
heaters, etc., that may be located on the rotating parts. Slip rings and
contacting brushes are most commonly used for this purpose. More
than one hundred slip rings are required on some antenna mounts.
Flexible cables, attached at one end to the stationary part and at the
other to the moving part of the pedestal, may be employed when rotation
of the azimuth axis involves only a part of a revolution or, at most, ohe
or two revolutions in one direction of rotation.
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1-8. Data Transmission.—The angular position of the antenna in
space must be accurately known at all times if the coordinates of the tar-
get or of prominent features of the surveyed terrain are to be indicated.
This is accomplished by introducing into the antenna mount a data-
transmission system coordinating the movement of the antenna beam
with the motion of the sweep on the cathode-ray tube screen of the
indicators or by indicating the antenna position on remote dials. The
data indicating the direction and elevation of the antenna on its mount
or the angular position of the rotating feed are most often transmitted as
variable voltages. Potentiometers or sine-wave generators are occa-
sionally used, but self-synchronous units, generally known as ‘“synchros”’
(or by their trade names of Selsyns, Autosyns, etc.), are more commonly
used for data transmission. The simplest form of the synchro system
consists of a generator, or transmitter, geared to the rotating axis of the
mount and electrically connected with a motor, or receiver, driving a
remotely located dial or coil of the indicator. Whatever the rotation of
a synchro generator may be, it is duplicated by that of the synchro motor,
which assumes an angular position very nearly the same as that of the
generator. If accuracy better than 0.5° is desired, the generator should
be driven from the input shaft by step-up gearing, and the motor should
drive the output shaft through step-down gearing of the same ratio.
The synchro error is thus reduced in proportion to the gear ratio used.
Cam switches must be added on the mount, however, and also on the
indicator to prevent locking in of the motor when it is out of step with
the generator during the starting of the pedestal. This limits the possible
speed-up of the synchro drive with respect to the rotating axis to about
12 to 1. Ten-speed indicators have been commonly used.

If it is desired to have the angular position of an output shaft equal to
the sum or difference of the angular positions of two input shafts, differ-
ential synchros are used.

When high accuracy is desired, two pairs of synchros are used in the
data-transmission system of a servo-driven antenna mount. One pair,
geared to a higher speed, often 36-speed, is used for fine indication of
error; another pair, geared 1 to 1, or at 1-speed, is used for coarse indica-
tion of error. This pair of synchros prevents the output and input
shafts from locking in out of step during interruption and restoration of
power.

These simple synchro systems transmit angular motion without torque
amplification and are subject to error if the output shaft is overloaded.
To avoid this, servomechanisms (motor control systems with amplifica-
tion) are used. In such a system the load is driven by a reversible
variable-speed electric or hydraulic motor. The speed and direction of
rotation of the motor are controlled by the magnitude and sign of the
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error or by the difference of angular position of a synchro generator and
a synchro control transformer, geared respectively to the output and
input shafts. The synchro control transformer indicates this error as a
voltage that, when amplified, drives the power motor in the direction
that will reduce the angular displacement between the input and output
shafts to zero. Servomechanisms are often employed to drive radar
antenna mounts and thereby enable the operator to exercise remote
control over the direction of the antenna. They are also employed for
stabilizing ship- and airborne antennas in space and may be controlled
by gyroscopic instruments.

ANTENNA-MOUNT FUNCTION AND DESIGN

1.9. Fundamental Equations.'—In the design of a radar system the
most important aim is to obtain both the desired maximum range on the
target and resolution high enough for separating closely spaced targets.
These properties depend on the detection of a weak signal returned from
a distant reflecting object. Transmission and reception are influenced
by the amount of energy radiated to and reflected from a target, the
effective size of the target, the minimum power to which the receiver will
respond, and the antenna gain.

If the total amount of power that a transmitting antenna could radiate
isotropically or uniformly in all directions is denoted by P, the power flow
through unit area at a distance R from the antenna would be P,/4wR2.
In microwave radars, however, the antennas are directional and radiate
energy in a concentrated sharp beam. The ratio of thec power flow
observed at a distance R in any direction from such a directive antenna
to the power that would be produced by an isotropic antenna radiating
the same amount of power is known as the ‘‘antenna gain,” G. The
maximum gain of a parabolic antenna reflector is given by

4w AF
N )

Go =

where A = area of the parabolic antenna reflector aperture,

A = wavelength,

F = dimensionless factor.
If the excitation is uniform in phase and intensity over the entire reflector
aperture, F is equal to 1. In actual antennas, the value of F is between
0.5 and 0.7.

A complementary property of an antenna is its effective receiving
cross section A4,, related to gain as follows:
o2

A, = 21— (©)]

tE. M. Purcell, Radar System Engineering, Vol. 1, Chap, 2
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When A4, is multiplied by the power density of an incident plane wave,
the total signal power available at the receiving antenna is obtained.
If ¢ denotes the effective scattering cross section of the target at a dis-
tance R from the radar antenna, then the strength of the signal power
received from it is given by

S = (ﬁg_) (_,) (GL _ PG 3
S=\@r)\&r: )\ @ ) = @nyms @)
The quantity in the first parentheses is the power density of energy
reaching the target from the transmitter. The product of this value
and the quantity in the second parentheses is the power density in the
returning radiation at the radar antenna. The quantity in the last
parentheses is the receiving cross section of the antenna reflector.
By substituting in Eq. (3) the value of the maximum gain Gy, from
Eq. (1), and solving for R, the maximum range of a radar set, the equation
known as the “radar equation’’ is obtained:

[P A%F?
Rn\nl = 47’:‘_3':?! (4)

where Rmsx = the maximum range,
P, = power transmitted.
A = area of the parabolic antenna reflector aperture,
o = effective scattering cross section of the target,
F = dimensionless factor (0.5 < F < 1),
Sme» = minimum power to which the receiver will respond,
A = wavelength of radiation energy.

From this formula it is seen that the range depends directly on the
amount of power radiated, the size of the reflector, and the effective size
of the target and inversely on the sensitivity of*the receiver and the wave-
length used.

The resolution of the radar set depends upon the beamwidth emitted
by the antenna. The beamwidth produced by a parabolic reflector
may be expressed by an approximation derived from the laws of wave
optics:

I

.y (5)
where © = width of beam between directions for half power in a plane
passing through the projected diameter,
A = wavelength,
D = projected diameter of the paraboloid antenna reflector.
In other words, the beamwidth produced by an antenna varies directly
with the wavelength and inversely with the linear dimensions of the

raflantar

O (radians) = Lﬁ%; O (degrees) = 70
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1:10. Examples of Design.—When a certain wavelength is chosen
for the operation of the radar set and the electronic components such as
the transmitter and receiver are decided upon, the size and shape of the
paraboloid antenna reflector must be chosen to meet the range and
beamwidth specifications as closely as possible. The size and weight of
the antenna mount are largely influenced by the size of the reflectors, the
size of the r-f transmission line used, the kinematical complexity of the
required scan, and the operational use of the set.

Comparison of an experimental lightweight 1-cm shipborne set that
has high resolution and is intended for navigation, and a surface-search
set with a small 3-cm portable height-finder set, AN/TPS-10 (“Little
Abner”’), will serve as illustration.

The pulse-power output of the transmitter of the 1-cm set is 40 kw.
For good resolution on surface targets and shore line, a beam that is sharp
in the horizontal section is required. Since the mount is not stabilized,
it must have a fan beam that is wide in the vertical section in order to
avoid a loss of targets because of the rolling and pitching of the ship.
A beamwidth 0.7° in azimuth and 10° in elevation is obtained with an
antenna consisting of a horn feed and a paraboloidal reflector 74 in. high
by 58 in. wide. The small-size reflector permits the use of a solid surface
without incurring high wind resistance. It is mounted on a simple
single-axis pedestal that permits horizon scan at 6 or 0.6 rpm. Although
the antenna mount is long-lived, compact, and able to withstand the
action of the elements, it weighs only 75 Ib.

On the other hand, AN/TPS-10, being primarily a height-finder with
an antenna oscillating through an angle of 25° at a rate of 60 cpm,
requires a beam narrow in the vertical plane for accurate determination of
the angular position of the target in elevation. A beam fairly wide in
the horizontal plane is nteded to facilitate training the antenna on a
target previously discovered by an associated search set. In order to
detect aircraft at a range sufficiently great for ground control of inter-
ception, GCI, and to track the aircraft with comparatively little inter-
ference from rain clouds, 3-em radiation is used. A horn-fed reflector
10 ft high by 3 ft wide is required to obtain a beam 0.7° wide in elevation
and 2° wide in azimuth.

Because the r-f pulse power of the AN/TPS-10 transmitter is only 60
kw, transmission-line losses must be kept to a minimum. The r-f trans-
mitter and modulator are therefore placed on the rotating part of the
mount so that the waveguide line is short, with only a single rotary joint
at the elevation axis of the mount. Since the transmitter and modulator
rotate together, there is no need for a rotary joint in the pulse cable
between the modulator and the transmitter.

An open antenna reflector with a tubular grid surface is used to cut
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down the effect of wind forees; it is rigid enough to withstand, without
distortions, the dynamic forces imposed on it by the oscillatory motion.
Although still in the lightweight class (portable when dismantled), the
AN/TPS-10 antenna mount with its electrical components weighs
1200 1b. Other details of this mount are given in Sec. 3.6, and a descrip-
tion of the 1-cm mount is found in Sec. 5-9.

1-11. Mounts with Two Antennas.—By placing two antennas on the
same mount it is possible, in certain cases, to obtain from a single radar
set information that could otherwise be obtained only with less efficiency
from two separate radar sets.

Separate transmitters and receivers for each antenna may or may not
be required, depending on the operational function of the set. Thus,
surface search and zenith coverage may be obtained through a single
mount with its transmitter and receiver components by the addition of
an r-f switch in the transmission line on the mount, alternately feeding
the two separate antennas. Two separate radar sets, the SG for surface
search and SO-11 for zenith search, were previously required to obtain the
complete coverage needed on aircraft carriers or other ships.

When a single antenna is used for both search and height-finding, the
all-important search function is lost whenever the set is used to track a
target in order to establish its height. By installing two antennas with
two independent r-f systems on a single mount, there is obtained a com-
bination early-warning, search, and height-finding radar set with greater
traffic-handling capacity than would otherwise be possible. Naturally,
the advantage of a mount with two antennas is obtained at a cost of
greater complexity. Greater efficiency of operation is gained, however,
with an over-all reduction in the amount of total equipment required.
This should be especially important for ships that have only a limited
amount of space available for radar equipment.

1.12. Stabilization.—Stabilization of ship- or airborne antennas is
required for automatically maintaining the position of the radar beam in
space despite the roll and pitch of the craft, caused by execution of
maneuvers, heavy sea, or rough air. Stabilization is essential to obtain
sufficient accuracy of target indication and to increase the efficiency of
the system. It is a ““must” for shipborne height-finding radar, since an
error of 1° in indication of the target elevation angle causes an error in
height indication of over 3000 ft at a range of 30 miles. Stabilization,
however, greatly contributes to the complexity of antenna mounts and
scanners.

The weight and cost of the shipborne radar antenna mounts for sur-
face search are considerably increased by the addition of servo-driven
axes required to achieve stabilization of the radar beam. This results
in a paradox: Small ships require stabilization most, since they are sub-
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ject tolarge angles of roll and pitch in a heavy sea, but small craft can
least afford the increase in weight of the radar installation. The majority
of stabilized radar installations are on large ships on which the effect of
heavy sea is far less violent than on a small craft.

1.13. Structural Design.—Rigidity of radar antennas and mounts is
of paramount importance. This is strongly apparent in the design of
antenna mounts, since the deflection of component parts under dynamic
loading must be kept within required limits. The parts used may have
to be heavier than necessary for strength alone. Recourse is often taken
to the utilization of structural sections, such as tubing, box sections, etc.,
with an inherently high ratio of moment of inertia to weight. Light
metals such as aluminum and magnesium are often used to advantage
where their low modulus of elasticity is no detriment in order to effect
a reduction in weight of the antenna mount. The welding of light metal
castings and structural shapes is, however, more difficult. Also, care
must be taken to minimize the effect of difference of temperature expan-
sion in the assembly of parts made of dissimilar metals.

Most radar antenna mounts have to perform under adverse climatic
and weather conditions. Special precautions must therefore be taken
during the design of antenna mounts to select corrosion-resistant materi-
als and finishes. Proper lubricants able to withstand large temperature
variations without separation or excessive change in viscosity must be
used in order to attain satisfactory trouble-free performance of the
mechanisms.

Past experience has shown that the success of a radar system depends
largely on the proper performance of the scanner or antenna mount. It
cannot be too strongly emphasized that careful analysis is required of all
the features that the scanner or mount must possess for the proper
performance of a particular set. Competent engineers and mechanical
designers must then coordinate to the best advantage requirements that
may be conflicting, having always in view the best performance obtainable
from the radar set as a whole.




CHAPTER 2
GROUND AND SHIP ANTENNAS

By D. D. Jacosus, R. J. GrRENzeEBACK, H. A. StrRAUs, M. B. KARELITZ
AND V. G. Brucs!

PROPERTIES OF REFLECTORS

Electromagnetic energy is usually radiated into space by terminating or
tapping into a transmission line with a suitable dipole feed or by terminat-
ing a conducting waveguide with a horn feed. The emergent energy is
then focused in the form of a concentrated beam by the use of a reflector
or a special lens. In the terminology used in this series the word feed
includes not only the radiating dipole or horn but also the immediately
adjacent portion of the transmission line. The antenna is properly
described as the combination of a feed with a focusing device. The only
focusing devices that will be described in this chapter are reflectors. The
reflectors used on ground and ship installations are distinguishable from
those used on airborne equipment because they are usually larger in size
and generally are not shielded from wind forces by a radome as are air-
borne antennas. A discussion of considerations applicable to all micro-
wave reflecting surfaces will be attempted before describing the particular
reflectors that have found wide usefulness.

2-1. Reflection of Microwave Radiation.—All metals or continuous
metalized surfaces are suitable as microwave reflectors. Aluminum and
steel are the metals most usually employed because of their structural
properties. A smooth continuous metallic surface is an ideal reflector,
but grids and screens are widely employed to reduce the weight and wind
resistance of the antenna.

A solid reflector should be smooth but is still effective when there are
local inequalities in the surface as large as 3 per cent of the wavelength of
the radiation. If there are variations, they should not occur in the form
of a regular pattern so as to act as a ruled grating and produce side lobes.

Gratings or screens will allow a small portion of the incident radiation
to pass through the reflecting surface. They are therefore unsuitable for
use on parabolic cylinders employing linear arrays as feeds, because the
small fraction of radiation that leaks through the reflector will produce a

1 The greater part of this chapter is by D. D. Jacobus. Sections written by other
authors are as follows: Sec. 2-5, R. J. Grenzeback; Sec. 2-16, H. A, Straus; Secs. 2-17

and 2:18, M. B. Karelitz; Sec. 2:19, V. G. Bruce.
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sharp back lobe of the same pattern as the one that would exist in the
absence of the reflector. They can be used on any of a wide variety of
paraboloidal reflectors, however, because the radiation escaping through
the grill is not focused in a sharp beam. Even here, leakage of radiation
in excess of 5 per cent is considered undesirable.

2:2. Structural Rigidity.—The primary mechanical requirement affect-
ing antenna design, particularly with large reflectors, is structural rigidity.
Certain types of airfoil construction may possess remarkable combina-
tions of lightness and strength, but their elasticity renders them unsuit-
able for microwave antennas. At a given wavelength, the width of a
beam of radiated energy is inversely proportional to the projected
diameter of the reflecting surface. With the use of a large reflector it is
possible to secure a narrow and concentrated beam of energy, i.e., an
antenna pattern of high gain. For example, with a true paraboloidal
reflector (dish) trimmed to a rectangular contour 25 ft wide and 10 ft
high and illuminated with 10-cm radiation, the beam of radiation will be
elliptical in a section about 0.8° wide and 2° high. If the reflector is
deflected from its true form by so much as 1 in., the width of the beam
will be increased to about 1.6°, thereby halving the antenna gain. It is
obvious, therefore, that distortions which are due to the weight and the
manner of mounting a reflector and to wind forces must be eliminated.
Since the absolute accuracy of a reflecting surface is a primary factor
affecting antenna design, a brief study of this problem will be attempted
in the following analysis.

2-3. Allowable Manufacturing Tolerances.—A paraboloidal reflector
having a surface of theoretically perfect accuracy will produce an emer-
gent beam whose width is a function of the wavelength of the reflected
energy and of the projected aperture of the dish according to the pre-
viously stated approximation

A
9 ~70D,

where O is the beamwidth parallel to the projected aperture in degrees at
the half-power level.

It is undesirable to specify that an antenna surface have greater
accuracy than is necessary, because close tolerances will increase the
weight of the antenna as well as the difficulty of manufacture. The
calculation of the shape of the beam produced by a surface that deviates
from a true paraboloid is complicated. In general, however, it can be
said that if a beam is to be broadened no more than a certain percentage
of its width, the permissible departure from the true shape can be no more
than a corresponding absolute amount, regardless of the size of the
reflector (assuming that reflectors for the same wavelength are being
compared). Another way of stating this is as follows: If a large reflector
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and a small one are both warped out of their true paraboloidal shapes by
the same number of inches, the beam of the smaller one will be broadened
by a greater number of degrees. The original beam of the smaller reflec-
tor was broader, however, and the percentage increase of beamwidth will
be found to be the same for both reflectors.

The following considerations do not purport to be a proof of this
proposition, but it is hoped that they will make it seem more plausible.
Consider a paraboloidal reflector that has a horizontal axis and a hori-
zontal projected diameter D to be rotated through an angle of 56 radians
about a vertical line passing through the center of the dish. The
principal effect will be a shift of the beam through an angle 2 §6 as with
a plane mirror. There will be a broadening of the beam, but as a second-
ary effect that we shall ignore here. The edge of the reflector will have
been moved a distance X = (D/2) 8. The width of the beam to the
approximation given in the first paragraph of this section is 70An/D degrees
or (70/57.3) (A\/D) radians. The ratio of the shift of the beam to its

width is thus
Af 57.3D _ 1.64D 66 X

T = 200X T = N = 328

The ratio of angles is thus scen to be proportional to the linear shift of
the edge of the reflector. Its size dropped out when the ratio was taken.
A similar argument applies to the parts of the beam that must be added
vectorially to get the resultant beam of a warped dish.

24, Weight.—The range of a particular system [¢f. Eq. (1-4)] is
obviously improved by the use of larger reflecting surfaces. On the other
hand, rigid weight limitations are generally imposed on the same system.
This is particularly true of ship antennas, the location of the antenna at
the masthead requiring a light mount. It is also true of land-based
portable equipment and especially of antennas that must be oscillated
rapidly. For these reasons, antenna construction strives for the very
minimum of weight that is consonant with the required structural
strength, rigidity, and mechanical durability.

The thin-walled box girder and trusses built up of light-wall tubular
members have been widely used in the fabrication of reflector supports.
Aluminum is a common building material, although very large antennas
can advantageously be constructed of light-wall steel tubing because of
the high modulus of elasticity of steel as compared with aluminum.
Thin-walled stainless steel tubing is an effective material because there
is no danger of corrosion.

TYPES OF REFLECTING SURFACES

2:8. Solid Surfaces.—From purely electrical considerations, a solid,
continuous, metallic surface makes the ideal reflector. There is also,
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within limits, an economic advantage accruing from the structural
simplification as compared with certain open-type surfaces. Solid
surfaces may profitably be employed when wind loading is not a primary
factor, as with a unit that is to operate within a radome or other shelter
or when restrictions on weight and power consumption are not severe.

Most surfaces are fabricated from sheet metal, either steel or alu-
minum alloy. Paraboloids are formed by spinning or by pressing.

Focal pont}
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F1a. 2:1.—Dimensions for spun paraboloids.
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Spinning is the preferred method when the quantity is small, because of
the relatively inexpensive wooden forms used. Spun paraboloids, or
dishes, have been made ranging from 4 in. to 10 ft in diameter. Figure
21 and Table 2-1 give data for spun aluminum reflectors often used for
experimental purposes. The rim of the paraboloid is spun back to form a
stiffening flange.

TABLE 2-1.—DIMENSIONS FOR SPUN ALUMINUM PARABOLOLDS

D, in. b, in. ¢, in. 7, in. F, in. (-;1(1;;(3 diI:.i;?];n. “e;ght'
4 0.80 3 $ 1.3 18 8 0.10
8 1.20 5 1 2.0 18 12 0.30

10 1.74 5 1 3.6 18 14 0.45
12 2.50 % 3 3.6 18 16 0.60
16 2.96 $ 1 5.4 18 20 1.00
18 3.40 3 i 6.0 18 22 1.25
18 3.75 3 } 5.4 18 22 1.25
20 4.63 F % 5.4 18 24 1.50
24 4.50 3 ¥ 8.0 16 28 2.60
24 5.00 3 3 7.2 16 28 2.60
30 5.30 3 3 10.6 16 34 4.00
30 5.60 3 % 10.0 16 34 4.00
40 8.30 i % 12.0 16 46 7.00
48 9.94 1.0 1 14.5 14 55 13.00
72 15.40 1.5 H 21 | 3 82 42 .80
120 25.10 2.5 ) 35.8 1 136 158,00

When the quantity is sufficient to justify more costly tooling, press-
forming may be done. A notable example of press-forming is the SCR~
584 reflector. This reflector (6 ft in diam, 15 in, deep, with a focal length



Sec. 2-5] SOLID SURFACES 19

of 21.1 in.) was formed in a single drawing operation using a 16-gauge
SAE 1015 mill-run cold-finish steel blank. After forming, a quadrant
punch was used for perforating, and the reflector was then sized in the
original forming dies to within + ' in. of the true paraboloidal surface.
Generally speaking, closer tolerances can be maintained by press-forming
than by spinning, although the latter method produces results adequate
for most applications.

Cylindrical reflectors are readily built by fastening sheet metal to a
series of ribs cut to the desired profile. This type of reflector is illustrated
in Fig. 3-6 (see Sec. 3-3).

Special surfaces have been con-
structed by cementing metal foil to a
plywood backing. Copper foil is’
most often used because it combines
good workability with excellent elec-
trical properties.

When it is desired to construct a
special surface to be used for experi-
mental pattern measurements only,
accuracy can be achieved with
metalized wood at small cost in time
and money, and tolerances as close
as +4% in. may be speciﬁed with- F1c. 2-2.—Experimental metalized wood
out hesitation. Two-inch soft pine reflector.
planks are used to build up a laminated block which is hollowed on one
side to give the desired surface, as shown in Fig. 2-2. Each plank is
rough-cut to the approximate contour of its surface element before
assembly of the block. The surface is finished to fit to templates. All
paint, varnish, glue, etc., are thoroughly removed from the surface, and
it is then sprayed with two coats of molten metal with a Mogul metalizer
gun utilizing #-in. diameter wire. The conducting metal coating is
applied in two layers. The first layer is pure zinc and very thin (esti-
mated 0.003 in. thick). Because of its low melting point, the zinc does
not char the wood and forms a good bonding surface for the second layer,
which is pure aluminum. The aluminum layer is built up until it is
approximately 0.006 to 0.010 in. thick. This completes the reflecting
surface. No attempt is made to alter the granular nature of the natural
sprayed finish by buffing or polishing.

Solid reflectors up to a projected area of 24 by 48 in. have been sand-
cast from aluminum alloy and give good service in the 10-cm band.
These are generally used in the ‘“as cast”’ condition except for a cursory
going over with a disk-sander to knock off minor imperfections. Even
with good foundry techniques, however, there is a high percentage of
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rejections, mainly because of warpage. Solid cast reflectors are rugged
and do not require a radome, but their limitations have resulted in the
more widespread use of the grid reflector that is described in Sec.27.

2:6. Mesh Surfaces.—The large variety of open surfaces that are
suitable for microwave reflectors can be subdivided into two general
classifications: surfaces not critical to polarization and surfaces with
parallel grating elements that are critical to polarization.! Mesh can
broadly be defined as any screen, grillwork, or perforated sheet having
continuous paths of electrical conductivity. These surfaces are not
critical to polarization. The following examples are representative of
the various meshes that have been employed.

A. Hardware Cloth—Common galvanized-iron hardware cloth, 0.047-
in. diameter wire on 4-in. centers, has been widely used in the 10-cm band
for large reflectors. Hardware cloth has considerable flexibility and can
be manually pressed into place to take the form of the supporting frame-
work. If the supporting framework is steel, the cloth can be attached by
soft-soldering. If the supporting framework is wood, the cut edges of
the cloth can be served with a thin strip of metal and then firmly nailed
to the wooden supports.

B. Stainless Steel Wire Screen.—Stainless steel wire has been woven
into a special screen? in which the wires are firmly spaced by crimping
them into a rectangular pattern. This screen is difficult to form but
makes excellent flat surfaces. The cut edges are generally attached to
retaining strips, but the free areas have considerable structural rigidity.
The screen can be woven in any desired pattern. In a marinc application,
0.063-in. diameter wires on 1l-in. centers were employed for 50-cm
radiation.

C. Expanded Metal—Expanded metal can be die-stamped to form
paraboloidal surfaces. After the stamping operation has been completed,
it is difficult to produce any further major alterations in the curvature of
the surface. The supporting framework need not be contoured accur-
ately other than at the points of support. Expanded metal can be held
in place either by tack-welding or with suitable bolted connections. A
flat diamond mesh, % by 1 in. on the diagonals, formed from {4 in. steel
stock into connecting strips that are 3 in. wide has been widely used
on both naval and land-based antennas for 10-cm-band radiation.

D. Perforated Sheet Metal.—Metal reflectors fabricated by die-stamp-
ing may be perforated to reduce their weight and also to decrease the wind
resistance of the antenna, as mentioned in Sec. 2'5. Such surfaces are
suitable for mass production. The example recorded in Table 2-2 is

!'W. D. Hayes, ‘‘Gratings and Screens as Microwave Reflectors,” RL Report

No. 268, April 1943.
2 W. 8. Tyler Co., Cleveland, Ohio.
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made of steel 0.0363 in. thick, with $-in. diameter holes located in a
staggered rectangular pattern on 4-in. centers.

E. Knit Wire Mesh.—The intersection of three mutually perpendicular
plane surfaces at a point to form the interior corner of a cube comprises
an element of a device that is known as a “corner reflector.” A cluster
of these elements forms the complete corner reflector, which is capable of
reflecting energy in the direction of a radar transmitting set irrespective
of the angle of incidence of the incoming beam of energy. Corner
reflectors as used in life-raft kits, are made by tightly stretching a knit
wire mesh over a very light metal framework. A knit mesh is used
because the interaction of the loops enables the material to be stretched
taut more easily than a woVen mesh. Particular effort must be made to
ensure the proper method of binding the edges of the mesh with cloth
tape to permit advantageous mounting.

A corner reflector is not a component of a radar antenna. The mesh
that forms the surfaces, however, is very much lighter than any other
materials that have been used as radar reflecting mediums, and it is
interesting because of its unique properties. The most effective material
employed to date consists of 0.0035-in. diameter round monel wire, knit
into a mesh containing seven loops per inch.! Reflectivity is excellent
with both 10- and 3-cm radiation when the mesh is new; but because the
conductivity between loops is reduced by corrosion or oil films, the
reflectivity may be lowered by as much as 50 per cent. This material is
of interest as a reflecting medium, but it obviously does not constitute a
rigid antenna surface.

TABLE 2:2.—MEsH REFLECTING SURFACES

s . Trans- .
Mesh wI:?;g]l::otx}l; mission of | Open area, Service,* Vleﬁl’ﬂ;
No. PngLh, radiation, % mph p ’
cm % b
A 10 <1 60 90 0.656
B 50 <1 80 110 0.3
C 10 <2 47 110 1.0
D 10 1.6 51 90 0.73
E 3 <15 95 . 0.007

* Specified wind velocities that the reflectors can withstand without structural damage.
T Weight includes surface elements only.

2:7. Grating Surfaces.—A reflecting grating may be defined as any
system of parallel electrical conductors spaced in such a manner that an
effective microwave reflecting surface will be produced. A grating
provides adequate reflection only to correctly polarized radiation, and its

1 Manufactured by Metal Textile Clorp., Orange, N.J.
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elements must be parallel to the electrical vector of the incident radiation
wave. For example, a vertically polarized wave demands that the grat-
ing elements be vertical if excessive transmission through the grating is
to be avoided. A series of parallel wires can be a grating reflector. If
the wires are replaced by similarly spaced slats of appreciable depth,
the amount of radiation that leaks through will greatly decrease.! For
this reason, a grating can be designed that has excellent reflecting proper-
ties and at the same time has very low resistance to winds normal to the
surface.

Several experimental gratings have been molded in plastic and then
metalized to secure the requisite conductivity. These plastic reflectors
were readily damaged by rough handling. Some plastics were dimen-
sionally unstable, and the metal plating tended to crack off others. They
were therefore never employed in durable equipment and will not be
included in the following tabulation.

Slats.—True paraboloidal surfaces are quite commonly formed by
suitably spacing a series of identical flat parabolic strips. The inter-
section of a plane with a paraboloidal surface is a true parabola, provided
the plane is parallel to the principal axis of the parabola. Furthermore,
the shape of the parabolic intercept remains unaltered as the plane is
displaced laterally away from the axis of revolution. This geometric
property of the paraboloid of revolution makes it possible to build up an
entire surface of revolution from a large number of identical pieces of flat
stock. It is necessary that only one edge of each flat element have the
identical parabolic form. This can be accomplished either by cutting a
stacked pile of flat elements to a jig form or by a die-stamping operation.

Stainless steel reflectors are commonly made by die-stamping the
similarly shaped grid elements. These thin elements are held in place
with suitably notched strips, one strip being inserted from each side of
the grating to surround the grid element. The notched strips are spot-
welded together to complete the support. Notching is done in a special
manner, a small, slightly outstanding tab being left at each slit. When
forced against the grating elements, these tabs serve to stiffen each inter-
section. For added stiffness, small angle clips are used at the inter-
section of the midsection supports and at every sixth grid element. A
reflector of this type is shown in Fig. 2-3.

When aluminum is used, it is common practice to fix the ends of the
flat parabolic elements by welding or brazing them to the structural
member that forms the periphery of the reflector. Midsection supports
are commonly made by suitably notching a deep web. These midsection
supporting points may be brazed or welded, but a more rapid and an
entirely adequate technique is to crimp the metal of the deep web directly

1 Hayes, op. cit., Sec. 2-6.
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Fra. 2-3. 8G-28 stainless steel reflector and support for feod. (Courtesy of Raytheon
Manufacturing Company.)
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adjacent to the insert. An effective crimping tool is a pair of pliers
having a special nose designed to make indentations approximately % in.
long and & in. deep.

The structural characteristics of some aluminum and stainless steel
surfaces are given in the following examples; other properties of these
surfaces are recorded in Table 2-3.

A. Aluminum slats ¥ in. thick and 1% in. deep, spaced on 1%-in.
centers; spot-welded at the periphery to §-in. OD aluminum
tubing; midsection supports spaced approximately 10 in. apart.

B. Stainless steel slats 0.020 in. thick and 0.4 in. deep, spaced on
0.4-in. centers; ends bent and spot-welded to periphery frame;
midsection supports spaced approximately 4 in. apart.

C. Aluminum slats {% in. thick and 1.5 in. deep, spaced on 1.5-in.
centers; ends brazed to periphery frame; midsection supports
spaced approximately 13 in. apart.

D. Stainless steel slats 0.030 in. thick and 1.5 in. deep, spaced on
1.5-in. centers; ends bent and spot-welded to periphery frame;
midsection supports spaced approximately 6 in. apart.

Tubes.—Effective reflecting gratings can be fabricated of parallel
bars of aluminum tubing. The tubing grill will have a slightly higher
wind resistance than an electrically equivalent grill composed of slats.
On the other hand, tubing generally weighs about 10 per cent less than
slats of equal strength. The tubing can be bent into approximate form
by the use of rollers. It is not essential that the tube have the exact
shape finally required of the surface. Final shaping is secured by accur-
ately fixing the points of support so that the tubing will assume the true
form of the reflector after it is rigidly fastened in place. The ability to
form a tubular member to a particular contour is of great value in
fabricating asymmetric reflecting surfaces, in which each surface element
may require a curvature slightly different from that of the adjacent
surface elements.

Aluminum tubing has been fixed in place with clips that are bolted or
riveted to the supporting structure. Such a method is tedious. A more
effective method is achieved by punching the upstanding leg of a small
aluminum angle with a series of properly spaced holes large enough to
permit the tubing to be readily threaded into place. Final anchoring
is secured by crimping the aluminum angle adjacent to the tube. A
further virtue of this manner of anchoring tubing is that the holding angle
can be easily shimmed. The shims are placed between the supporting
structure and the contacting face of the holding angle. Shimming in
this manner permits the correction of any irregularities that may exist
in the surface of the supporting structure. The structural characteristics
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of some surfaces with tubular elements are given in the following exam-
ples; other properties of these surfaces are recorded in Table 2-3.

E. 528 aluminum tubing, 3-in. OD, 18 gauge (0.049 in. wall) on 13-in.

centers.
F. 248T aluminum tubing, {-in. OD, 20 gauge (0.035-in. wall) on }-in.
centers.
TaBLE 2-3.—GRILL REFLECTING SURFACES
. Radiation | _ L1285 Weight
Grill wavelength, | mission of | Open area, Service, f2
No. g, radiation,* % mph per ft%1
cm % 1b
Slats:
A 3 1.0 86 110 0.86
B 3 1.0 95 100 0.84
C 10 1.0 98 100 0.90
D 10 1.0 96 100 1.20
Tubes:
E 11 3.0 64 110 0.71
F 3 1.5 50 90 0.76

* Hayes, op. cit., Sec. 2:6.
1 Specified wind velocities that the reflectors can withstand without structural damage.
1 Weight includes surface elements only.

REFLECTOR FORMS AND TEMPLATES

Most reflectors take the form of a true paraboloid of revolution.
However, reflectors with special curvatures have been devised to secure
dispersal of radiation in the form of a ‘“fan’’ beam. Astigmatic parab-
oloids are employed with certain electrically scanning feeds, of which the
Robinson scanning feed and its reflector are an example. The parabolic
cylinder is employed when the feed is not a point source but is a linear
array. These geometric forms and the templates used in their fabrica-
tion are discussed in the following sections.

2.8. True Paraboloids.—A parabola having a focal length F is defined
by the equation X = Y2/4F. A true paraboloidal surface is generated by
rotating the parabola about its principal axis. The focal point of this
paraboloid of revolution lies on the principal axis, here the z-axis, at a
distance F in front of the vertex.

The range required of a radar system is usually one of the first factors
to be considered. It therefore follows that the first step in the design of
an antenna is the selection of the size of reflector that the system will
require. The size of the reflector is generally recorded in terms of its
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projected diameter. With this dimension fixed, it then becomes neces-
sary to select a commensurate focal length.

The r-f energy leaving a horn feed or other emitting source will be
dispersed, especially if the horn is narrow, when the energy passes through
the free space between the end of the feed and the surface of the reflector.
The primary pattern of radiation from the feed can be controlled by
proper design. Uniform illumination of the reflector is undesirable,
since it causes serious side lobes in the secondary pattern radiated into
space. If the illumination is too greatly tapered toward the edges of the
reflector, the side lobes are reduced but the beam becomes wider. If
the edges of the reflector receive an insignificant amount of energy, the
size of the reflector can be reduced without lowering the gain of the
system. With a reflector of fixed diameter and unspecified focal length
it is apparent that the edges of the reflector will receive increasing
amounts of illumination as the feed is moved farther away from the sur-
face. The choice of the optimum focal length for a given combination
of reflector and feed is a basic feature of antenna design and has been
the subject of extended experimentation. Table 2-4 records the focal
lengths and projected reflector diameters of certain widely used antennas.!

TABLE 2-4.—RATI0 0OF PrROJECTED DIiamMeTER TO FocaL LENaTH

L. Size of reflector
w}};‘till::;:h Focal length D
Minor diam Major diam F, in. F
band, ¢cm . .
d, in. D, in.
10 96 96 27.5 3.6
10 60 168 60.0 2.8
3 36 120 35.5 3.4
10 120 384 99.0 3.9
10 120 300 78.0 3.8

In laying out a template for a particular reflector it is convenient first
to compute the rectilinear coordinates of the parabola. These coordi-
nates are readily transferred to suitable flat stock, which can then be
accurately shaped to form the template. If the axis of the parabolic
template is centered on the axis of the paraboloidal surface, the template
should fit the surface at all points. In making these observations, it is
highly desirable that the template be mounted on a fixed journal. A
template that is merely laid against a surface in a variety of different
positions may fail to disclose the over-all magnitude of the distortion.
‘The position of the vertex is needed to determine the position of the feed
relative to the reflector. It is therefore considered good practice to

1 Yol. 12, Microwave Antenna Theory and Design,
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indicate the vertex of the paraboloidal surface while the template is in
place, because of the difficulty of aceurately determining this point from
measurements.

Fra. 24.—Reflector and template. (Couitcsy of Walsh Construction Company.)
1. Template rotary tiuck. 2. Top chord of template tiuss. 3. Track. 3a. Track
support. 4. Walkway. 5. Template. 6. Center support. 7. Reflector.

Small and moderate sizes of templates are generally cut directly out
of a piece of sheet metal; the template is then rigidly fastened to a shaft
whose center of rotation liex on the axis of the paraboloidal surface. The
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templates for certain very large reflectors were fabricated structures.
The template was suspended downward inside a circular track and carried
at its extremities by two trucks. To secure an accurate calibration of
the surface, the circular track was carefully leveled and centered on the
axis of the paraboloid reflector as shown in Fig. 2-4.

2.9. Special Surfaces. Astigmatic Paraboloids.—The astigmatic pa-
raboloidal surface that is used in conjunction with trapezoidal feeds
(cf. Sec. 2-15) is shown in Fig. 2:5. The trapezoidal feed BCD consists
of two parallel sheets of metal with the source of radiation at the point S.
In Fig. 2-5, the trapezoid lies in the XY-plane. The vertex of the

Fra. 2-5.—Astigmatic reflector with trapezoidal feod.

reflecting surface is at the point 0. Radiation from the trapezoidal feed
will be confined to the XY-plane until it passes from the feed into space
at the line BC. The intercept of the YZ-plane with the reflecting surface
is the curve ROV, a true parabola with focal point at N, having the
equation ¥ = Z2/4F. The intercept of the X¥-plane with the reflecting
surface is the curve TOU, a true parabola with its focal point at S, having
the equation ¥ = X2/4f. The point Q represents the intercept of a
reflected ray with the plane that contains the point S and is parallel to
the XZ-plane. Point P is a reflecting point on the surface. The reflected
energy emanating from the point source at S will be in phase at all points
on this plane if the summation of the distances SM, MP, and PQ remains
constant, irrespective of the location of the point M. This condition is
met if the total distance traversed by any ray SMPQ = 2f. Fither one
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of the following equations defines a surface that satisfies the condition
SMPQ = 2f, in terms of the focal lengths f and F, wherea = f — F.!

Zt = —2a(f — YV)? — X*+ 2(f + F)Y — X* + 2af; (1)
X? = —2a(F — Y)? + Z2 + 2(f + F)Y — Z? + 2af. @)

For the fabrication of templates, it would be preferable to have an
equation that expresses Y in terms of X and Z. Such an equation can
be derived but is exceedingly cumbersome. The points 7', R, V, and
U can be determined by use of the simple equations ¥ = Z2/4F and
Y = X?/4f. The value of Y at intermediate points on the reflecting
surface can then be assumed. The substitution of the assumed values of
Y and X or Y and Z, in either Eq. (1) or (2), will yield accurate solutions
for the third coordinate.

The template for the astigmatic paraboloid is necessarily a three-
dimensional structure whose surface elements form a pattern that is the
converse of the reflecting surface. The following example illustrates the
manner in which such a template can be constructed. The parabolic
curve TOU is inscribed on a piece of flat sheet metal, and the edge of the
sheet cut and finished to the true form. In a series of planes that
are parallel to the XY-plane but with each plane displaced an equal
distance farther away from the origin O, when Z is small, the intercept
will be a curve that closely approaches the form of the true parabola TOU.
When Z is large, the intercept will differ considerably from the parabola
TOU. However, the successive intercepts will differ from one another
by gradual and uniform increments. Iquation (2) can be used to calcu-
late the X and Y coordinates of each of these series of curves, where Z
is assigned a fixed value for each curve. Each of these curves can be
inscribed on sheet metal, which is then cut and finished to form a flat
element of the template.

A similar series of flat transverse elements can be fabricated, starting
with the true parabola ROV. A grid can now be formed by interlocking
the transverse elements with the longitudinal elements, which is accom-
plished by suitably slotting both sets of elements. The surface of the
completed grid constitutes a lattice that defines the astigmatic parabo-
loid surface.

Parabolic Cylinder.—A linear array of suitably spaced and energized
dipoles will radiate energy in the form of a fan beam. The linear array
is commonly used with a parabolic cylinder as a reflector. The length of
the array determines the sharpness of the beam, and the reflector serves
to limit the broad dimension of the radiation pattern. The direction of
the fan beam relative to the array is determined by the r-f wavelength
inside the waveguide by which the dipoles are energized. It will be

1 H. Krutter, Microwave Antenna Theory and Design, Vol. 12, Chap. 15.
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perpendicular to the linear array if the probe of each dipole taps energy
at the same point on each succeeding wavefront. The radiation pattern
secured from a linear array with a cylindrical parabolic reflector is shown
in Fig. 2:6. The fact that the surface has only one degree of curvature
facilitates the fabrication of this type of reflector.

Other Surfaces.—Some special surfaces have been developed to produce
a selective dispersal of the reflected energy. For example, the lower edge
of a reflector may be curved more sharply than the true parabolic form
in order to deflect energy upward into the form of an extended fan beam.

KAAALAKKKA A L AARKER

I1a. 2-6.—Linear array with cylindrical parabolie reflector.

Template construction for these surfaces presents problems similar to
those discussed for the astigmatic paraboloid surface.

2:10. Shape of the Periphery.—The fan beam, narrow in its azimuth
dimension and wide in vertical height, has come into almost universal
use for purposes of radar search. Side lobes in the vertical plane are
not so objectionable as ones in the horizontal plane. A true paraboloidal
reflector with a horizontal aperture larger than the vertical aperture
will produce a fan beam similar to that illustrated in Fig. 2-7. Auxiliary
feeds, either horns or dipoles, may be located below the main feed to
produce a wider dispersal of energy in the vertical plane. The oblong
reflector will usually have a horizontal aperture that is 2.5 to 3.5 times as
large as the vertical aperture. If a reflector of rectangular shape were
employed, the extreme corners would receive a negligible fraction of the
total radiation. It is therefore advantageous to cut the periphery to
coincide with a contour of constant illumination of the edge of the reflec-
tor, which results in a form that closely approximates a projected ellipse.!

1Cf. S. J. Mason, “General Design Procedure for Pencil-Beam Paraboloid
Antennas Having Horn Feeds,” RL Report No. 690, Jan. 22, 1946.
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Figures 2-7 and 2-8 illustrate two distinctly different forms of contour-
ing. The areas of both reflectors are approximately equal, and they have
identical focal lengths. In Fig. 2-8 the paraboloid is split on the major
axis. The contour of the projected periphery is the half-section of an

F14. 2-7.—Radiation pattern from a paraboloidal reflector with an elliptical periphery,

ellipse. A ground plane G is required to prevent dispersal of energy
past the bottom of the reflector. A narrow metallic strip S, having a
parabolic contour similar to that of the reflector, is sometimes inserted
to effect an upward dispersal of the radiation. With this type of reflec-
tor, a single horn feed can be used to produce a broad fan beam. A corol-
lary advantage is that the feed and its supports do not obstruct the
primary radiation pattern.

D

Fia. 2:8.—Paraboloidal reflector with a periphery that is a half-elliptical section.
D, projected horizontal diameter; d, projected vertical diameter; F, focal length; @, ground
plane; 8, deflection strip.

Figure 29 also illustrates a paraboloidal reflector with full elliptical
contour. This particular antenna design utilizes a multiple feed to
secure a broad fan beam. With the triple horn feed indicated, the horn
A delivers the major fraction of the total energy to produce a strong
search lobe. The horns B and C deliver an amount of auxiliary energy
sufficient to secure the necessary coverage in height.
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F1a. 2-9.—Paraboloid with an elliptical periphery and a multiple feed. A, horn feed
for lower beam; B, horn feed for intermediate beam; C, horn feed for upper beam; D,
projected horizontal diameter; d, projected vertical diameter; F, focal length.

2:11. Feed Supports.—To prevent defocusing and secondary pattern
variation under conditions of vibration or shock loading, the antenna feed
must be so supported that the radiating elements maintain a fixed relation-
ship to the reflector. The type of support will vary with the nature of
the feed and with the focal length of the reflector. Cantilever con-
struction of the feed is desirable in any case and is essential if the feed is
to rotate or nutate.

Feeds having long focal lengths require some type of bracing by struts
orwires. The flexibility of a feed is determined by the transverse stiffness
and the length of the unsupported conducting r-f line. In ordinary
applications (standard brass waveguide with point-source dipole ter-
mination) any feed with a focal length over thirty to forty times the
smaller outside dimension of the waveguide cross section requires external
support. For single or multiple horn feeds, the possibility of torsional
oscillations of the extension of the waveguide should not be overlooked.

Ideally, no structural supports should clutter the area in front
of the reflector. This condition cannot always be realized, but the
percentage of projected area of the reflector that is obstructed by brac-
ing should be kept to the minimum consistent with requirements of
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weight and rigidity. Obstruction of the primary pattern is especially
to be avoided. Struts or wires supporting the feed should not be parallel
to the plane of polarization. -

The configuration of the bracing will be determined by the type of
feed and its position with respect to the geometrical center of the reflector.
Braces have been fabricated from impregnated Fiberglas tubing or other
dielectric material in an attempt to minimize undesirable reflections.
This expedient is normally unnecessary and should be applied with
caution, since dielectric bracing may actually distort the pattern more
seriously than metal bracing.

The design of supports for the feed should permit removal and replace-
ment of the feed without impairing its alignment with respect to the
reflector. It is desirable to have an arrangement that will permit removal
of the feed without removal of its supports. Permissible variations in
alignment between feed and reflector should be determined by actual
measurement of the pattern. The design should be such that reflectors
and feeds are interchangeable within the allowed tolerances.

WIND LOADS ON REFLECTORS

The land-based and particularly the shipborne antennas are designed
for operation in winds of high velocity. The resultant wind forces exert
a drag on the reflector at all times. With solid surfaces, this drag is a
maximum when the wind impinges perpendicularly against the front of
the parabolic reflector. Reflectors having open surfaces of mesh or
grating give a total wind drag that is lower than for a similarly shaped
solid surface. The maximum drag on such an open surface may not
occur when the wind is directed squarely into the face of the reflector
but rather when the reflector is turned about 50° away from the wind
direction.

As the antenna rotates on the azimuth axis of the mount, torques of
considerable and varying magnitude will be caused by wind loads. The
magnitude of these torques not only is affected by the character of the
reflector and its associated supports but is also critically influenced by
the location of pivot around which the antenna is rotated. Wind drag
and the torques exerted by wind forces on specific parabolic reflectors
are discussed quantitatively in the following sections.

2:12. Wind Drag.—A series of reflectors ranging in size from 1.34 to
35 ft2 have been tested in a wind tunnel. Winds were directed against
the reflectors at varying angles. The component down-wind and cross-
wind forces and the resultant developed torques were measured.

Before making tests on various reflectors, observations were made at
a range of wind velocities up to 100 mph on a 4-ft-wide by 14-ft-high
paraboloidal reflector with a solid surface. A reflector having an
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identical shape, but with a surface composed of flat parallel slats, was
also tested at a similar range of wind velocities. The down-wind and
the cross-wind forces, measured both on the solid surface and on the
slatted surface, were all strictly proportional to the square of the wind
velocity. No discontinuity was observed at any single wind velocity
up to the maximum measurement at 100 mph. The results secured from
the tests of the various reflectors are recorded in the form of the equation

F = K,V?, 3)

where V = wind velocity, mph,
F = resultant wind force, Ib,
K, = coefficient of wind force for the reflector as a whole.

The wind drag on reflectors of different shapes and sizes is not strictly
proportional to their areas. Although each reflector is somewhat unique
because of its supporting structure, the composite data can be evaluated
most effectively by transposing all observations into forces acting on a
unit square foot of the projected area of the reflector under test. Equa-
tion (3) will then take the form

F = kAV?,

where A = projected area of the reflector, ft?
k; = coefficient of wind force.

The values of k;, multiplied by a factor of 100 for convenience of
tabulation, are recorded in Table 2-5. The tabulated values times 100
give the force in pounds exerted by a 100-mph wind on 1 ft2 of the pro-
jected area of the reflector. It will be noted that this value does not
exceed 40 1b/ft? for any of the solid surfaces in any test position. This
figure is comparable with 33 lb/ft?, the value calculated from the con-
ventional aerodynamic formula for the force exerted by air flowing at
100 mph against a flat plate normal to the air stream. With the excep-
tion of the grilled Reflector 6, the highest value recorded for a grilled
surface is 18.9 Ib/ft2. The higher values recorded for Reflector 6, which
is the smallest reflector tested, are undoubtedly due largely to the wind
resistance of the supporting framework. The grilled surfaces were all
composed of slats 0.025 in. thick by 0.4 in. deep on 0.4-in. centers.

From these observations, it appears that the maximum force exerted
by a 100-mph wind can be taken as 40 lb/ft? on solid surfaces and 20
Ib/ft? on the grilled surfaces. These figures are generally acceptable as
satisfactory for use in the design of naval antenna mounts.

The average values of the coefficient of wind drag on each of the seven
separate slatted reflectors are plotted as a broken line on Fig. 2-10.
The plotted values of k; are then composite figures indicating the magni-
tude of the unit force that may be exerted on a slatted reflector when
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the wind approaches the paraboloidal surface from various directions.
This curve indicates that the wind drag is at a maximum at about 50°
and that another region of high drag occurs at about 130° to 140°. The
shape of this curve is characteristic of the behavior of the slatted parab-
oloidal reflector.

Observations on three solid surfaces were similarly averaged and
plotted as a solid line on Fig. 2:10. This curve shows, as would be antici-
pated, that k; is a maximum when the wind is blowing directly against
the front of the solid paraboloidal surface. As the reflector is turned
edgewise to the wind direction, the wind drag is decreased and reaches a

minimum at about 100° to 110°.

-2 . N .
10"x040 T T T 1 Aerodynamic considerations lead
— Average for all .
035 ™ |olid reflectors toa theoretical value, k; = 0.0033,
- - Average for all for a flat plate facing the wind, in
< 030 slatted reflectors fair agreement with Fig. 2-10.
ﬁ ' \ 2:13. Wind Torques.—The
2 025 direction of the resultant wind
-] / .
5 \ / drag on a particular reflector can
S 020 7 be computed from the magnitudes
§ \\ of the measured down-wind and
£ 015 2N AN cross-wind component forces.
8 % \ ’ hlN m .
] P N AN The center of wind pressure and
0.10¢< v the point of application of the
resultant force will vary as the
0.05

"0 20 40 60 8 100 120 140 160 180 antenna rotates. If the wind

Wind direction in degrees force acts on the azimuth axis

Fig. 2:10—Wind forces on paraboloidal through a long lever arm, a high
reflectors. .

torque will be developed. The

pivot point for a reflector would be in an ideal location if at all times it lay

on the line of the resultant wind force. This cannot be achieved, and

hence an attempt is made to secure a compromise that will keep the peak

torque at a minimum value.

The torques resulting from wind loads are recorded in Table 2-6
in terms of the value of the coefficient k, which is employed in the
equation

T = kAV?,

where T = resultant wind torque, 1b-ft,
A = projected arca of the reflector, ft?,
V = wind velocity, mph,
k. = coefficient of wind torque.
These data show that the torques are reduced by placing the pivot in
front of the vertex of the paraboloid surface. With grilled surfaces the
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pivot needs to be displaced forward only a small distance, but with solid
surfaces it is advantageous to place the pivot a substantial distance in
front of the vertex.

The torques induced by wind loading of a particular reflector can be
altered by as much as 100 per cent if the pivot point is moved a short
distance. Hence, torque data of the kind recorded in Table 2-6 are
unique to each reflector. A rough correlation has been attempted by
averaging the data on only those reflectors which are pivoted in front of
the vertex. These average values are plotted in Fig. 2:11. The curves
show that the solid surface may exert less torque than the slatted surface

1072X1.0
09
08 —\
. 07
-~
-]
s N\
2 04— - N
2 o03l— -
T L \
5 0.2 7 \\
O rl
% 0.1 7 \
o 0
/ — Average for
—0.1 | e.nhld rplﬂnrmr
—02 / - Aveﬁggforl
' N4 Islat‘ted reflectors
_03 1 1 1 1

O 20 40 60 80 100 120 140 160 180
Wind direction in degrees

Fiu. 2-11.—Wind torques on paraboloidal reflectors. The solid reflectors are Nos. 8 and
10. The slatted reflectors are Nos. 1, 4, 5, 6, and 7 in Table 2-6.

when the wind direction is not too far from the axis of the reflector but

that the solid surface tends to develop a high peak torque as it is revolved.

STRUCTURAL CHARACTERISTICS OF SPECIFIC REFLECTORS

2-14. Photographs and Tables.—Some widely used reflectors are illus-
trated in the figures indexed in Table 2:7. This table gives the weight
and, where available, the manufacturing cost of each reflector. Addi-
tional structural data are given in the supplement to Table 2-7.

In comparing the weights of reflectors that are similar but vary in
size, it is reasonable to assume that the total weight varies roughly with
the three-halves power of the projected area. This assumption is based
on the postulate that when all dimensions of a specific reflector are
retained in exact proportion as size is changed, the weight will vary with
the cube of any linear dimension.
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TABLE 2:7.—MICROWAVE REFLECTORS (SUPPLEMENTARY DATA)

Reflector 1 (Figs. 3-5 and 3-6, Sec. 3-3):

Form............... ...... Parabolic cylinder -

Projected contour . ......... Rectangle

Reflecting surface........... Solid stecl sheet, 12 gauge

Supporting framework....... Welded structural steel. Eleven individual reflec-

tor scetions, each 27 g5 in. wide, fabricated of welded

sheet steel and structural angles are bolted onto a

centrally supported tubular cantilever beam
Reflector 2 (Figs. 3-5 and 3-6,

Sec.33):....... ... Same as Reflector 1
Reflector 3 (Fig. 3-16, Sec. 3-6):
Form .. ................. True paraboloid
Projected contour . ......... Ellipse
Reflecting surface........... Expanded metal, 18-gauge steel, -in. mesh with the

long dimension of the diamond vertical, arc-welded
to the framework
Supporting framework. ... ... Carbon steel seamless tubing, 3-in. and 1}-in. OD,
arc-welded at joints
Reflector 4 (Figs. 3-9 and 3-10, Sec. 3-5):

Form...................... True paraboloid
Projected contour.. ....... Rectangle with corners cut away on a 45° angle
Reflecting surface. . .. .. .... Galvanized iron hardware cloth, 18-gauge wirc on

1-in. centers, soldered to grillwork of }-in. OD by
18-gauge stecl tubing

Main Truss................. Welded steel tubular structure with reinforcement
of the K-frame type, chord members 2§-in. OD by
14-gauge tubing, reinforcing members 1§-in. OD
by 16-gauge tubing. For transportation purposes,
the main truss is made in five scparate sections.
The joints arc bolted together with male and
femalc flanged connectors. The male connector is
centered on a machined stud that accurately fits
the mating female receptacle. Ten individual
reflector sections, each 30 in. wide, are made by
reinforcing the screen and grillwork surface with
ribs of 14-gauge sheet steel. Kach of the indi-
vidual reflector units is held in exact alignment on
the truss by a serics of bolting pads that are
welded to the main truss. The main truss weighs
808 Ib, and the 10 individual reflectors weigh a
total of 823 Ib

Reflector 5 (Figs. 3-9 and 3-10, Sec. 3-5):

Form...................... True paraboloid
Projected contour........... Rectangle with corners cut away on a 45° angle
Reflecting surface and sup- Galvanized iron hardware cloth, 18-gauge wire on
porting framework. 1-in. centers, soldered to grillwork of 4-in. OD by
18-gauge steel tubing
Main Truss.... ....... «.... Welded steel tubular structure with reinforcement

of the K-frame type, chord members 2}-in. OD by
14-gauge tubing, reinforcing members 13-in. OD
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TABLE 2:7.—MICROWAVE REFLECTORs (SUPPLEMENTARY DATA)—(Continued)
by 16-gauge tubing. The construction is similar
to that of Reflector 4, except that the main truss
is in six scparate scctions and the complete reflect-
ing surface is a composite of 14 individual reflec-
tors. The main truss weighs 1154 b, and the
14 individual reflectors weigh a total of 1128 1b

F1@. 2-12,—Kxperimental search antenna retiector.

Reflector 6 (Iig. 2:12):

Form................c.oo0i True paraboloid
Projected contour........... Ellipse
Reflecting surface........... 24ST aluminum tubing }-in. OD by 0.035-in. wall

on 11-in. centers. The tubing is threaded through
punched holes in - by {- by #%-in. 24ST aluminum
angles and is anchored in place by crimping the
angles adjacent to the tubes

Supporting framework....... Box girder of 61SW aluminum sheets 0.081 in. thick,
relieved with 14-in.-diameter cutouts, and riveted
with f-in. aluminum rivets

Reflector 7 (Fig. 2-13):

Form.... ................. Astigmatic paraboloidal surface
Projected contour .......... Rectangle with three corners cut on 19° angles
Reflecting surface........... 24ST aluminum tubing }-in. OD by 0.035-in. wall

on 13-in, centers. The tubing is threaded through
punched holes in §- by $- by #-in. 24ST aluminum
angles and is anchored in place by crimping the
angles adjacent to the tubes

Supporting framework. ... ... Box girder of 61SW aluminum sheets 0.081 in. thick,
relieved with 14-in.-diameter cutouts, and riveted
with %-in. aluminum rivets
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TABLE 2 T—\T1eRow AvE REFLECTORS (SUPPLEMENTARY DATA)—(Continicd)
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TaBLE 2:7.—MICROWAVE REFLECTORs (SUPPLEMENTARY DATA)—(Conlinued)

Fia, 2:14,—AN/TPS8-10 antenna reflector.
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TABLE 2-7.——MICROWAVE REFLECTORS (SUPPLEMENTARY DaTa)—(Continued)
Reflector 8 (Fig. 2-14::

Form e e True paraboloid surface
Projegged contour .. .. Ellipse
Reflecting surface. ......... 24ST aluminum tubing }-n. OD by 20-gauge

(0.035-in.) wall on }-in. centers. The tubing is
parallel to the long dimension of the dish to give
vertical polarization. The tubing is threaded
through punched holes in §- by 3-in. 248T alumi-
num angles and is anchored in place by crimping
the angles adjacent to the tubes

Supporting framework. ... ... Decp webbed channel scctions of 61SW aluminum
gheet, with lightening holes cut into the webs.
Structural scctions are formed to approximate the
shape of the dish. TFor transportation purposes,
the reflector is made in three scctions, a center
section and two end scetions that are bolted fast
to the center section upon assembly

I'ru. 2-15  -Antenna reflector.  (a) rcar view; (b) front view.
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TABLE 27.—MICROWAVE REFLECTORS (SUPPLEMENTARY DaTa)—(Continued)
Reflector 9 (Fig. 5-4, Sec. 5-9):

Form.................... .. Paraboloid of revolution

Projected contour... ....... Cut to conform to the —14-db contours of the pro-
jected primary illumination

Reflecting surface. .. ...... Flat aluminum strips, {5 in. thick by § in. deep,

spaced % in. apart. Ends brazed to §-in. OD by
#%-in. wall periphery tube
Supporting framework ...... f5-in. aluminum uprights and longitudinal members

with §-in. OD by 0.062-in. wall tubing for cross-
bracing. All joints hetween sheet metal parts
riveted with }-in.-diameter rivets. Tubing to
sheet metal jointsbhrazed. Reflectingslats crimped
in place

Reflector 10 (Fig. 2-15a and b). Identical with Reflector 9 except that the lower
longitudinal frame member is 3-in. aluminum

ELECTRICALLY SCANNING FEEDS

Any device that produces a scanning beam of radiant energy without
the motion of either the reflector or the external portion of the feed is
termed an electrically scanning antenna. Two distinctly different
electrical scanners are described in the following sections. A third
electrical scanner, the Delta a or Eagle scanner, is described in Sec. 6-14.

2:16. The Robinson Scanning Feed.'—The use of a trapezoidal feed
with an astigmatic paraboloid reflector is discussed in Sec. 2-9. It is
advisable to become familiar with that section prior to making a detailed
study of the construction of the Robinson scanning feed,? which is a
trapezoidal feed.

Properties of a Trapezoidal Feed.—TFigure 2-5 illustrates a flat trapezoid
in front of an astigmatic paraboloid reflector. In this figure, the line ED
represents a locus of points on which the antenna feed may be located.
The line BC is the boundary at which r-f energy leaves the feed and is
radiated to the reflecting surface. Equations (1) and (2) in Sec. 2:9
define the astigmatic reflecting surface on the basis of radiation of energy
from the point 8. The trapezoid BCDE is illustrated in Fig. 2-5 as a
single flat surface. In actual construction this trapezoid consists of two
parallel surfaces £ in. apart. The energy from the feed at the point S
is confined by these surfaces and is not free to diverge in the direction of
the OZ-axis until it passes the boundary line BC.

If a reflector that is a paraboloid of revolution is illuminated by a
point source, the beam may be tilted off the axis of the paraboloid by
moving the feed in a direction perpendicular to the axis. The pattern
of the beam deteriorates and the gain falls off when this is done. Experi-

1 Photographs in this section are through the courtesy of the American Machine

and Foundry Co.
2 C. V. Robinson, Microwave Antenna Theory and Design, Vol. 12, Chap. 16.
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ments have shown that the deterioration at a given tilt angle is approxi-
mately inversely proportional to the beamwidth and decreases as the
value of the ratio f/D is increased.! In the design here considered,
a reflector having a 9-ft focal length and 15-ft projected diameter gives
J/D = 0.6. With this reflector, the deterioration is not rapid until a
tilt angle of 53° is reached. At this angle the deterioration becomes rapid,
and this Robinson scanning feed is limited to an over-all scan of 11°.

The Folded T'rapezoidal Feed. —Referring again to Fig. 2-5, scanning
is accomplished by moving the feed back and forth along the line ED.
The system is in true focus when the feed is at the point S but is still
sufficiently in focus at either of the extreme points £ or D to cause no
more than a loss of 1 db in the over-all antenna system. It is entirely
possible to construct a trapezoidal feed of two flat sheets as illustrated in
Fig. 2-5, with a mechanical device for moving the feed backward and for-
ward along the line /D. Such a device would be extremely cumbersome,
and the speed at which the feed could be moved would be limited by the
mechanical properties of the system. The trapezoid BCDE is therefore
folded in such a manner that it forms a true circle of the line KI). The
uniform $-in. spacing is maintained throughout. The folded feed has
the electrical properties of the flat trapezoid but is now in a structural
form that allows the feed to be rotated rapidly around the annular
aperture KDS.

Schematic Diagram of the Folded Feed.—Tigure 2-16 shows a schematic
arrangement of the Robinson scanning feed, which is essentially the
folded trapezoid discussed in the preceding paragraph. The designations
B,C, D, E, N, and S that are used in Fig. 2-5 are duplicated in Fig. 2:16 in
order to correlate the two diagrams. The line £D now appears as an
annular aperture of two concentric cylinders whose inner faces are ¢ in.
apart, the points £ and D being superposed at the point where the folded
ends of the trapezoid join. The line BC remains a straight line and on
Fig. 2:16 is a rectangle § in. wide and approximately 8 ft long. The
scanning feed could be terminated at the boundary line BC, but a short
flared section is added to reduce the dispersal of energy as it leaves the
feed. The point S appears 180° from the points D and E, and the point N
immediately below it. The folded surfaces run directly backward from
the point S to the point O and are there reversed to return to the point N.
Energy is supplied through the rotating waveguide H, which is counter-
balanced and can be rotated rapidly. The cylindrical housing within
which the feed rotates is grooved and shaped to form conventional choke
sections and waveguide conducting surfaces, so that the energy from the
waveguide will flow into the Robinson scanning feed at various points
along the annular aperture EDS.

1J. R. Risser, Microwave Antenna T'heory and Design, Vol. 12, Chap. 11,
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Power Absorber.—If the folded surface is joined at D to form a metal
barrier, r-f mismatching will be produced as the feed H rotates past this
barrier. The metal barrier at ED is therefore replaced with a material

B

4

\
W69
\
§
ot \
o
=
£\
&

g Power absorber
S e IE)' shown in detail A

Power absorber
to be flush with

“ the inside surface
of the annular
guide
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U? Detail A
¢

Tra. 2-16.—Schematic arrangement of Robinson scanning feed.

that will absorb such energy as impinges upon it and convert that energy
into heat. A typically shaped power absorber is shown in Fig. 2-16.
The choice of a suitable power-absorbing material is critical in the design
of the scanning feed. Finely divided iron in a matrix of organic binder,
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known as Polyiron D-1, was originally employed. Although the power-

Fiag. 2:17.- —~Inner surface of the Robin-
son scanning feed.

absorbing properties of the Polyiron
are excellent, it was found that the
Polyiron absorber was disintegrated
by thermal shock. Furthermore, the
heat generated in the absorber was
sufficient to destroy the plastic binding
material and leave a residue with very
poor absorbing properties. An
absorbing material of 40 parts silicon
carbide and 100 parts porcelain! was
substituted for Polyiron and proved to
be entirely satisfactory. The matrix
of silicon carbide and porcelain is a
ceramic that can be heated to a dull
red without injury to its r-f absorbing
properties, and it has an adequate
resistance to thermal shock.

Inner Surface.—The inner portion
of the scanning feed is shown in Fig.
217. The central portion is a
machined aluminum casting which is
called the ‘‘inner horse collar.” A
continuous sheet of aluminum is made
fast to the inner horse collar with a
series of closely spaced flush-head
machine screws. The completely
machined inner horse collar, but not
the attached aluminum sheet, is shown
at the left in Figs. 2-18 and 2:19. The
edge of the inner horse collar is grooved
so that the surface of the attached
aluminum sheet will be flush with the
surface of the horse collar. The
cylinder that surrounds the rotating
feed H is an integral portion of the
inner horse collar.

Outer Surface.—The outer portion
of the scanning feed is shown in Fig.
2:20. The central portion again con-
sists of a machined aluminum casting,
this one being known as the ‘outer

horse collar.” A continuous sheet of aluminum is made fast to this cast-

1 This material was supplied by the Bell Telephone Taboratories.



Skc. 2-15] THE ROBINSON SCANNING FEED 49

ing in a manner similar to that described in the previous paragraph. The
outer horse collar comprises not only the surfaces to which the outer
aluminum sheet is made fast but also the inner core of the cylindrical por-
tion of the scanning feed. The completely machined outer horse collar,
but not the attached aluminum sheet, is shown at the right in Figs. 2-18
and 2-19.

F1a. 2:19.—Inner and outer horse collars.

Assembly of the Inner and Outer Surfaces.—Figure 2:21 shows both the
inner and outer members prior to final assembly. The complete inner
member slides inside the complete outer member to form a folded trape-
zoid having a $-in. interspace. The edge of the inner horse collar is
sharp or, at best, rounded slightly, and the machined metal surface
heyond this sharp edge is a continuation of the contour of the rolled
aluminum sheet. The most critical areas of the scanner are those where
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the outer horse collar surface rolls over the sharp edge of the inner horse

IFrg. 2:20.- Ouler surface of the Robin-
son scannmg feed.

collar. Thenominaldistancebetween
the two surfaces is £ in., but this di-
mension is slightly altered at the point
where the outer surface rolls over the
sharp inner surface. These altera-
tions were incorporated in the design
after a long series of experiments to
produce an assembled scanner that
would function without mismatching
of theradiated energy. Accuratealign-
ment at the sharply rolled section is
secured by means of flat machined
interfaces on the inner and outer horse
collars. Figures 2:18 and 219 show
these interfaces, which are doweled so
that they can be bolted together firmly.

Spacing of the aluminum sheets is
achieved by the insertion of studs § in.
in hecight, located throughout the
length of the scanner. The studs in
the lower portion of the outer member
are visible in Fig. 2-21. The stud is
not a simple mechanical post but is in
itself a small choke joint, so that
energy impinging on a stud will not
be reflected to produce mismatching.
The surfaces are stiffened by a series
of machined webs. Figure 2-17 shows
these machined webs placed inside the
inner surface. The aluminum sheet is
brazed to the machined surface of each
of the web sections. A similar con-
struction, shown in Fig. 2-20, has been
employed to stiffen the outer alumi-
num sheet. After the inner and outer
members have been pushed together
for final assembly, the stiffening ribs
are bolted together as illustrated in
Fig. 2-22. Assembly is now complete,
except for attaching the end sections
and sealing the front of the flared

section of the scanner with a strip of Fiberglas.
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Machining of the Outer Horse Collar.—1f a trapezoid comprised of a
single sheet of thin metal is folded into the desired form, the contour of the
sharp edge at the fold can be considered a ““ theorctical curve.”  The sharp
edge of the inner horse collar corresponds approximately to this theo-
retical curve. The surface of the outer horse collar rolls over this 1heo-
retical curve in a manner that allows an interspace of approximately # in.
Figure 2-23 shows the relation between the theoretical surface and the
inner and outer metallic surfaces. The inner horse collar is shown in

Fia. 2-:21.—Assembly of the inner and outer surfaces of the Robinson scanning feed.

broken lines; the outer horse collar is shown in solid lines, and the theo-
retical surface is shown in dot-and-dash lines. It will be noted in the
details @ and b that the inner surface is displaced from the theoretical
surface by the thickness of the metal and that the onter surface is dis-
placed an additional  in. The machining of the inner surface presents
no very difficult problem, but the contouring of the curve where the outer
surface rolls over the inner surface requires speciul tooling.

The machine built to do this special tooling is shown in Fig. 2:24. A
cam corresponding to the theoretical curve is cut on a cylinder. The
rough casting of the outer horse collar is mounted on a shaft concentrically
with the cylindrical cam. The cylindrical cam and the work are rigidly
bolted to a common arbor. Both the cam and the work are [ree (o move
as a unit longitudinally along the bed on which the arbor is mounted,
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and both are free to rotate as a single unit. Any motion of the cam is
therefore duplicated by the motion of the work. A ball cutter, revolving
in a fixed location, is used as the finishing tool. The edge of the cam is
moved over a roller guide that is fixed in position in relation to the cutting
tool. The cam is bheld against the roller by a piston that is under air
pressure to maintain an adequate force but that allows longitudinal move-
ment as the cam and work are rotated. With cach complete cut, which
is made without alteration of the tool loca-
tion, the shape of the cam is transferred in
three. dimensions to the finished surface of the
work.

The rolled sections of the outer horse collar
meet to form the sharp edge that is visible
as a U-shape in Fig. 2-24. It is at this point
that the power absorber is inserted. The
metal is cut back until its thickness is equal
to that of the power absorber, and the
ceramic is held in place by suitably located
grooves. l.oose slots are employed to allow
for thermal expansion of the power absorber.

The Complete Feed.—The complete Robin-
son scanning feed is shown in Figs. 2-25, 2-26,
and 2-22. Castings are fabricated of 356 HT6
aluminum; the formed aluminum shects are
STI aluminum; and the braces are 528 alumi-
num. The complete scanning feed is slightly
over 8 ft long by 2 ft deep and weighs about
200 lb.

Resin-impregnated Fiberglas having been
found to be an effective material for trans-
mitting r-f energy (see Sec. 13-14), the
window that seals the front of the flared horn
Fre. 2:22---Side view of the i3 comprised of one continuous strip of

Robunson scanning teed. Fiberglas approximately % in. thick. A
rubber gasket is employed as a seal between the Fiberglas and the alumi-
num, and rubber gaskets are also employed to seal the plates that close
the extreme ends of the horn. With all of these precautions, it is still
impossible to secure a completely watertight feed; or if the feed is com-
pletely watertight, water may still be accumulated because of condensa-
tion. Consequently, drain holes are suitably located in the horn and its
associated equipment. In Fig. 2:16, a drain hole is shown located at
point (. Drain holes are also drilled in the annular cavities that surround
the rotating waveguide,
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Sectional view A=A

53

Enlarged view of portion «

Enlarged view of portion b
Frg. 2-23.—Diagram of the throat of the Robinson scanning feed. — ——— Inner
horse collar. Outer horse collar. Theoretical surface.
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Alternate Methods of Consiruction.—Experimental models of the
Robinson scanning fced have been fabricated by casting and machining
only the annular sections that surround the rotating waveguide. The

" Fie. 2-25. F1c. 2:26.

F1a. 2:26.—Front view of the Robinzon scanning feed showing plastic window at left.
Fia. 2-26.—Rear view of the Robhinson scanning feed.

entire inner member and the entire outer member are then made by the

direct forming of aluminum sheets. This method of construction is

fairly inexpensive and light, but the dimensions are not exact. Further-
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more, the joint between the formed sheet metal and the cylindrical
casting has little structural rigidity.

A third method of construction employs electroforming over suitably
prepared molds. Small feeds for 3-cm radiation have been produced by
electroforming methods, but the feed illustrated in this section would be
inordinately heavy if made of any material other than aluminum or
magnesium.

2:16. The Schwarzschild Scanning Feed.—Development of the
Schwarzschild antenna system (see Fig. 2-27) was initiated to meet the

Weatherproof
enclosure

F1a. 2-27.—Perspective view of horn, reflector, and feed of the Schwarzschild scanner.

requirements for a position-finding radar to supply present-position data
for seacoast fire control against surface targets. The technical require-
ments established for the system included an azimuthal accuracy of 0.05°.
Because a rapid scan of a small sector was desired, it was decided to use an
electrical scanner. .

To secure the required gain and beamwidth in the azimuth direction,
a system was designed with a radiator having effective dimensions 104 ft
in the horizontal direction and approximately 2 ft in the vertical. When
such an aperture is properly illuminated with 3-cm radiation, the trans-
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mitted beam dimensions at the half-power points measure approximately
0.6° horizontally and 3° vertically. To secure focusing in the vertical
plane, a semiparabolic cylinder is used for a reflecting surface. This
surface, as shown in Fig. 2-27, is illuminated by a line source 103 ft long,
located at its focal line to produce a suitable vertical pattern. The line
source produces a controllable uniform phase variation along its length,
causing the beam to scan the required 10° sector. For this purpose, an
optical system was designed for satisfactory performance over the
required angular region. This system, in which energy is propagated
between parallel plates, will be discussed at some length.

The desired scan could be obtained from a pillbox antenna feed if
the feed horn were oscillated through the focus along a linc parallel to
the exit flaps. This method of scanning is satisfactory for a narrow scan
sector. But becausc a scanning beam broadens when it is moved more
than three or four beamwidths away from its normal position, the pillbox
antenna feed is unsuitable for the purpose of finding position accurately.

A similar situation was encountered with astronomical reflecting
telescopes: The focusing of the light from a star upon a photographic
plate is imperfect if the star is too far away from the axis of the parab-
oloidal reflector. A well-known remedy, devised by Schwarzschild for
this aberration (coma) in reflecting tclescopes, was adapted to the radar-
scanning problem. In atelescope a small secondary reflector is introducerd
between the main reflector and its focal point; the photographic plate is
located between the reflectors and faces the secondary reflector. By
proper curvature of the two reflecting surfaces of revolution, the system
can be made perfect in the sense that any star in the field of view, even if
off axis, gives a point image on a certain focal surface. The reflecting
surfaces are not mathematically simple, but they can be conveniently
described by polynomial equations. Within limits, for convenience of
construction of the telescope the system can be designed with some choice
of spacing of the surfaces.

The radar-scanning feed analogous to the Schwarzschild telescope is
illustrated in Fig. 2-28. The parallel plates are folded as in Fig. 2-284.
In Fig. 2-28¢ is shown the median surface midway between the plates.
The mathematical analysis applies to the geometry of the folds, which are
analogous to the mirrors of a telescope. The exit flaps of the folded horn
arc shown at A; fold B corresponds to the primary reflector of the tele-
scope; fold C is analogous to the secondary reflector; and curve D is the
focal line. .

The surfaces of the primary reflector fold B and secondary reflector
fold C are calculated! according to the equations

1 = 0.5y? — 0.03125y* — 0.020y°
1 Microwave Antenna Theory and Design, Vol. 12, Chap. 15.
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and
xs = 0.75y? — 5.96025y* 4 40.53y°

respectively. The coordinate x is parallel to the direction of the optical
axis, and coordinate y is perpendicular to it. Figure 2-28d is an isometric
schematic diagram of the plates, whereas Figs. 2:28a, b, and ¢ show the

T1a. 2:28.—Schematic diagram of Schwarzschild horn.

median surface as imagined when folded and stretched at the folds.
The horn is also shown in Fig. 2:27. An additional bend between A and
B, not shown in Fig. 2-28 appears in Fig. 2:27. This bend has no effect
on the focusing properties of the horn and is intended only as a means of
compacting the design and directing the energy toward the external
reflector. The focal length of the primary reflecting fold is 10 ft.

This antenna, like all modern radar antennas, depends on the principle
of reversibility. The focusing of energy from a distant point in space to a
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point on the focal curve has been discussed. Reciprocally, a point source
of radiation at any position on the focal curve will produce a beam of
energy well focused in space. By moving this point source along the
focal curve, it is possible to scan the beam.

There is in the flared section an equivalent line where the radiation
may be considered to originate. This line lies at the focus of the cylin-
drical semiparabolic reflector, as required for a satisfactory vertical
pattern. The plates are flared at
the exit gap. The flare dimen-
sions are chosen to match the horn
to space and to illuminate properly
the external reflector.

The system is weatherproofed
by a plastic closure of such dimen-
sions that the reflections from the
inner and outer surfaces cancel
each other by destructive inter-
ference. The reflecctor is so dis-
posed with respect to the flare
section that no radiation is re-
turned to the flare. Tts presence,
thercfore, docs not affect the
match of the horn to space (see
Fig. 2:27).

The Feed and Data System.—
Fortunately, the focal curve may
be approximated by a circular arc.
The feed can thus be moved along
this arc by rotation about a fixed
axis. To reduce the fatigue of the
operator, resulting from flicker of
the scope, and to make the display
as nearly continuous as may be
practical, it is desirable to use a
rapid rate of scan. An oscillating feed or a Robinson feed may be
employed, but actually a four-arm steadily rotating feed is used, as illus-
trated in Fig. 2-29. An r-f switch is provided to direct the energy from the
waveguide transmission line into whichever of the four rotating arms is
momentarily looking into the edge D of the space between the parallel plates
shown in Figs. 2-28 and 2-27. Figure 2-29, revealing a part of the switch,
shows a rotary joint similar to the one shown in Fig. 6-8 with the exception
of the four waveguides that are attached to the rotor. A cylindrical vane
at all times prevents radiation of energy into the arms that are not opposite

F1a. 2:29.—Phantom view of r-f switch.
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the window in the vane. The window subtends an arc somewhat exceed-
ing 90° and its proportions are designed for a good r-f match. It is
possible to keep the magnetron operating at a constant frequency during
switching by a single setting of the line-stretcher! between the magnetron
and the feed.

The arms shown in Fig. 2-27 rotate as a unit with the r-f switch. Each
in turn carries the r-f energy to the entrance of the horn proper. Just
beyond the entrance to the horn is a reverse bend to ensure clearance of
the horn structure by the arms during their travel in the cutoff condition.
The arms are {flared in the horizontal plane to afford good illumination
of the horn and a good radiation pattern. They are also slightly flared
in the vertical plane to improve the match to the horn. The r-f switch
includes a tuning plug with spring fingers in the tube above the four radial
arms. This plug or cup can be adjusted, thus making possible the use of
the feed over a frequency range of 8740 to 9170 Mc/sec. The plane of
polarization is vertical.

The r-f switch energizes consecutively the four arms, which produce
four scans of the field of view per rotation of the switch. The data-
transmission system is geared 1o run at 4-speed with respect to the feed
unit in order to maintain the same relationship to each of the four arms.
The data-transmission system also includes a photoelectric gate generator
that blanks the radar indicator between successive scans while the feed
is switching. On the same shaft there is a photoelectric pip generator
used to develop fiducial angle marks. The data take-off is a special
variable condenser that in series with a fixed capacitor, constitutes a
voltage divider across a 1-Mec oscillator. The divider output is detected
and amplified to produce the azimuth sweep on the indicator tube.

Construction tn Plywood.—The horn, as discussed previously, is
designed to approximate the optical performance of a pair of mirrors.
One step in making this unit behave as designed is to construct the horn
so that the metallic surfaces are spaced less than one-half wavelength
apart. All propagating modes are then polarized perpendicularly to
the surfaces and have a constant wavelength in the horn equal to the free-
space wavelength. Half a wavelength is about § in.; but in practice,
manufacturing specifications call for spacing of ¢ in. with a tolerance of
+% and —% in. The variation of spacing must be gradual in terms of
quarter wavelengths. This requirement is met more or less automati-
cally when plywood is used in the construction. The reduced spacing also
improves the approximation involved when the geometry of the centered
surface is used for the geometry of the horn. The nondevelopable sur-
faces are held to a tolerance of ++4% in.

1 A device for making slight adjustments in the effective length of the trans-
mission line.
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The antenna system must be stout enough to withstand 80-mph winds,
small enough to fit in the space available, and light enough to reduce the
moment of inertia as much as possible. In addition to these specifica-
tions, the material used must be carefully chosen on the basis of freedom
from warpage over a long term of extreme climatic conditions, since any
deflection from the specified contours of the antenna is immediately felt
in the electrical performance of the entire system.

Experiments proved that plywood, with its large flat surface, is
excellent because it is approximately 12.5 times as rigid as an equal weight
in either sheet aluminum or sheet steel. The double-curved surfaces at
the folds can be made by molding,
but early samples of this process
were not altogether satisfactory.
It is also feasible to form these
surfaces by routing a laminated
structure. Either process gives
better results than forming the
double-curved surfaces of sheel
metal, although sheet metal was
used successfully on one model.
Figure 2-30 is a vertical section
Inner member through one of the folds. In con-
structing the inner member, the
14in. plywood sheets are bonded
to the spacing ribs. The nose-
piece is bonded in place, and the composite structure is cut by a shaper to
the semicircular section shown. The proper Schwarzschild curvature is
obtained by guiding the work with a template. Copper sheets 0.003 in.
thick, cut to size, and tinned along the edges can be made to conform to the
surface when laid in place and bonded with Bostic Precoat and Cement
(manufactured by BB Chemical Company, Cambridge, Mass.). Each
pieceis readily deformed to cover one-half of a nondevelopable surface. A
lap joint is then formed by soldering the copper along the meridian section.
Precautions must be taken to avoid overheating and damaging the
neighboring copper bond. The construction of the outer member is
similar to that of the inner member, the backing of the nondevelopable
surface being shaped to a template from members §-in. thick,
built-up of 3-in. laminates and bonded along the curved edge of the central
sheet. Copper foil cut to shape is bonded in place on each member.

At the time of assembly, the inner and outer members are properly
positioned by dowels in locating holes. Finishing strips are used to close
the sides of the horn and tie the flat sheets together into a rigid unit.

The external reflector is built up from a series of plywood bulkheads

Outer member Spacing rib

Fra. 2-30.—Vertical section through fold of
Schwarzschild horn.
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covered with a thin plywood skin, and the reflecting surface is formed by
bonding copper to the parabolic cylindrical surface. Typical aircraft
plywood construction is used throughout the construction of the horn,
its supporting frame, and the plywood skin. All beams are box sections
with plywood bulkheads and cutout lightening holes. The supporting
frame, integral with the mounting yoke, is shown in Fig. 2:31. Several
transverse ribs underneath the frame support the plywood skin. As
illustrated in Fig. 2:27, the folded horn is bonded to several box members
which run across the principal ring frame, thus making the horn an
integral part of the structure that encloses it. The entire antenna unit
is attached to its pedestal by means of a steel box-section frame bolted
to the plywood yoke.

TFru. 2:31.—Plywood construction of the supporting frame and yoke of Schwaizschild
antenna.

Weatherproofing the I’lywood Structure.—All plywood laminations and
nonlaminated pieces of stock used in the assembly are impregnated with
or dipped in Celcure to increase their resistance to fungus, termites, and
borers. All internal surfaces are painted with copper-flake paint and
antifungus varnish.

To prevent water condensation in the antenna structure, an air-duct
system fed by a heater and a blower is built into the set and circulates air
through the entirc antenna enclosure, with forced feed through the horn.
While the system is in operation, the power dissipated by the feed motor,
receiver, transmitter, and other components maintains the temperaturc
of the enclosure a few degrees above the ambient temperature. When
the set is not in operation, a thermostatic control on the heater system
regulates the temperature of the enclosure.

MECHANICALLY SCANNING FEEDS

When a cyclic displacement is imparted to the entire antenna feed
relative to the reflector in order to obtain a scanning beam of radia-
tion, such a feed is called a mechanically scanning feed. Such feeds are
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employed exclusively when a conical scan is desired. Either rotating or
nutating feeds may be used for this purpose. At times, mechanically
scanning fecds are also used to effect a scan oscillating through a small
angle. )

2-17. Rotating Feeds.—The azimuth and height of a single target can
be accurately dctermined by tracking the target with a pencil beam.
Tracking is usually accomplished by spinning the pencil beam so that it
forms a conical scan of radiated energy in space, as shown in Fig. 2-32.
If an echo received at the 0° reference point of the conical scan is of equal

Cross section of beam

Path of center

Radar beam of beam

To target

Maximum
intensity
of beam

Axis of the conical scan

Area beam covers
as It rotates

Spinner

motor Crossover 80 per cent

intensity

Reflector
Fra. 2-32.—Conical scan. A section of the beam is illustrated at a point of crossover
where the one-way power is 80 per cent of the maximum.

strength with the echo received at the 180° conical scan location, the tar-
get is centered on the antenna with respect to one reference plane. If,
at the same time, equal cchoes are received from the 90° and the 270°
conical scan locations, the antenna as a whole is centered on the target.
A reference generator is employed to pick off the signals reccived at the
0°,90°, 180°, and 270° locations. To keep these signals equal in intensity,
tracking can be accomplished by manual adjustment of a servomechanism
or by automatic tracking such as that employed on gunlaying mounts.
With this type of tracking, the antenna can be centered on a target with
an accuracy limited only by the accuracy of servomechanisms on the
azimuth and elevation axes.

A conical scan can be achieved by several combinations of feed or
reflector rotations, although the majority of installations involve rota-
tion of the feed alone. The usual speed of rotation for conical scanners
is about 1800 rpm, which makes it impracticable to rotate paraboloids
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that are over 2 ft in diameter. Except for some airborne scanners,
therefore, fixed paraboloids and rotating feeds are characteristic of coni-
cally scanning antennas. The axis of rotation of the feed coincides with
the axis of the paraboloid. At 1800 rpm, dynamic balance of rotating
parts is essential. To minimize the mass that must be counterweighted,
the offset of the beam can be obtained by a slight electrical unbalance of
the dipole feed. Figure 2-33 illustrates such a rotating 10-cm dipole feed
with an electrical offset used in the SCR-584 gunlaying antenna mount.!

The dipole feed is driven by a hollow-shaft direct-drive motor which
eliminates all gearing and the accompanying problems of lubrication.
In this unit the drive motor rotates at approximately 30 cps and is a
three-phase 60-cycle 115-volt motor rated at § hp. Mounted on the same
hollow shaft is a reference gencrator that supplies two sine waves 90°
out of phase that arc the reference voltages for the elevation and azimuth
servos. The stator of this generator must be readily adjustable for track-
ing alignment. This is easily accomplished by attaching a spur ring gear
to the stator with an adjusting pinion mounted on a shaft that extends
through the rear end bell. After being positioned, the adjusting shaft is
held in place by a locknut.

The r-f requirements for this feed consist mainly of a high-speed
rotating joint and proper seals for pressurization. The r-f transmission
line is operated under a positive pressure of about 5 lb/in%2.  To maintain
pressure in the r-f line at the high-speed joint in the spinner motor, a
special seal is provided. The seal consists of two superfinished steel rings
spaced by a flat ring of carbon. One steel ring is fixed; the other is
connected to a bellows which has an inner floating spring that takes
up wear on the rubbing surfaces. The carbon-to-steel contacts require
no lubrication.

Covering the dipole fced is a polystyrene cap furnishing necessary
weather protection and allowing for proper pressurization of the line.
Located at the end of the polystyrene cap is a bleeder cap to allow con-
tinuous flow of clean, dry air. To prevent r-f energy from reaching the
front motor bearing, an r-f choke is located in the rear of the front end
bell plate.

Because the mechanism rotates on the axis of the parabola at all
times, necessary dynamic balancing is readily achieved. Dynamic
unbalance of the rotating parts is held to within % in.-oz. A special
built-in motor concentric with the axis of rotation of the feed simplifies
the drive mechanism but is not absolutely essential. Rotating feeds
have been built with the motor mounted off-axis behind the reflector,
driving the waveguide or rigid coaxial feed through a set of spur or
helical gears.

1Sec. 9-12, Radar System Engineering, Vol. 1 of this series.
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Mechanically offset feeds may take several forms. As the name
implies, the radiating element is physically displaced from the axis of
rotation. One arrangement (Fig. 3-8) utilizes a rotating bent waveguide
of circular cross section. The emergent radiation is directed against a
circular plate that is held stationary and normal to the axis of rotation
and is reflected by this circular plate back into the main parabolic reflec-
tor. The coaxial lines may be bent to offset the dipole element, or the
extension of the feed may coincide with the axis of rotation, and the
dipole be offset by means of a short stub. Almost any type of simply
terminated feed can be used for a mechanically offset arrangement.

Reflector

Pressure
seal

. Reference
Dipole generator
enclosure

Adjusting
pinion

‘; \EQ ——;

Drive flange

Driving motor support

Fra. 2-33.—A rotating feed for the SCR-584.

2-18. Nutating Feeds.—If a dipole is used as the termination of the
rotating feed, the simple rotating scan mechanism causes rotation of
the plane of polarization of the emerging radiation, making this system
unsuitable for some radar applications.

Nutating scanning feeds have the advantage of producing a constant
(e.g., vertical) polarization; this allows better interrogation of radar
beacons and affords a measure of protection against jamming by ““win-
dow’’ or “chaff.”! However, the mechanical complication of a nutating
scan is considerable. Figure 2-34 presents as an example a nutating
scan mechanism adapted for operation in the 3-cm band with a gunlaying
radar set utilizing the SCR-584 pedestal.

1 A generic term for material, such as metallized strips of paper, strewn from an
airplane to produce spurious signals on indicator scopcs.
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Fia. 2-34.—Nutating scan feed for the SCR-584. (Courtesy of Palmer Bee Company.)

N
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Fi¢. 2-36.—Cam mechanism of the nutating feed of Fig. 2-34. In Figs. 2-34, to 2:36:
L. Antenna waveguide. 2. Cutler feed. 3. Gimbal ring. 4. Antenna support. 5.
Rotating crosshead shaft. 6. Threc-phase hollow-shaft motor, ¥ hp. 7. Bell crank.
8. Pusher rod. 9. Counterweight. 10. Balancing spring. 11. Cam. 12, Cam fol-
lower. 13. Driving fork. 14 Solenoid operated clutch, 15. Timing switch. 16.
Reference generator. 17. Synchio generator.
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The 3-cm nutating scan mechanism illustrated is capable of three
modes of scanning. These are

1. Conical scan, used for automatic following of the target. Nutation
is about the axis of the parabolic reflector giving 0.8° crossover.

2. Spiral scan, used for finding targets. The mechanism nutates
about the axis of the parabolic reflector and spirals from a 2°
included tracking angle to a 12° included angle at 2 cps.

3. Palmer scan, used as another method of finding the target. The
antenna feed continuously nutates about the axis of the parabolic
reflector at the outer 12° included angle. The antenna mount
moves either in azimuth or in elevation.

As seen in the preceding figure and in the schematic diagram (Fig.
2-35) the antenna waveguide (1), terminated by a Cutler feed (2), is
mounted with its r-f wobble joint in a gimbal (3), fixed at the vertex of
ti:e parabolic reflector. The moving part of the wobble joint is attached
to a hollow eylindrical support (4), carrying a rotary crosshead (5). A
+hp 1800-rpm hollow-shaft motor (6) drives a bell crank (7), linked to a
reciprocating push-rod (8). As the bell crank oscillates, it deflects the
support (1) together with the feed, back and forth with respect to the
axis of rotation, causing the feed to nutate with a spiral scan. A moving
counterweight (9) is linked with the bell crank to maintain the dynamic
balance of the system. The resultant centrifugal force is balanced by
the spring (10). The reciprocating push rod (8), which thus controls
the angle between the antenna feed and the axis of the reflector, is posi-
tioned by a cam mechanism shown schematically in Fig. 2:-36. A cam
(11), geared through a spur and worm gear reduction to the feed-driving
motor, actuates a cam follower (12), which in turn moves the driving
fork (13), engaging the push rod (8). A solenoid-operated clutch (14)
and a double contact switch (15) permit disengaging the fork (13) from
the push rod (8), at the same time locking it in either of two positions:
(1) providing a conical scan with 2° included angle for tracking or (2)
providing a conical scan of 12° included angle which, in combination with
the motion of the antenna mount, provides the Palmer search scan of the
radar set.

A two-phase reference generator (16), geared 1/1 with the driving
motor, provides reference voltage for automatic tracking by the antenna.
A synchro generator driven through a linkage from the cam follower
provides a reference voltage for indicating the angular position of the
antenna feed.

In order to minimize the dynamic forces and reduce the size of the
counterweight, the antenna feed (1) was made from a precision casting
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of aluminum. A satisfactory light (0.020-gauge) fabricated stainless
steel waveguide with an aluminum Cutler feed has also been used.

Other methods of obtaining conical scan by mechanical means as
employed in some airborne scanners are outlined in Sec. 6-9.

2:19. Oscillating Feeds.—The generation of an oscillating scan by
reciprocating the feed gives rise to two problems. The first is the
electrical problem of obtaining adequate scanning amplitude without
excessive distortion of the beam. The second is the mechanical problem
of reciprocating the feed at a rapid rate.

It has been found experimentally that a point feed such as a horn
feed or a dipole feed in a paraboloidal reflector can be displaced approxi-
mately four beamwidths from the axis before the pattern distortion
becomes objectionable. Greater
scanning amplitudes than this can be AT
obtained by modifying the shape of the
reflector to reduce the aberrations and
distortions caused by the displacement
of the feed from the focus. This ap- R°"'ﬁ°“w\
proach has been investigated by means
of the theory of geometrical optics,
and an antenna has been built by Bell |
Telephone Laboratories with a 0.7° |
beamwidth that can be shifted +25° |

I

Point oscillating on
segment A-A

Rotation-w

Fixed axis

Counter
weights

without undue distortion.! Diffi-

culties in fabrication resulting from |
requirement of the more complicated l
reflector surfaces have prevented 4
widespread development along these
lines.

The mechanical problem involved in designing reciprocating feeds
has three aspects. The first is the problem of generating the motion,
and the second is the problem of dynamic balancing. The third is both
an electrical and a mechanical problem and concerns the transmission of
r-f energy to the feed.

Although simple harmonic motion is not the best motion for produc-
ing desired electrical effects, it is the easiest to generate mechanically.
Conscquently, it is almost always the motion used in mechanically oscil-
lated feeds. The four-bar linkage (including the crank and connecting
rod) and the trammel linkage are perhaps the most common methods of
generating this motion either accurately or approximately. The trammel

Fra. 2:37.---Diagram of experimental
trammel mechanism.

1 “Uge of Geometrical Optical Theory in Design of Mirror Shapes for Scanning
Aerials,” CSIR4662 Australian, Feb. 28, 1945; C. B. Feldman, “Rapid Scanning
Radars,” Bell Telephone Laboratories MM-42-160-151, Dec. 4, 1942.
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linkage gives linear simple harmonic motion and is easy to balance
dynamically. It is therefore a useful mechanism to employ to reciprocate
a point feed on a straight line. Figure 2-37 schematically illustrates this
linkage, which has been employed on an experimental system! of the Bell
Telephone Laboratories. The method of mechanical resonance described
in Sec. 6-12 may be cited in this connection.

T16. 2-38.—Oscillating feed assembly.

The dynamic balancing of crank and connecting rods has been
extensively treated,? and the balancing of four-bar linkages may be
treated in the same way. It need only bhe noted that in a four-bar
linkage the oscillating link should be so proportioned that the system
behaves as though all the mass of that link is concentrated at its junction
with the end of the connecting rod. In practice this means that the con-
necting rod should be attached at the center of percussion of the oseil-

1 Bell Telephone Laboratories MM-42-160-106, Sept. 4, 1942,
 Den Hartog, Mechanical Vibrations, McGraw-Hill, New York, 1940,
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lating link. The oscillating feed in I'ig. 2-38 consists of a 3- or 4t
section of waveguide terminated in a double dipole feed that is balanced
as described and is reciprocated with a crank and connecting rod.

The problem of transmitting the r-f energy to the feed is solved fairly
easily when the feed is at the end of a long section of oscillating waveguide
and when the angle of oscillation is small (+5° to +£10°). This requires
an r-f wobble joint. If the angle of oscillation is larger, then either a
rotary joint or a multiple wobble joint can be used. If the path of the
feed must be linear, the design becomes more complicated and it is prob-
able that more than one rotary r-f joint would be required.



CHAPTER 3
GROUND ANTENNA MOUNTS

By D. D. Jacosus

The shipborne or airborne antenna mount is a fixed installation on
the ship or aircraft. The ground antenna mount, however, is ordinarily
not permanently installed. If the mount is small, it can be truck-
mounted to provide mobility. If it is large, means for its rapid assembly
and disassembly are generally provided. Ground equipment must be
built to withstand the rough handling and the exposure encountered in
field service. These mounts may be broadly classified according to the
function of the radar, as simple search and early-warning or height-
finding; some are versatile and perform both of these functions.

SIMPLE SEARCH MOUNTS

The simple search ground antenna mount consists of an antenna and a
supporting pedestal that provides azimuth rotation. A manually rotated
turntable carrying a simple sighting device constitutes a primitive
search set. With such a device, the direction of an observed echo can
be noted by viewing the azimuth orientation of the mount. The limita-
tions of visually determining the position of a mount at the precise
moment of a signal return are too obvious to require elaboration. The
ground antenna mount must therefore include a mechanism, either
mechanical or electrical, for suitably displaying the azimuth position of
each radar signal.

3-1. Scanning Requirements.—Some search equipments employ
antenna systems that radiate ‘““pencil”’ beams. A pencil beam can view
all portions of the sky if the beam is gradually elevated (or lowcred) while
rotation is in progress. For full coverage, the ascending or descending
spirals should not be spaced farther apart than the width of the beam of
radiated energy. This process is tedious and, where attempted, has been
found to be inadequate because of the time required for successive scan-
ning cycles. In practice, the pencil beam is usually limited to search at
the level of the horizon. On the other hand, a radiation pattern narrow
in azimuth but of wide vertical extent permits search of a broad section
of the sky by simple rotation. The search and early-warning antennas
that will be discussed are all of this type.

The accuracies required of the data-transmitting system can be
appreciated by consideration of a specific example, such as a reflector

70
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with a 25-ft horizontal by 10-ft vertical projected aperture that operates
on 10-cm radiation to produce a beam of reflected energy 0.8° wide.
On a PPI(plan position indicator) display tube, the returned signal will
have a length corresponding to approximately 0.8° of arc. The center of
the visual signal that is displayed can be estimated with an accuracy of,
at best, 1 part in 10, which represents 5 min of arc. Hence, our azimuth
information, if these data are to be as good as the best that the eye can
read, must be accurate to 5 min of arc. This accuracy, on a target
viewed at 100 miles, represents an error in azimuth orientation of 250 yd.
A mapping accuracy of this order at such extended range is, indeed,
adequate for purposes of search and early warning and, in fact, represents
the highest precision demanded of current search systems.

The PPI display tube is now almost universally used on ground sys-
tems to record the azimuth location of the antenna. The deflection coil
in the PPI display tube is rotated in synchronism with the anteﬁna, and
the signals recorded on the face of the tube form a map of the surrounding
area. The motion of the deflection coil is secured by means of syn-
chronous elcctrical circuits between the rotating antenna and the rotating
deflection coil. The most commonly used data-transmission system
employs a synchro generator on the mount, mechanically linked to the
rotating antenna. The generator is coupled electrically to a remotely
located synchro control transformer, which in turn is geared to the servo-
motor that drives the deflection coil on the indicator display tube. A
servoamplifier is used to control the rotation of the motor that drives the
deflection coil. The error voltages in the circuit linking the synchro
generator and the synchro control transformer are maintained at mini-
mum values. The synchro gencrator on the antenna mount, in addition
to keeping one or more PPI display tubes in phase, may at the same time
be employed to energize a scrvomechanism for the control of the motor
that drives the antenna mount.

Scanning may be accomplished by continuous rotation through 360°
of horizon or by sweeping back and forth over a finite sector to secure
more adequate coverage of a limited area. The motor drive and the gear
trains of sector-scanning equipment must have power and torque charac-
teristics adequate for reversing the motion of the antenna in the desired
cyclic interval of time.

If a beam of radiation is swept rapidly past a target, the signal may
be weaker than that which would be secured if the same target were
viewed for a longer period of time. This diminution of signal strength is
termed a “scanning loss.”” The maximum rapidity with which a beam
can be swept past a target without incurring too high scanning losses is
described in Sec. 3-4. In normal search equipment, the scanning losses

are relatively low.
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3-2. Component Parts.—An antenna mount cannot be designed until
the position of the r-f components is determined. The following elec-
tronic or r-f components are sometimes located directly on the rotating
portion of the antenna mount, or they may be located in an adjacent
locality with provision for transmission of r-f energy to the antenna feed.
The mechanism used to generate the pulse power is called the modulator.
This pulse power, at a typical potential of 6000 volts, is conducted to a
pulse transformer, where the potential may be raised to a typical value
of 20,000 volts. The 20,000-volt pulse power then excites a magnetron
that generates r-f radiation. Either a waveguide conductor or a coaxial
conductor serves to carry this r-f radiation to an antenna feed, generally
located at the focal point of the reflector. The return signal passes
through the waveguide or coaxial conductor in the reverse direction of the
generated signal and is deflected by the duplexer into the mixer, which is a
part of the receiver. When it reaches the mixer, this r-f current, which
may have a frequency of 3000-Mc/sec, is converted to a current having
an intermediate frequency of perhaps 30-Mc/sec. In the same receiver,
a second conversion reduces the currents to video currents of frequency
spread 0 to 2-Mc/see, which directly represent the echo intensity.

Blowers are needed to cool the magnetron, the pulse transformer, and
the receiver. Of these three units, the magnetron requires the greatest
amount of cooling.

From the standpoint of the antenna mount, our interest in these
components is centered on the various frequencies of the currents that
represent the returned signals. Currents of frequencies as high as
3 Mc/sec can be transmitted along a shielded wire and through standard
slip rings without distortion. At the intermediate frequency of 30
Mec/sec, a coaxial cable is required. Therefore, if the receiver is placed
on the rotating portion of an antenna mount, shielded wires and ordinary
slip rings can be used to transmit the video signals to the display tube.
A similar location for the r-f transmitter will also eliminate the necessity
of an incoming r-f power transmission line.

An antenna mount can be classified as being in one of the following
three categories, according to the position of the r-f components.

1. Modulator, transmitter, and receiver components are all on the
rotating portion of the pedestal. With this arrangement, only
conventional wiring is required through the torque tube of the
azimuth axis. Neither a pulse rotating joint nor an r-f rotating
joint is required.

2. The modulator is remotely located, and the transmitting and receiv-
ing r-f equipment are on the rotating portion of the pedestal. With
this arrangement, nor-f waveguide isrequired through the torque
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tube, but a high-voltage pulse rotary joint is required. The
pulse rotary joint is a relatively simple device, requiring good con-
tact between a set of brushes and a slip ring, with adequate insula-
tion against potentials of about 6000 volts. The slip ring of the
pulse joint is generally made of stainless steel. Tests have
indicated that pulsed, high-voltage currents tend to pit silver or
copper more readily than stainless steel. Brushes have been
fabricated by the powder metallurgy technique of a 90 per cent
silver, 10 per cent graphite mixture. A large number of small
brushes are more effective than a single brush of equal total area.

3. No r-f generating and receiving equipment is located on the rotat-
ing portion of the pedestal. This arrangement requires an r-f
transmission line through the center of the torque tube; the r-f
rotary joint is generally located at the base of the torque tube.
Figures 3-1 and 6-8 are characteristic drawings of two distinct types
of r-f rotary joints. Figure 3-1 illustrates the ‘“doorknob” coaxial
type, and Fig. 6-8 shows the Iy-mode type.

Of the three arrangements discussed, the first or the second arrange-
ment is used when a multiplicity of r-f systems is installed on an individual
mount. On ground equipment it has become customary to carry the r-f
transmitting and receiving components on the rotating portion of the
mount in order to reduce the losses in the r-f transmission line. The
remote location of the r-f components is usual on the shipborne antenna
mounts, where access to the antenna is difficult.

Figure 3-2 illustrates the elements of a simple search antenna mount.
The figure is diagrammatic; gear trains are represented as a single set of
spur gears, and all retaining shoulders, locking devices, and structural
details have been omitted from the diagram. The system used as an
illustration is one where the r-f transmitting and receiving equipment is
on the mount and where the azimuth axis is of the torque tube type.
It is obvious that mounts may take a great multiplicity of forms, but this
illustration will be an aid in clarifying the following discussion. As used
in this discussion, A, B, C, etc., refer to similar notations on Fig. 3-2.
The components are discussed in the order in which they might advan-
tageously be considered in designing an antenna mount.

A. R-f Package.—The rectangle shown in Fig. 3-2 represents the r-f
package, or r-f head, a waterproof enclosure containing the r-f trans-
mitting and part of the receiving equipment. A junction box is usually
installed between the r-f package and the mount so that the r-f package
may be removed and another substituted by the simple procedure of
disconnecting and reconnecting the wires to the electrical equipment.
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Fia. 3-1.—R-f rotary joint (‘*‘doorknob’’ type).

Figure 3-2 does not show this junction box, which for purposes of discus-
sion can be considered a separable part of the r-f package.

B. Rotary Joint.—A rotary joint suitable for transmission of pulsed
power at a potential of approximately 6000 volts is shown in outline in
Fig. 3-2. If the r-f package did not rotate with the antenna, an r-f
rotary joint of the type shown in either Figs. 3-1 or 6:8 would be used in



Skc. 3-2] COMPONENT PARTS 75

conjunction with an r-f transmission line. In either event, the azimuth
torque tube C must have an internal bore of diameter sufficient to accom-
modate the type of rotary joint that is used. It is common practice to
fasten one portion of the rotary joint rigidly to the bull gear at the base of

T Poracs . FITVER AT I

4

I'1a. 3-2.— Schematic dingram of an antenna mount. A, R-f package; B, rotary joint;
C, torque tube; D, azimuth housing; E, motor drive; F, synchro drive; G, gear case; H,
footing; I, slip-ring assembly; J, brush terminal block; K, access door; L, stuffing gland;
M, reflector and supports; N, antenna feed; O, oil seal.

the torque tube and to clamp the concentric rotating member on a device
that is made fast to the gear case. This leaves the electrical conductor
or the r-f transmission line free of strain. It is also worth noting that the
electrical connector at the end of the high-voltage pulse line is of a special
type requiring careful assembly. The entire passage between the pulse
power terminal on the r-f package A and the access space at the base of



76 GROUND ANTENNA MOUNTS [SEC. 3-2

the torque tube ¢ should therefore be made large enough in diameter to
permit the free passage of the connector that terminates the pulse power
cable.

C. Azimuth Torque Tube.—Figure 3-2 illustrates the use of a torque
tube that is mounted between two sets of ball or roller bearings. This
very common type of construction has the virtue of compactness. It also
permits the construction of an enclosed gear box and provides space for
inclusion of a slip-ring assembly I between the bearing supports. A roller-
track bearing race may be employed as an alternate method of providing
azimuth rotation. With the roller track, vertical stability is secured by
using a bearing race of large diameter. This alternate method of con-
struction requires the same essential elements as those illustrated in
Fia. 3-2, but the physical appearance of the antenna mount is consider-
ably altered. Examples of mounts on roller-track bearing races are the
AN/TPS-10 mount, which employs a 30-in. roller-track bearing race
weighing 65 Ib (Sec. 3-6), and the mount of the V-beam radar, which
employs a circular track with rotating two-wheel trucks weighing 2500
b (Sec. 3-5).

D. Azimuth Housing.—The azimuth housing must support the
azimuth bearings, the drive motor /4, the synchro generator I, the gear
case (¢, and the footings H. The slip-ring assembly [/ is gencrally
mounted on the torque tube in a manner that will permit its heing
retracted for repairs. To make this possible, the inside diameter of the
lower bearing supports is larger than the outside diameter of the slip-
ring assembly. The motor and the synchro supports must be very
accurately bored to maintain the proper gear centers. The housing must
also support a terminal block J to hold the brushes that will contact the
slip rings. The terminal tube L contains a stuffing gland that acts as a
water seal around the entering electrical cable. The access panel K is
large enough to permit the installation of electrical wiring and the
periodic cleaning of the slip rings.

E. Motor Drive—The gearing between the motor and the torque
tube should be suitable for continuous 24-hr operation over long periods
of time. The selection of a suitable motor requires no special treatment
except in those cases where sector scanning or tracking is involved. Sec-
tor scanning necessitates rotating the mount backward and forward
over a small portion of the horizon to secure more adequate coverage
over a limited area. If tracking is desired, push-button control of the
motor is highly unsatisfactory. Adequate tracking of a target requires
a servomechanism that, controlled either manually or by the radar signal
itself, can accurately control the rotation of the motor. Servomotors
are ordinarily controlled in a manner that will permit the motor to
develop 2.5 to 5 times the full-load rated torque when acceleration of the
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mount is required. In selecting a motor, the maximum number of rever-
sals that are required in a given period of time must be known in order
that the rated horsepower loading will not be exceeded.

F. Synchro Drive.—A single synchro F, geared directly to the motor
shaft, is shown in Fig. 3-2. The servomechanism that controls the motor
drive is affected by the relative displacement of the drive motor ¥ and
the synchro F. Any play in the gear train between the drive motor and
the synchro generator may be accentuated by the control system to
produce ‘‘jitter.” It is therefore essential that the gears be accurate and
that the backlash between the servo-controlled motor and the associated
synchro be reduced to a minimum. The following table records the
tolerances that are considered acceptable for synchro gearing.

TaBLE 3-1.—SYNCHRO (GEAR SPECIFICATIONS

Item Tolerances, in. Remarks
Outside diameter......... +0.000, —0.001 ...
Concentricity of OI) with
bore.................. 0.001 Total indicator reading,
Bore diameter... ... ... +0.0000, —0.0002 Hold to small side of toler-
ance
Taper of bore.. .........[0.0001in 1.000 of length; not | Must not be bell-mouthed
to exceed 0.0002 regardless
of length
Finish of bore............ F4 Must be smooth
Concavity of face of gear | 0.0002 per 1.000; not to ex- | Mounting surface
blank. ceed 0.0015 total
Convexity of face of gear
blank................. 0.0000 None allowed
Finishes of face of gear
blank................. ¥4 Must be smooth
Lateral runout. ... .. .. ..10.00025 at 1.000 radius; not | Total indicator reading
to exceed 0.001 at 33-in.
radius
Pitch diameter runout. . . .| 0.001 "Total indicator rcading

The unit static accuracy of a size 1G synchro generator is 1.5° maxi-
mum and 0.5° average, and that of a 5G and of larger sizes is 0.6° maxi-
mum and 0.2° average. The unit static accuracy of a size 1CT control
transformer is 0.6° maximum and 0.2° average, and that of a size 5CT
control transformer is 0.3° maximum and 0.1° average. These errors
are inherent in the synchro units as such. It is therefore obvious that
any data transmission by a single synchro generator traveling at the speed
of the antenna is inadequate where high accuracy is required. Hence, a
synchro generator is driven at some multiple of the speed of rotation of
the antenna, often at 36-speed. The 1-speed synchro is retained to
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record the absolute position of the antenna, and the 36-speed synchro
controls the precise setting of the remote servomechanism (c¢f. Sec. 1-8).

G. Gear Case.—The gear case should be designed so that no joints or
oil seals are below the oil level. The area below the central section of
the torque tube must be left open to permit insertion of the rotary joint
B. Suitable clamping devices for rotating the joint B must also be
provided.

H. Footings.—The footings shown in Fig. 3-2 are suitable if the
antenna mount is to be bolted onto a firm support. The illustrations in
the latter portions of this chapter show the wide variety of footings that
are used on ground antenna mounts.

I. Slip-ring Assembly.—The slip-ring assembly may be of the cyhn—
drical type illustrated, or it may be of the concentric ‘“‘pancake” type
that is commonly used with searchlight equipment. The pancake type
is more readily applicable where azimuth rotation is secured by means of a
roller-track assembly.

Brushes are fabricated by the powder metallurgy technique of silver-
graphite or copper-graphite mixtures. Silver is almost universally
employed as the surface material of the ring. Small rings are often made
entirely of silver, but larger rings have a silver band sweated onto a
brass liner. The rings are spaced on molded plastic. Integrally molded
slip-ring assemblies can be secured.! The use of individual annular
spacers of molded plastic is more common, however; the slip-ring assem-
bly is built up of the individual insulators interspaced with the silver
rings. A stack built up in this manner is held together with rods that
run longitudinally through the entire insulating pile. Grooves are
provided through the stack of plastic insulators to permit the insertion of
wires. A wire is generally soft-soldered to a stud on the inner diameter
of each ring before the ring is assembled in the stack. After complete
assembly of the stack of rings and insulators, the free ends of the wires
are attached to suitable terminal boards.

Spare slip rings should always be provided in order to obviate the
necessity of taking apart the slip-ring assembly in case of failure in any
one of the circuits and also to anticipate possible future requirements for
additional electrical units on the rotating part of the mount. In Fig.
3-2 the entire slip-ring assembly can be removed from the pedestal in
the following manner: Remove the gear box @, the bull gear, and the
lower bearing; disconnect the electrical leads from the slip rings at the
upper terminal box; then withdraw the entire slip-ring assembly from
the torque tube.

It is essential that slip rings carrying video currents be adequately
shielded to prevent distortion of the signal information. This is usually

1 Plastic Manufacturers, Inc., Stamford, Conn.
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accomplished by providing a ground ring on cach side of a ring that car-
ries a video current. All wires carrying video currents are ordinarily
shielded throughout their entire length, and this shielding is grounded
to the pedestal.

J. Brush Terminal Block.—The brush terminal block J holds the slip-
ring brushes in place. Each brush is accurately aligned with the center
of the contacting ring. The screws that retain these brushes preferably
should not be the same screws that hold the wiring in place. When a
circuit is tested, a wire is often disconnccted at the brush block, and it is
desirable to do this operation without disturbing the brush setting.

K. Access Door.—This door should be large enough to permit instal-
ling the electrical wiring. It should also allow access for cleaning the slip
rings at periodic intervals.

L. Stuffing Gland.—All cables entering waterproof enclosures pass
through watertight seals of the type illustrated.

M. Antenna Reflector and Supporis.—The antenna support M should
combine a maximum of strength and rigidity with a minimum of weight.
Rigidity is of particular importance if the antenna is to be sector-scanned.

N. Antenna Feed.—The r-f feced must be very rigidly supported, since
any motion of this element will appear as an oscillating signal on the face
of the display tube. If possible, the supports should be located outside
the primary radiation pattern. This can usually be accomplished by
diagonal braces that do not cross between the mouth of the feed and
central portion of the reflector.

The foregoing general considerations can be applied to the design of
shipborne antenna mounts, and the general aspects of shipborne mounts
as outlined in Secs. 5-6 to 5-8 are, to a great extent, also applicable to the
similar ground equipment.

3-3. Characteristics of Specific Mounts.—The characteristics of two
widely different search and early-warning systems will be described.
AN/TPS-1 is a portable lightweight set. It weighs approximately 2500
Ib when packed for shipment and has a rather limited traffic-handling
capacity. The other, a large ground-based radar is transportable by
truck, weighs approximately 110 tons when packed for export shipment,
and has a very long range and an enormous traffic-handling capacity.
The latter is achieved by using scparate PPI display tubes to cover
limited sections of the horizon, with an opcrator assigned to each display
tube. The information received from the separate operators is correlated
on a large plotting board.

AN/TPS-1 Antenna Mount.—This search and early-warning set is
shown in Fig. 3-3. Operating at about 25-cm wavelength, this mount
produces a beam about 3° in width. The set is described in this section
because of the unique nature of the antenna mount. The 200-mile range
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Fig. 3-3.—AN/TPS-1 antenna mount without shelter. (Cowrtesy of Bell Telephore
Laboratories.)

—QGeneral view of GC'T ~fution usig AN/TPS-1 for search and AN/ TPS-10 [or
height-finding. (Courtesy of U.S. Army.)

represents the limit at which targets can be viewed and is not a calibrated
figure of the visibility of a specific plane. Portability has been a prime
consideration in the design of all of the components. The set has been
advantageously used in combination with the 3-cm AN /TPS-10 portable
height-finder, as is illustrated in Fig. 3-4.

The antenna is a paraboloid grill of 4-in. wire mesh 15 ft wide and 4
ft high, built in eight parts joined together by screw couplings and cowl
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fasteners. The antenna can be rotated in either direction, by hand or by
a motor acting through a belt and gear train. The motor is ¥ hp and
operates at 1750 rpm on 27-volts direct current; it is shunt-wound, totally
enclosed, externally fan cooled, and controlled from switches located at
the indicator panel. Continuous rotation by motor is at a constant, speed
of about 6 rpm. When operated by hand, the motor can be uncoupled
by means of a magnetic clutch. The handwheel is never uncoupled and
at all times rotates with the motion of the antenna.

A 400-cycle synchro generator is geared to the antenna-torque tube at
a speed ratio of 24/1. The synchro generator actuates a synchro motor
at the deflection coil of a PPI display tube. A 60-cycle synchro generator
at a speed ratio of 1/1 is also provided on the mount for the operation of
remote PPI display tubes.

All of the components, both mechanical and electrical, are contained
in waterproof cases that fit together to form a tower which serves as a
support for the antenna. The separable portions of the tower, reading
from the ground level upward, are shown in Table 3-2.

Tasry 32. AN/TPS-1 CompoNENTS

Tower section Item Weight, 1b
1 Modulator 240

2 Indicator 207

3 Receiver, test. equipment, manual drive 145

4 R-f transmitter 205

5 Antenna drive unit 195
Antenna 185

Total 1177

Microwave Ground Radar Antcnna Mount.—This search and early-
warning set is shown in Fig. 3-5. The radiation wavelength is in the
10-cm band. The antenna is rotated continuously at 1, 2, or 4 rpm.
Echoes from large planes can be detected out to horizon range. The
minimum height at which a plane can be viewed is thus a function of the
curvature of the earth—a plane at 170 miles is not visible at elevations
lower than 15,000 ft. Radiation from the set is in the form of two fan
beams, each narrow in the horizontal and wide in the vertical sections.
One beam covers the horizon and distant targets, is 3° high by 0.9° wide,
and is centered approximately 13° above the horizon; the second beam
covers high targets at close range, is approximately 30° high by 0.9°
wide, and is centered approximately 15° above the horizon. The exact
setting of both beams is conditioned by the character of the surrounding
terrain and is fixed at the time of assembling. The set views all targets



82 GROUND ANTENNA MOUNTS [SEc. 3-3

within range once every revolution, with the result that an enormous
amount of data is available if the set is located in an active area.

A single operator working with a single display tube would be unable
to report all of the significant signals. The set therefore employs five
separate PPI display tubes, one for 360° coverage and each of the remain-
ing four covering a 90° sector of the horizon. These data are then cor-
related on a large plotting board in a room cquipped to permit the

Fia. 3-5—A ground radar antenna mount.

centralized control of all operations that are taking place within view of
the set.

The modulator and two r-f transmitting and receiving components are
carried on the rotating portion of the mount. Hence, all electrical cur-
rents can be transmitted through ordinary slip rings. The electrical
equipment, is built into individual waterproof boxes which are separately
suspended from a cantilever beam as shown in Fig. 3-6. The same
cantilever beam serves as a support for the two antennas.  The low-angle
beam is from a reflector 25 ft long by 8 ft high, and the high-angle beam
from a reflector 25 ft long by 5 ft high. Both reflectors are parabolic
cylinders mounted back to hack. The reflectors are described in detail
in Table 2-7 and the supplement thereto, Examples 1 and 2. The feeds
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are linear arrays and are held in place by a series of tubular cantilever
supports.

The entire superstructure, which consists essentially of the main
cantilever supports and the equipment carried by these supports, is made
fast to the top of the torque tube by means of a single cup-and-cone joint.
Both sides of the central hub terminate in 154-in. diameter flanges that
hold the ends of the main cantilever supports. An annular ring at the

I"G. 3 6. Partially assembled antenna mount.

buse of the hub seats against a flat shoulder, the two faces being pulled
together by a disk that is bolted to the top of the torque tube. The wires
from the slip rings pass upward through the center of the torque tube
to a terminal box that is bolted directly to the top of the central hub.

The base, including the azimuth gear box, the motor drive, and the
channels that form the supporting legs, is shown in Fig. 3-7. Bevel
gears are used on the last reduction that drives the torque tube. For
purposes of shipment, the gear box is made scparable. Rotalive power is
supplied by a 3-hp 1760-rpm 208-volt three-phase 60-cycle totally
enclosed fan-cooled motor. Data transmission is secured from a 1-speed
5G synchro and a 36-speed 5G synchro that are gearcd to the torque tube.

The weights of the separable portions of the antenna mount are shown
in Table 3-3.
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F1G. 3:7.—Base of the antenna mount, shown in Fig. 3-5.

TasLe 3-3.—WEIGHTs oF ANTENNA COMPONENTS

Item Weight, Ib

Footings (3total)................ e . 600
Base and motor support. . . 550
Motor and coupling. ....... .. 350
Lower gear box............... .. . .. e 200
Upper gear box. . e e 750
Torque tube, complete \Vlth sllp—rmg .mu-mbly, svn(-}uus, ‘md

cone shield.................. 750
Central hub................ P 100
Main ca.ntllever supports (2 totul) e 900
Terminal box......... e e 70
8-ft reflector sections (11 total). . e e eea... 2,200
5-ft reflector sections (11total). ...................... .... 1,650
Waveguide supports... ....... .......... 100
Waveguide........................... . . . 300
Two r-f boxes complete w1th electrical oqulpment - 1,800
One modulator complete with clectrical equipment. . . 900

Bolts, nuts, cables, ete.. .............. B 780
Total weight of the antenna mount. . ......... ... .. 12,000
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HEIGHT-FINDING

If an antenna reflects energy in the form of a fan beam having high
vertical coverage, a signal from a high-flying plane can be identical with
that received from a low-flying plane at the same range and azimuth
position. When the antenna pattern is known, an estimate of height can
be secured by observing at what range strong targets make their first
appearance. This method is crude and at best has very serious limita-
tions. Accurate height-finding is accomplished by the simultaneous
measurcment of range and elevation angle. One method involves direct
tracking of a target with a conically scanning pencil beam on a two-axis
mount. Another method employs the vertical oscillation of a beam of
narrow vertical and wide horizontal dimensions and the simultaneous
recording of the range and elevation angle of an echo from a specific
target; a beam of this type is termed an “oscillating beavertail.”

A third method, known as the ‘“ V-beam’’ system, employs a vertical
plane of radiation and a plane of radiation slanted in space at an angle of
45°.  These two planes bear a fixed relation to each other and are rotated
in the azimuth plane around a common axis. Scparate signal returns
are reccived from the vertical beam and from the slant beam as the mount,
rotates. The angular displacement between the scparate signals is
coordinated with the range of the target to secure an accurate measure of
height. The V-beam antenna mount employs this latter principle of
height-finding. :

3-4. Electrical Scanning.—A very rapidly oscillating beavertail scan
is obtained by the use of any one of the clectrical scanning feeds described
in Secs. 2-15, 216, and 6-14. The rapidity with which the beam of radia-
tion can be oscillated is limited by the necessity of securing an adequate
r-f echo from the target. Microwave search scts have been built with
pulse repetition rates ranging from 300 to 1200 cps, and high-resolution
ultramicrowave systems for precision observation at short ranges may
employ pulse repetition rates as high as 5000 ¢ps. The time interval
between successive pulses cannot be smaller than that required for the
transmission of the r-f cnergy from antenna to target and its reflection,
and hence a system of long range must employ a proportionately low pulse
repetition rate. With the pulse repetition rate fixed by the foregoing con-
siderations, the number of pulses of energy that are reflected from a target
will be inverscly proportional to the rate of scan. The reflection of a
single pulse of energy can make itself apparcnt as an echo, but the
image recorded on the display tube will be weak and unreliable unless a
larger number of reflections are received. For example, the Robinson
scanning mechanism is operated at a rate that will result in the reflection
of about 10 energy impulses when the scanning beam sweeps past a target.
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The elevation angle at which an echo is received is recorded by a
data-transmission system that usually takes the form of a synchro
generator geared to the moving portion of the electrical scanner. An
electrical computer combines this datum with the simultaneously meas-
ured range to give a direct reading of the height of the target. The
observed pip is made to appear on a display tube where the vertical
coordinate represents range and the horizontal coordinate represents
height.

Azimuth rotation should be at a rate that will allow some overlap
between the patterns made by successive swceeps of the electrically
scanning feed. A height-finder operated in this manner can also serve
as a search set. The azimuth position of a target can be located with an
accuracy no better than the width of the fan beam unless a separate
search system is installed on the same antenna mount.

An important example of an clectrically scanning height-finder is
afforded by the ground control of approach, GCA, radar mentioned in
Sec. 6-14.

3:-6. Mechanical Scanning.—A beam wide in azimuth and narrow in
its vertical aperture can be oscillated vertically by mechanical motion of
the entire antenna. The inertia of the oscillating parts is too great to
permit a rapidity of scan equal to that which can be secured with the
electrical scanning fceds. As a result, mechanically oscillated beaver-
tail scans must be rotated very slowly in azimuth if successive sweeps of
the fan beam are to overlap. Ilence, only a limited search coverage is
provided or, at best, a scarch coverage that is slow. Sets of this type are
therefore gencrally used in conjunction with a search set that is con-
tinuously rotated in azimuth, and targets in a limited portion of the
horizon are viewed to determine their height. This operational procedure
is more limited than that which can be sccured cither with the more rapid
electrical scanners or with those of the V-beam type.

As stated in Sec. 2:17 the height of a single target can be obtained by
tracking the target with a conically scanning antenna with a pencil
beam. Height-finding methods other than direct-tracking are no more
accurate than the display of the visual signal on the height-indicating
tube. Antenna mounts, where extreme accuracy is required, universally
employ tracking methods. On the other hand, the height-finding set
that is limited to the tracking of a single target is severely handicapped if
information on a multiplicity of targetsis desired in a short interval of time.

Each of the antenna mounts described in the following portions of this
section is an example of one of the three types of height-finder that employ
mechanical scanning.

Two-axis Tracking Mount (SP-1M).—The SP-1M antenna mount is
illustrated in Fig. 3-8. This mount operates in the 10-cm band. It can
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be used for continuous search at any horizon level, or it can be used to
determinc height, range, and azimuth location of a single target.

The fced consists of a circular section of waveguide that is offset
and is rotated at 1350 rpm to produce a conical scan (cf. Sec. 2:17). The
r-f energy leaving the circular guide impinges on a splash plate and is in

F1a. 3:8.—SP-1M antenna mount. (Courtesy of General Electric Company.)

turn focused by a paraboloid reflector 8 ft in diameter. The relative
strengths of the signals received at the 0°, 90°, 180°, and 270° orientation
points of the rotating offset waveguide are displayed by markers on the
main control panel. An operator watches these markers and by manual
control of two servomechanisms keeps the antenna centered on the target.
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The servomechanisms actuate the motor drives on the azimuth and ele-
vation axis.

The reflector is made of expanded steel and weighs in the neighborhood
of 150 Ib. Tt is supported on a series of studs. The studs in turn are
threaded into an aluminum spider in a manner that permits the accurate
setting of cach stud at the true contour of the paraboloid surface. Nine

Fra. 3-9.—- Cut-away perspective of the V-beain antenna mount.

inches of the lower section of the reflector are trimmed away to secure
the necessary mechanical clearance, and the upper section is similarly cut
away for mounting in a truck.

The active and the dummy dipoles that are located directly in front
of the splash plate supply r-f energy in the band employed by the identi-
fication-of-friend-or-foe, IFF, system. The main reflector, in addition
to its microwave functions, concentrates the IFF energy that is radiated
by these dipoles.

The stationary portion of the pedestal and the azimuth and elevation
axes, except for r-f waveguide, are identical with those of the SCR-584
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mount.! One-half horsepower 3400-rpm motors are used on the azimuth
and elevation axes. Maximum specds of rotation are 6 rpm in azimuth
and 3% rpm in elevation. Size 5 control transformers are used for data
transmission at gear ratios of 1- and 36-speed in azimuth and 2- and
36-speed in elevation. The entire antenna mount weighs about 3000 1b.

V-beam Mount—A 10-cm combined search and height-finding set
designed for maximum coverage and for accurate height-finding on all
targets up to 30,000 ft makes use of the V-bcam principle. The antenna
mount that is shown in Figs. 3-9 and 3-10 was designed to permit rapid
field assembly of separable pieces of equipment. Five complete r-f
transmitting and receiving systems and a single common modulator are
carried on the rotating portion of the mount. Three of these systems
supply r-f power through separate waveguides to a feed illuminating a
paraboloidal reflector, 25 ft long by 10 ft high, that is used for search.
The output of one r-f system is concentrated in the main search beam to
secure coverage of long range targets, and the energy from the other two
r-f systems is dispersed upward to secure coverage of high targets. The
two remaining r-f systems supply encrgy through their respective wave-
guides to a 32- by 10-ft paraboloid reflector that is slanted at 45° for
V-beam height-finding. All of this equipment is supported on four
two-wheel trucks which rotate on u circular track 20 ft in diameter.

The V-beam principle involves a beam of radiation fanned in a vertical
plane and one slanted in space at an angle of 45° to the vertical. If
the two beams intersect to form a horizontal line at zero elevation, a tar-
get on the horizon in the common line of radiation will appear as a single
pip on the face of the display tube. From an operational standpoint, it
is desirable to know if a pip represents the single response from the
vertical beam or if it represents the superimposed pips from the two
separate beams. This is increasingly important in recording the height
of low-flying planes, where separatc pips are desired to give an accurate
measure of height. To achieve this end, the slant antenna and the
vertical antenna are located on the mount with a 10° displacement
between the horizontal intercepts. As viewed by the vertical beam, a
target on the horizon will then appear as a single pip; as viewed by the
slant beam, the same target will appear as a pip displaced exactly 10°
from the companion pip. A target above the horizon will produce two
pips separated by an angle larger than 10°, where the increased angular
displacement and the range are a measure of the height of the target.

The slant antenna is set on the mount at an angle of 45° with an
accuracy of +5 min, and the 10° horizontal intercept between the two
antennas is also constructed with an accuracy of +5 min. Figure 3-10
shows the feed support before installation of the feed and its associated

1 Sec. 9-12, Radar System Engineering, Vol. 1 of this series.
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waveguide. This feed support is provided with a device that will allow
a small adjustment in the azimuth position of the vertical feed. The
adjustment is for the purpose of final calibration, which is done by mov-
ing the feed location to produce on the display tube pips with an exact
10° spacing when a target at zero height is viewed. If the calibrated
mount is to be accurate on all targets during 360° of rotation, the sup-
porting track section must be level. This is accomplished by adjustment
of the nine jack screws that support the separable track sections.

For the purpose of height-finding, the signals from the vertical beam
and the slant beam are both recorded on a single display tube. The
horizontal coordinate of the face of this height indicator is a measure of
range, and the vertical coordinate is a measure of height. Tfirst the pip
from the vertical beam will appear. Then the pip from the slant beam
will appear dircctly above it, since the identical target will be at the same
range after the mount has rotated 10° or more. The angular travel of
the antenna mount determines the vertical distance between the two
pips. 1f this vertical distance is to be an accurate measure of height, the
servomechanism that governs the display tube must very accurately
record the true azimuth location of the antenna mount. It is not essen-
tial that the mount be rotated uniformly, but it is essential that the
azimuth position of the mount shall at all times be accurately transmitted
to the servomechanism of the height indicator. This is accomplished
with the slip-ring and synchro-unit assembly illustrated in Fig. 3-11.

The slip-ring and synchro-unit assembly is bolted as a complete unit
onto a stationary hub. The electrical cables to the equipment on the
mount pass through the center of the stationary hub and terminate in
suitable electrical connectors. Figure 3-11 shows the top portion of
the stationary hub, complete with connectors, bolted to the bottom of the
slip-ring unit assembly. The use of clectrical connectors between the
slip-ring unit assembly and the stationary hub permits rapid assembly
and disassembly of the equipment. Similar connectors are provided on
the slip-ring unit assembly at the ends of the leads from the brushes.
The entire slip-ring and synchro-unit assembly can be replaced, therefore,
without disassembly of the mount and without disturbing the electrical
wiring. All gearing on this unit is of precision manufacture. A 1-speed
6G synchro generator and a 36-speed 6G synchro generator transmit data.
The lower portion of the slip-ring unit assembly is surrounded by a cylin-
drical can that performs the combined functions of a shield and a driving
mechanism. This shield is fastened directly to the rotating member of
the central hub. ,

The central hub is illustrated in Fig. 3-12. The stationary hub men-
tioned in the preceding paragraph forms the core of this unit. The
inner races of a set of heavy bearings are mounted on the midsection of
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the stationary core, which is held in central location with nine radial
spokes that are made fast to the track sections. The lower electrical
terminals are located directly above the sleceves that hold the radial
spokes, and the upper electrical terminals are, of necessity, located above

I'tG. 3-11.-—V-beam mount. Slip-rimg assembly, cut-away view.

the central bearing. The outer bearing races are mounted in the cylin-
drical piece that also comprises the central section of the rotating plat-
form. The driving shield of the slip-ring unit assembly is made fast to
the rotating outer portion of the central hub. The top of the stationary
hub is accurately machined to ensure that the axis of the slip-ring assem-
bly and the axis of the central hub will be in true alignment.

The rotating portion of the mount, complete with equipment, weighs
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approximately 23,000 1b and is held in a central location by means of the
central hub. The use of flanged supporting wheels is avoided, as it is
essential that the alignment between the slip-ring assembly and the axis
of rotation of the mount be more accurately maintained than is possible

Mounting flange for °©°

rotating platform Tumble bolt
connection

Mounting flange for synchro
and shp ring assembly

Bearing housing — ~——
0
DY
Terminal box —- Cable connectors
®
®
Hub of stationary
track
Center pin

F1a. 3-12.—Central hub of the V-beam mount.

through the use of flanged wheels on a track of large diameter. The
entire weight of all the rotating equipment is supported on four two-wheel
trucks. The eight wheels are fabricated of cast steel, each of 15-in.
diameter with 3-in.-wide beveled treads. A track 2} in. wide, of SAE
1040 to 1045 steel, is machined to a bevel matching that of the wheels
and is flame-hardened. The tangent line from the wheel surface to the
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intercept of the axis of the wheel with the axis of the central hub defines
the angle at which true rolling contact takes place. A further require-
ment for true rolling contact is that the center line of each wheel inter-
sect the center-line axis of the central hub. Relative wheel alignment is
secured by jig-boring the wheel supports in each truck so that each set
of two wheels is in accurate relative alignment. The alignment of a set
of two wheels on the rotating platform is then secured by accurately
locating the position of the truck. Kach truck frame is carried on a
stainless steel pin, 10 in. long, 2 in. in diameter, which acts as an equalizer.
The pin is mounted in lubricated bronze bushings that permit the free
movement of the truck around the axis of the pin and at the same time
hold the truck in accurate alignment with the track.

A 5-hp 1760-rpm three-phase 208-volt totally enclosed induction
motor drives the mount at a speed of 6 rpm. The gear-reduction mecha-
nism that comprises the azimuth drive is usually a considerable fraction
of the total weight of the mount. On this set, the weight limitation of
600 1b maximum was met by fabricating a bull gear of large diameter in
separable sections. The gear consists of a series of hardened steel pins
set into the webs of rolled structural-steel channels. A pinion meshes
with this gear, and a loose tolerance is allowed between the teeth of the
pinion and the steel pins of the bull gear. The play between the pinion
drive and the bull gear is not objectionable, because the precision gearing
on the slip-ring and synchro-unit assembly is independently mounted on
the central hub and the motor is not controlled by a servomechanism.
The pinion is connected to the motor drive through two sets of spur
reduction gears.

Both antennas can be tilted in a manner that will raise or lower the
beams of radiation without disturbing the angular relations between the
two fan beams. This permits a nice adjustment of the radiated cnergy
to horizon levels that will avoid ‘“‘ground clutter.” It is achieved by
mounting each antenna in ball-and-socket joints and then controlling
the position of the antenna through an extensible arm at each end of the
supporting frame. A motorized mechanism such as is commonly used
to open and shut gate valves is employed at the extensible arm on one
end of the frame; a similar mechanism on the other end of the frame is
kept in synchronism by means of a mechanical link that takes the place
of the motor.

Each line of waveguide between a feed and the associated r-f com-
ponents on the rotating platform is provided with a ‘“wobble joint,”
asillustrated in Fig. 3-13. The blank flange can be tilted until its motion
is limited by the opposing choke flange without disturbing the flow of
r-f energy through the waveguide that terminates at the face of each
flange. A rubber boot permits flexure and acts as a water seal. The
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R-f transmitters

F1a. 3-13.—Teed and waveguide for Lhe vertical beam of the V-beam radar set.

F1a. 3-14.—Typical tumble-bolt connection.

95
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axes of the three flexible joints are in line with the ball joints on which
the antenna is tilted. In Fig. 3-13 these joints appear at the lower por-
tion of the illustration and should not be confused with the rubber boots
that are used merely to seal the openings in the shelter at the points
where the waveguides pass through the wall.

I'rG. 3-15. —Antenna mount on a 25-[t tower.

The reflectors are described in Items 4 and 5 of Table 2:7. The track
supports are fabricated of lightweight structural channels. All other
structural members are builtup of SAE 1020 seamless steel tubing. Low-
carbon steel is preferred to high-carbon steel, to facilitate welding opera-
tions. The ends of the large number of separate pieces of tubing required
to fabricate the structural framework are machined to true fit prior to
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welding. This procedure facilitates welding operations and produces a
smooth, strong, welded joint. The separable portions of the mount, for
the most part, are joined together with tumble-bolt flanged connections
of the type illustrated in Fig. 3-14. Each flanged connection has a large,
accurately machined center pin which fits into a hole in the mating
section. No piece of the antenna mount is heavier than 600 lb. The
walls of the shelter that houses the electrical equipment are Celotex
heat-insulating slabs lined with sheet metal. Each wall section is held in
place against a steel frame by means of thumbscrews. Cowling over all
open seams makes the shelter watertight. The entire mount can be
assembled by a skilled crew in approximately twelve hours.

The complete mount in operation on a 25-ft tower is shown in Fig.
3-15. The weights of the separate components are given in Table 3-4.

TABLE 34.—WEIcHTs OF ANTENNA MounT (‘OMPONENTS

(‘omponents Weight, 1b

Track and stationary base ... ........ .............. ... 5,000
Trucks, Wwheels, and rotating platform. ................. ... 5,000
Structural supports for reflectors...... . . ... . .. L. 2,600
32- by 10-ft reflector, feed and tilting mechanism.. ... ...... 2 800
25- by 10-ft reflector, feed and tilting mechanism. ..., ... 2,100
Shelter and flooring....... ............ ... ... ... ..., 3,100
Electrical equipment in shelter........ ... ..., 6,500
R-f feed and waveguide............. ... .. ..., 1,000

Complete antenna mount. . ........ .. L.l 28,100

3-6. Oscillating Beavertail Mounts.—Several radar sets employ oscil-
lating beavertail scans for height-finding. The antenna mount of a
10-cm set of this type uses a 20- by 5-ft reflector which is servo-controlled
in azimuth to locate targets accurately at long ranges (Fig. 3-16).

The AN/TPS-10 is another set of this type. Its mount uses a 10-
by 3-ft reflector with 3-cm radiation and is manually controlled for posi-
tioning in azimuth to keep the complexity and the weight of the set at a
minimum. All parts are designed for manual portage and quick assem-
bly. The mount will be described in some detail because of these
features. Figure 3-17 shows an early model of the AN/TPS-10 mount
with the r-f box located directly behind the midsection of the reflector;
in subsequent models the r-f box was lowered to the roller-track level to
make it easier of access.

The set has a beam of r-f energy that is 2° wide in the horizontal plane
and 0.7° wide in the vertical plane. This beam oscillates in elevation
from —2° to +23° at a rate of 60 to 75 cpm. When used as a search
set, the mount rotates around the azimuth axis at § rpm. This speed
cannot be exceeded if successive sweeps of the beavertail scan are to cover
all portions of the sector that is being scanned.



98 GROUND ANTENNA MOUNTS [Swc. 3-6

The total weight of the system is 1520 1b (2500 lb packed for ship-
ment). This weight is distributed as follows: mechanical components
(27 items), 865 lb, r-f and elcctrical components on mount (4 items),

1'1G. 3-16. - Beavertail antenna mount.  (Cowrtesy of Jordanoff Corporation.)

260 1b, remote components and test equipment (9 items), 395 1b. The
average weight of each item is 38 1b; the r-f box, which is the heaviest
unit, weighs 130 Ib.  The power unit is an engine-driven generator weigh-
ing 128 Ib. The generator supplies 1400 watts of power at 120 volts and
400 cycles and 400 watts of 24-volt d-¢ power. For convenience, the
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design features of the mount can best be considered as details of the follow-
ing three subsections: elevation driving mechamsm, azimuth driving
mechanism, and general construction.

Elevation Driving Mechanism.—Figure 3-18 is a left rear view of the
mount and shows the details of the clevation drive. A ¥-hp 3000-rpm
24-volt d-¢ Eicor driving motor is conlained within the waterproof
cylindrical container with cooling fins (near the center of the figure). By

Fig. 3.17.—AN/TPS-10 antenna mount.  (Courtesy of U.S. Army.)

changing the pulley on the motor, it is possible to vary the elevation
scanning rate from 60 to 75 cpm. The pulley drives a 35-1b 15-in.-
diameter flywheel through a “V”’ belt. The flywheel is keyed to the
pinion shaft of a gear box. The slow-speed shaft of this gear box turns
a crank arm that drives the reflector by mcans of the connccting rod.
The inertia of the reflector is approximately 470 lb-ft2. It should be
noted that in any mechanism of this type, in which a part having a large
inertia is oscillated at a rapid rate, a lywheel is ordinarily put on the
crankshaft. Since, however, the crankshaft rotates at only 60 to 75
rpm, the weight of a flywheel on this shaft would be excessive. On the
other hand, if the flywheel is removed by several stages of gearing from



GROUND ANTENNA MOUNTS




OSCILLATING BEAVERTAIL, MOUNTS

antenna mount.




102 GROUND ANTENNA MOUNTS [Skc. 3-6

the crankshaft, then cumulative backlash will induce pounding as the
torque on the crankshaft reverses in direction. As a compromise, a
single-stage 11.5/1 gear reduction is employed to reduce the backlash.
Details of the construction of the large gear in this gear box are shown in
Fig. 3-19. The spokes are steel tubes, cach split on a diameter and
welded to a sheet-metal web. A gear reduction with a minimum of
weight and backlash has becn produced by employing this type of
construction.

Azimuth Driving Mechanism.—Figure 3-20 illustrates the azimuth
drive. The gear box in the foreground contains a worm-gear train with

i

Fia. 3:20.—Azimuth drive of the AN/TPS-10 antenna mount.

2160-to-1 reduction, driven by a 5-hp 27-volt d-¢ 6000-rpm Diehl
motor. The sprocket on the vertical shaft projecting from the top of
this gear box meshes with a chain gear 32 in. in diameter. The chain gear
is made from ordinary roller chain mounted on the outer diameter of the
30-in. roller bearing with standard conveyor attachments. The rod that
is attached to the universal joint on the shaft extends to a hand crank for
use when manual tracking is desired. By means of a differential, the
details of which are shown in Fig. 3-21, the hand crank can be used to
supplement the rotation of the mount by the motor. If the motor is
stopped, the gear reduction is self-locking and the hand crank can be
used independently to turn the mount in either direction. The shaft
and universal joint extending from the bottom of the gear box is an
alternate hand-wheel attachment that is used when the mount is operated
from a tower. The main azimuth bearing on this mount is a 30-in.
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roller track, manufactured by General Bronze Corporation, Long Island
City, N.Y. The bearing races are at an angle of 45° with the horizontal.
One roller resists upthrust of the inner race, and alternate two out of
cvery three rollers have their axes located at 90° to the axis of the first
roller to resist downthrust. This bearing, including the chain gear,
seals, etc., weighs 65 1b.

Iia. 3-21.—Azimuth gear box of the AN/TPS-10 antenna mount. (Courtesy of U.S.
Army.)

General Construction.—Figures 3-17, 3-18, and 3-20 show some of the
details of the structure of the mount. Except the aluminum reflector,
which is described in Item 8, Table 2-7, most of the structure is built of
welded steel tubing. The wall thickness of all tubing is 18 gauge. To
facilitate rapid assembly of the various sections of the mount, captive
screws arc used wherever possible. The mount must be rigid to resist
relatively large unbalanced dynamic loads. Consequently, all structural
members are designed to load the individual elements only in tension or
compression. During operation, the maximum deflection of the elevation
axis from the normal position is less than 4 in., which is well within the
limits required on the basis of accuracy considerations.



CHAPTER 4
STABILIZATION OF SHIP ANTENNAS

By W. B. Ewina
PRELIMINARY CONSIDERATIONS

The earliest shipborne radar antennas projected beams of such ample
dimensions that rolling and pitching of a ship did not ordinarily cause
enough variation of beam direction to increase the difficulty of holding
a target or to leave unscanned portions in the area of search. The
problem of stabilizing antennas was born, then, with the development of
microwave radar and the attendant need for close control of the direction
of the beam in space if the full advantages of its sharpness and resolution
were to be realized on ships at sea.

Stable reference data from gyroscopic devices have long been used in
naval instruments to compensate, in part, for the unpredictable motions
of the deck of the ship and thus provide for the steady aiming of the guns.
It was hoped, at first, that radar antennas could be steadied against the
roll and pitch of a ship by using similar methods and adapting stabiliza-
tion equipment already in existence. To a limited extent, such a pro-
cedure was found to be possible. There are, however, four important
differences between the problem of stabilizing a radar antenna and that
of stabilizing a gun. These differences are

1. Preradar fire-control equipment was based on the sighting and
holding of a target with optical sights that were partially stabilized
by manually directed servomechanisms. The fact that no optical
sight is held on a radar target introduces the need of automatically
computed corrections to correspond to those usually provided by
observers through the optical sights and servomechanisms of fire-
control systems. These corrections are not directly obtainable
from the true-vertical reference data provided by the gyroscopic
equipment but must be computed from these and other known data
by means of additional apparatus.

2. All gun-stabilizing and computing equipment is designed for gun
mounts that have the gun proper attached to the deck by two
supporting axes. Radar mounts can often utilize a different
number or disposition of axes which require different functions for
stabilization of the mounted antenna.

104
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3. Gyro equipments providing vertical reference for fire control are
not designed for continuous data output through the full cycle of
rolls greater than 22° because it is possible to restrict firing of the
guns to those parts of the periods when the roll is under 22°. Radar
gear should be stabilized continuously, not intermittently, under
such seaway conditions.

4. Some fire-control computers include elements that compute the
data needed for some methods of radar-antenna stabilization.
These clements, however, are inseparably associated with many
others entirely extrancous to the radar, and they are designed for
intermittent operation intended to total only a small fraction of
the stand-by time. Radar stabilization gear, on the other hand,
must be capable of continuous operation without undue wear.

The following discussion relates principally to stabilization considera-
tions peculiar to radar antennas. More familiar equipments, such as
gyroscopic stable clements, that have been used in radar-antenna stabi-
lization are given only brief treatment.

BASIC TYPES OF STABILIZED ANTENNAS

Shipborne antennas are usually mounted on the mast or super-
structure of a ship, as high above the deck as possible. Because it is
important to keep the topside weight at a minimum, it becomes neces-
sary to limit the weight of antenna mounts. In general, therefore, it is
desirable to mount a stabilized shipborne antenna with the least number
of supporting axes and servo drives that will provide satisfactory stabiliza-
tion. The function and manner of use of the particular antenna should
be considered, for they determine the necessary number of axes and their
various arrangements.

Figure 4'1 schematically illustrates nine mounting arrangements,
differing only in the number or disposition of the axes used. Although
the four-axis mount requires no computers in addition to a stable-vertical
reference and meets all the stabilization requirements of most radar sets,
it is, unfortunately, relatively massive and heavy, for it has four servo-
drive systems for controlling rotation about each of the four axes. The
intermediate designs with two axes or an arrangement of three axes seem
best suited to the needs of most shipborne antennas requiring stabiliza-
tion. llach of the nine designs, however, is considered here from the
viewpoint of stabilization.

4-1. The One-axis Pedestal.—The one-axis design (Fig. 4-1a) has a
train axis only. It permits stabilization if the beam fans in a plane
approximately perpendicular to the deck. It is stabilized only in the
sense that a correction may be applied to rotation about the train axis to
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(o) Three-axis mount. (k) Three-axis mount. (%) Four-axis mount.
Type 3. Type 4.
Fia. 4-1.—Arrangements of axes for stabilized antenna mounts.
keep some portion of the fan beam at a known bearing angle. Figures
4-2a, b, ¢, and d indicate the space relationship among elements of the
ship, target, and radar beam under consideration. The circular and
sector planes shown are great-circle sections of a unit sphere. The cross-
hatched sector shown in Fig. 4-2a represents a beam at relative bearing
45° on a ship that has, at the moment, neither pitch nor roll. The deck
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plane is therefore\ in comcidence with the honzontal pl:me, and the maaf.‘ ‘
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plane, asshown in Fig. 4-2b. Here the fore-and-aft linc has been displaced
15° in a vertical plane from B to B’ (pitch), and the deck plane has been
rotated 45° about the fore-and-aft line (roll). The train angle of the
beam in the deck plane is unchanged from angle a. It is obvious, then,
that the plane of the beam is wide of the target; and if it is again to include
the target, it must be trained counterclockwise in the deck plane about
16° to point to P’, as shown in Fig. 4-2c. The change in train angle
required to retrain the beam on the target is the deck-tilt correction. 1t
must be continuously and automatically computed and transmitted as
an electrical signal controlling the train drive of the mount. The
instantaneous values of the deck-tilt correction are found from the
relationship!

cos? a sin R sin P + sin a cos a (cos K — cos P)

: ' a) = o AR A A T ! {
tan (a o) sin? a cos B + sin a ¢os a sin 2 8in P 4 cos® a cos I (D
(A-14)
where a = relative bearing of horizontal component of radar beam,
o’ = train order for beam,

(' — a) = deck-tilt correction,
P = pitch angle,
R = roll angle.

Figure 4:3 presents graphs of the rates and accelerations imposed
upon the train axis by the correction for the deck-tilt error when the
horizon is being scanned at a uniform rate of 6 rpm in relative bearing.
Later it is shown that these graphs apply also to the two-axis type 1
antenna when the beam is horizontally stabilized, and to the three-axis
type 1 antenna, regardless of target elevation.

4-2. The Two-axis Type 1 Pedestal. Two-axis Pedestal for Hori-
zontal Beam.—In the one-axis antenna, as shown in Fig. 4-2aq, it is
obviously impossible to maintain the central portion (nose) of the beam
on the horizon or at any given elevation if the ship is rolling and pitching.
Since the nose of the beam is normally the part with the highest intensity
of radiation, it is desirable to hold the beam centered on the target or
point of search. It is apparent that such centering can readily be accom-
plished by giving the antenna additional freedom through a second axis of
support, as shown in Fig. 4-1b. Since this second axis is normal to the
antenna beam and parallel to the deck, it cnables the beam, as shown in
Fig. 4-2¢, to be elevated through are P'T = 8. The beam center then
illuminates the horizon; the plane of the fan and hence the antenna train
remain unchanged. This use of the elevation axis is equally applicable to
o pencil-beam antenna, since the plane traversed by the elevation of

1 8ee Appendix A for the derivation of this equation and others that follow. The

numbers preceded by A, such as (A-14) above, are the numbers of the equations in
the appendix.



Skc. 4-2] THE TWO-AXIS TYPE 1 PEDESTAL 109

such a beam coincides with the plane of the fan beam. The fully stabi-
lized two-axis surface-search antenna therefore requires not only the deck-
tilt correction [Eq. (1)] but also a continuously corrected elevation angle
or order 8. The latter is expressed by the equation

sin 8’ = cos a sin P cos B — sin « sin K. (2)

(A-16)
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Fru. 4-3.—Characteristics of the deck-tilt error for stabilized three-axis mount (Type 1)

and for two-axis mount (Type 1) with horizontal beam. Simultaneous values of pitch I
and roll B = 3P are assumed.

Two-axis Pedestal for Above-horizon Beam.—Because this two-axis
pedestal has an elevation axis, the antenna beam center can be elevated
not only to the horizon but also above it. It becomes possible, then, to
direct the beam to any point in the sky by the proper combination of
train and elevation angles. However, if the beam is to reach an clevated
target position such as 7", which has the same bearing as the horizontal
target T (see Fig. 4-2d), the plane of the fan must be changed in train
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still farther counterclockwise to point P’/. This correction is the same
for a one-axis pedestal if the elevated target is to be included in the fan
beam. In either case, the value of the correction is dependent on the
true elevation of the target. Equations (1) and (2) are inapplicable,
being valid only for targets on the horizon. The new equation for train,
in which g is target elevation and «' is train angle, is found to be

_ sin @ cos R + (cos a sin P + tan g cos P) sin B

’ N [ [
tan o = c¢os a cos P — tan B8 sin P 3)
(A-15)

The equation for the corrected elevation angle or elevation order g’ that
the antenna will have to assume when the beam center is clevated to a
target above the horizon is

sin B’ = (cos B8 cos a sin P + sin B cos P) cos & — cos B sin a sin K. (4)
(A-12)

Application of the above corrections results in high rates and excessive
accelerations, especially in the train angle or order o' if the sum of the
true target elevation angle 8 and the maximum inclination of the deck
exceeds approximately 70°.! It is therefore impossible with the ordinary
type 1 two-axis mount to maintain accurate beam control through a
considerable region surrounding the zenith.

4-3. The Two-axis Pedestals, Types 2 and 3. T'wo-axts Pedestal for
Zenith Search.—The type 2 trainless arrangement of two supporting axes
for an antenna (see Fig. 4-1¢) is a possible, but as yet unused, method by
which only the zenith region may be searched without encountering
impractical drive accelerations. In order to stabilize the antenna beam
in a direct vertical plane, it must be assumed that the basic axis to be
installed is parallel to the fore-and-aft line and that the angular displace-
ments and accelerations required about the basic and second axes are,
respectively, roll and pitch. To direct the beam elsewhere within the
zenith cone, computed orders for each axis must be derived from the roll
and pitch angles as well as from the known relative-bearing and true-
elevation angles of the target or point of search.

Two-axis Roll Stabilization.—The two-axis type 3 pedestal (Fig. 4:1d)
provides roll stabilization, which is only an approximate form of stabiliza-
tion. It is, nevertheless, the method by which the most precise azimuth
stabilization possible for a two-axis surface-search antenna is attained
without involving computed orders. With the roll data from a stable
vertical applied to the basic roll axis, the train axis becomes stabilized in
respect to roll. Since the pitch angles are comparatively small, their

1 H. M. James, “Train Rates in a Two-axis Director,” RL Report No. 8, Sept. 18,
1943.
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neglect is tolerable in certain applications. Thus, although an elevation
error is equal at times to the pitch angle, the azimuth or deck-tilt error
is reduced to a very low value which may be determined for a specific
case by applying Eq. (1) with R = 0.

4-4. The Three-axis Type 1 Pedestal.—Although the two-axis antenna
beam can be universally directed, it has been shown in Secs. 4-2 and 43
that with construction of this type it is impossible to get full coverage of
the sky from an unstable base such as the deck of a ship. A further
characteristic of any stabilized two-axis antenna mount is that the beam
rotates about its central axis as changes occur in the angle of inclination of
the elevation axis as a result of variations in the deck tilt. Such rotation
is not permissible with a fan beam which, to fulfill its purpose, must be
maintained in a vertical or horizontal plane.

In a single mount, if it is desired to provide for full hemispheric sky
coverage or to eliminate rotation of the beam about its central axis, a
third axis, as shown in ¥ig. 4-l1¢, may be added between the train and
elevation axes of the type 1 two-axis mount. The elevation axis in a
pedestal of this type is called the level axis. The additional axis, because
it is disposed at right angles to the level axis, is called the cross-level axis.
Since the cross-level order is always that which will maintain the level
axis horizontal, and since the antenna is directly supported about the
level axis, the beam is stabilized against rotation about its central axis.
Thus, if the beam is fanned vertically in a manner similar to that in Fig.
4-4q, the cross-level order alone will keep it in the vertical plane after
the ship has rolled and pitched to the position shown in Fig. 4-4b. The
level order will serve to elevate and center the fan on the horizon or ele-
vated target without changing its plane. The cross-level order alone,
however, merely rotates the fan beam about its line of intersection with
the deck planc without changing the position of the line in the deck.
This line is shown in Fig. 4-4a as CT in the untilted deck plane and as
CO' in the tilted deck of Fig. 4:4b. The angle a, the pedestal train angle,
remains unchanged with respect to the fore-and-aft line, but the relative-
bearing angle of the line CO’ and consequently of the beam has obviously
changed by the value of the arc 70. To include the target point T in
the beam again, the pedestal must be rotated counterclockwise about the
train axis through the arc 0’0" with a concomitant change in the cross-
level order that will hold the fan plane vertical. A corresponding correc-
tion in level order is also required if the beam is to regain vertical eenter-
ing of the target. In Fig. 4-4c, the beam is shown with corrections applied
on all three axes. The change OT in train angle is the deck-tilt correction
and is of exactly the same magnitude as arc PP’, Fig. 4-2c. This arc is the
deck-tilt correction [Eq. (1)] previously considered for horizontal targets
for the one-axis pedestal and for the type 1 two-axis pedestal. It will be
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noted that although the magnitude of the correction is the same, its phase
relationship to the relative target bearing is shifted 90°. This shift may
be attributed to the deck-tilt error arising from the tilting of an axis
alwavs parallel with a deck that is rolling and pitching. In the type 1

eam corrected ju level, cross-level, anc d orrections as
train, added to level for centering beam on ele-
vated target.

Tra 4-4—Three-axis mount. Elements of ship, target, and radar beam shown as space
relationships of great-circle planes in a unit sphere.
three-axis mount this cross-level axis lies in a vertical plane including the
line of sight, whereas in the two-axis mount the elevation axis lies in a
vertical plane disposed at 90° to such a plane.
Since the plane of the fan beam (or the planc described by elevation of
a pencil beam) in the three-axis type 1 antenna is kept vertical, it is



Suc. 4-4] THE THREE-AXIS TYPE 1 PEDESTAL 113

obvious that the beam can be centered on an elevated target having the
same bearing as a horizontal target merely by adding the true clevation
of the target to the level order, as shown in Fig. 4-4d. Thus, in a three-
axis mount, target elevation is not a factor in determining level, cross
level, or train as it is in one- and two-axis mounts.

The level and cross-level orders for a three-axis antenna mount may
be developed directly by a properly trained stable clement, which may be
considered as a computer; or they may be developed and transmitted to
the antenna mount by a stable vertical and a computing mechanism using
roll, pitch, and train or relative-bearing data as inputs. These trans-
formations are governed by the following relationships, where L is level
and Z is cross-level orders:

sin L, = sin P cos o’ — cos P sin R sin o, (5a)
(A-28)
tan Z = tan R cos o’ + tan P see K sin o, (50)
. (A-24)
where train is available; or
tan I, = tan P cos « — tan R sec P sin a, (6a)
(A-38)
sin Z = sin R cos @ + cos R sin P sin «, (6h)
(A-40)

where relative bearing is available.

In problems where simultaneous values of level, cross-level, and train
or relative bearing for any line of sight are known and employed as
mechanical or electrical inputs to a proper computer, the values of roll
and pitch may be obtained as computer outputs. These transformations,

sin P = sin I. cos a’ + cos L sin Z sin o/, (7a)

(A-30)

tan B = tan Z cos o — tan L sec Z sin o/, (7b)

(A-29)

where train is available; or

tan P = tan L cos @ + tan Z sec L sin q, (8a)

(A-42)

sin R = sin Z cos @ — cos Z sin L sin a, (8b)

(A-41)

where relative bearing is available, are the converse of Kqs. (5) and (6).
The roll and pitch outputs of such a computer may be used in place of
outputs from a stable vertical.

Level, cross-level, and train orders can also be obtained from the data
pertaining to the line of sight of another target without first converting to
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pitch and roll, if both train and relative-bearing angles for the second line
of sight are known. With L, Z, a, and o as before and L,, Z,, a; and
aj the corresponding angles for the second line of sight, then

tan L = tan L, cos (@ — a1) — tan Z, sec L; sin (@ — a1), (9a)
sin Z = sin Z, cos (@ — a;) + sin L, cos Z, sin (@ — a)),  (9b)

and
sin (& — a1) cos Z; + cos (@ — ay) sin L, sin Z,
cos (@ — a;) cos P o

tan (& — a}) = (10)

In deriving Eq. (9) the level and cross-level angles pertaining to the
second line of sight have been considered as pitch and roll angles associ-
ated with a reference line in the deck. This is not the fore-and-aft line—
the normal reference line—but rather a new line at angle a; to the fore-
and-aft line. The equations are derived by substituting (¢ — a«;) for
a, and L, and Z, respectively, for P and R in Eq. (6). Equation (10)
is derived by making the same substitution into Eq. (A-13). The angle
(o’ — o)) is a partial train order that applies to the substitute reference
line; the train order o must be added to get the complete train order o.

In a similar manner, data for any line of sight can be substituted for
pitch and roll data in other foregoing equations, although the interlocking
of data in this way is often undesirable in the construction of computer
instruments.

4-6. The Three-axis Pedestals Types 2 and 3. Train Axis Sur-
mounted by Elevation and Cross-traverse Axes.—Figure 4-1f illustrates an
antenna support of a type that differs from the three-axis type 1 mount
only in the 90° shift of the bearing angle of the antenna with respect to
the axes. Since such an antenna requires the use of the two-axis train
correction for elevation of the beam above the horizon, it is desirable to
use it only where antenna elevation is not required or where some definite
mechanical advantage accrues from the arrangement. Such an advan-
tage was realized in the design of the 10-em radar equipment (Sec. 5:9d) in
which it was desired to mount two separate antennas on a common sup-
port, one antenna being used for search and the other for height-finding.
Mechanical convenience was achieved by mounting the antennas at
right angles to each other. Thus, one antenna has type 1 orientation,
and the other has type 2 orientation.

The mount in Fig. 4-1f may also be considered as a two-axis type 1
pedestal with an added axis. This axis, parallel to the radiated beam,
may be used to prevent rotation of the beam about its central axis, as
noted in Sec. 4-4. When used in this manner, however, the third axis
does not relieve the pedestal from the high train rates and accelerations
required if the beam is to be elevated above the horizon.
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Train Axis Surmounted by Elevation and Cross-elevation Azxes.—The
three-axis mount type 3 (Fig. 4:1g) is essentially the two-axis type 2
mount with a train axis added. The addition of a train axis produces a
mount that is no longer restricted in operation to zenith coverage only
but is also fully practicable for complete sky coverage. Application of
this arrangement of axes has been made in experimental three-axis gun
mounts. In radar design at present, however, it is of academic interest
only as one of the possible and workable arrangements of three rectangu-
larly disposed axes. Antennas of this type can be trained on the target
with minimum rate or acccleration requirements on all axes, irrespective
of the position of the target or motion of the deck. The solution for the
required antenna orders would require a cumbersome equation solver or
analytic computer, which might prove to be impracticable. These
orders could be readily provided, however, by a constructive computer
sich as that discussed in Sec. 4-9.

4.6. The Stable-base Pedestals. Three-axis Stable-base Pedestal.—
"The disposition of three axes in the manner shown in Fig. 4-1h provides
a stable-base mount in which a roll axis lies in a fixed position parallel
to the fore-and-aft line of the ship. This axis carries the pitch axis that
supports the train axis. Pitch and roll signals from a stable vertical are
applied as scrvo inputs at the corresponding antenna axes. The result,
unique to the stable-base type, is that the train axis is stabilized in the
vertical and may therefore receive a direct order of relative bearing as a
proper train order. Freedom from the requirement of a computed train
order brings with it the corollary advantage of freedom from train
accelerations due to roll and pitch. Hence, the antenna may be trained
at constant rates higher than would be practicable with other pedestals
requiring application of the variable deck-tilt correction.

The three-axis stable-base antenna has no elevation axis and is there-
fore limited to applications where it is acceptable to have a fixed angle of
beam elevation with respect to the horizon. It is also limited in some
instances by such considerations of mechanical design as windage and
balance, specifically treated in Chap. 5.

Four-axis Stable-base Pedestal—The four-axis antenna shown in Fig.
4+17 is a stable-base mount retaining the advantages of the simpler mount
shown in Fig. 4-1h. Through the fourth axis, it gains the additional
freedom required for variable angles of beam elevation. Having no
train accelerations due to tilt of the deck and requiring no computers, it
falls short of nearly universal applicability to stabilization problems only
because of the mechanical difficulties cited in the preceding paragraph.
These are accentuated in a four-axis mount.

Although an antenna of this type has been used experimentally, there
has been no production of it as yet. Its eventual application will be
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virtually mandatory, however, if the further progress of radar requires
an antenna capable of training a beam at various elevation angles at
high rates of scan.

STABILIZATION INSTRUMENTATION

4-7. Stable Elements and Stable Verticals.—The basic equipments
furnishing data for stabilization are the gyro-pendulum devices called the
‘““stable elements” or ‘‘stable verticals.” These are gravity-sensitive
instruments of various designs, but all operate on the principle of a
pendulum. The pendulum, through an electrical or mechanical nonrigid
coupling, tends to ‘“‘ercct’’ the gyroscope to a fixed position with respect
to the ground, with the gyro axis usually at or near the vertical. A
stable reference line that is maintained in a fixed relationship to a hori-
zontal plane regardless of rolling and pitching is thus established within
the ship.

There are no universally accepted definitions of the terms stable ele-
ment and stable vertical. As generally applied, however, the stable
element measures and transmits values of level and cross level for any
bearing, whereas the stable vertical measures roll and pitch only. With
the stable element oriented to bearing 0°, the level angle is equal and
opposite to the pitch angle, and the cross-level angle equals the angle of
roll.

So defined, the stable vertical is much the simpler of the two devices
because the supporting axis of the primary gimbal member is fixed with
respect to the deck. Since it is necessary to be able to train the corre-
sponding axis in the stable element in the deck plane, mechanical complica-
tions are introduced. These become more involved as higher accuracies
are sought through the incorporation of compensations for the precessing
force (variable with latitude) due to the earth’s rotation and also for the
disturbing forces arising from changes in the course and speed of the ship.
In one stable vertical developed for the Radiation Laboratory by General
Electric Company it was possible to incorporate a ‘‘turn-corrector’”
method that was superior to turn-corrector methods previously used.
However, it would have been practically inapplicable had a stable element
been required.

The stable vertical for producing roll and pitch data is all that is
needed below deck for precise stabilization of the four-axis antenna or
the stable-base three-axis antenna. A stable element alone would serve
as well, but its train axis, which is superfluous, would result in unneces-
sary weight and bulk.

Where simplification is worth the cost of lowered accuracy in gyro
performance or where the errors of line-of-sight stabilization are not
objectionable, modified stable verticals can be used successfully at or near



SEc. 4-8) MECHANICAL ANALYTIC COMPUTERS 117

the antenna instead of below deck. When so stabilized, the position of
the beam is corrected to hold the horizon, but the deck-tilt correction is
ignored and an azimuth approximation is accepted. In its simplest form
the gyro pendulum is mounted as “back-of-dish”’ equipment on a two-
axis antenna mount. The antenna becomes the servo follow-up member
and responds through its elevation axis to the output signals from the
gyroscopic device.

A local gyro installation on the roll axis of the “roll-stabilized’ two-
axis antenna (Fig. 4-1d) can be used without resorting to computers.
This method of stabilization introduces an elevation error but results
in a good line-of-sight approximation. Theoretically, both azimuth and
elevation errors may be eliminated by incorporating gyro controls locally
in both the pitch and roll members of a stable-base antenna of cither the
three- or four-axis type. However, any gyro equipment that is carried
on the mast as a part of the antenna mount or carried adjacent to it is
subjected to disturbing lateral accclerations from roll and pitch and also
to difficulties arising from atmospheric conditions encountered in such an
exposed location.

COMPUTERS FOR STABILIZATION DATA

Upon an analysis of the virtues and weaknesses of various stabiliza-
tion alternatives, the radar-system designer is confronted with the fact
that he cannot attain in ideal combination the four things that he seeks:
simplicity of equipment on the mast, simplicity of below-deck equipment,
high accuracy, and avoidance of approximations. If his problem cannot
afford the luxury of the stable-base antenna as a solution, the only precise
and accurate alternative is the use of the two- or three-axis antenna mount
on the mast and the necessary computer associated with the gyro equip-
ment below deck.

Clomputers for radar stabilization are of two types, either of which can
accurately achieve the precise solutions of the equations appropriate for
the stabilization of any specific antenna. In the analytic type, the
problem is analyzed, and interconnected mechanisms are used to solve
successively each arithmetic and trigonometric step in the equations
involved. The alternate type is the constructive computer, often referred
to as the ‘“‘constraint,” ‘geometric,” or ‘“bail”’ computer, in which a
miniature model of the elements of the problem is constructed and a
solution produced without requiring more detailed analysis.

4-8. Mechanical Analytic Computers.—The first computer designed
for radar stabilization was a complex aggregate of the conventional step-
by-step mechanisms used in preradar fire-control computers. By using a
chain of such devices, a solution can be partially worked out in which the
rotation of the output shaft is a high multiple of the desired output angle.
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This makes it possible to keep at a minimum errors that are due to
mechanical and assembly inaccuracies in the gears, cams, and other
component parts.

Although very high accuracy can thus be obtained by the analytic
step-by-step method, the aggregate of mechanisms for the precise solu-
tion of a computation such as the deck-tilt error runs into considerable
weight, bulk, and expense. A further disadvantage is the difficulty of
designing mechanical analytic computers for continuous operation. As
these devices have heretofore been constructed, they are not sufficiently
wear resistant, and it would be difficult, if not impossible, to gain full
continuous operation with them.

4-9. Constructive Computers.—The alternative to the analytic com-
puter is the constructive or mechanical constraint computer, which in
principle provides a precise solution of stabilization problems. A rela-
tively compact and simple mechanical device can be made that will
simultaneously provide data for three stabilization variables.

The constructive computer can be readily applied to solve any com-
putation encountered in the stabilization of any type of antenna mount.
The simplest view to take in the consideration of any such computer is
that the device is essentially a miniature model of the space problem.
The point of intersection of the various gimbal axes represents the loca-
tion of the antenna. One system of gimbals and bails represents the
elements of the problem of or associated with the horizontal plane. The
other set of members represents the elements of the problem associated
with the constantly moving deck plane. The two gimbal systems are
joined through the elements that are always common to both planes.
When the known angles of the problem are introduced through displace-
ment of the appropriate members, the other members, representing the
unknowns of the problem, are constrained to assume the only possible
corresponding attitudes.

The conventional universal joint represents an excellent example of a
mechanical constraint computer and provides the simple basis for a
number of such devices. A shaft that is attached to such a universal
joint and rotated at a constant speed will transmit a variable rate of
rotation to a second shaft whose axis is at an angle to the axis of the first
shaft. During parts of each revolution the driven shaft will alternately
lead and lag behind the driving shaft. If the angular difference between
the two shafts is expressed as an equation in terms of the bend angle
through the joint and the rotation angle of the driver referred to a fixed
point, the equation is one that requires an elaborate grouping of analytic
mechanisms for solution. It is, in fact, the equation for the deck-
tilt error of an antenna on a ship at some fixed angle of roll and pitch.
Because this is so, the equations can be ignored as such and the solution
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derived directly by the usc of fixed references and the application of
devices to measure the rotation of the driven shaft relative to these refer-
ences and to the drive shaft. It is possible to go further and provide the
means for changing the angle through the joint to represent other com-
binations of known values of roll and pitch and thus provide a continuous
solution for the actual deck-tilt correction required.

| Relative bearing
— axis

Pitch ball

|_—— Level ball

Level axis

Pitch axis

Fia. 4-5. —Constraint elements of a typical constructive computer. The synchros are not
shown.

The universal joint must have one axis fixed in the ship and must be
free to rotate about this axis while being located in the plane of a gimbal
system that constitutes a similar second universal joint. The fixed axes
of the two universal joints must be concentric and their pivotal axes
must intersect at a central point. A union of two such concentric joints
is represented schematically in Fig. 4-5.

In this figure the deck of the ship and a pair of trunnion supports form
one shaft of the outer universal joint supporting the roll axis, which lies



120 STABILIZATION OF SHIP ANTENNAS [SEc. 4-9

parallel to the fore-and-aft line of the ship and about which the angle
of roll is measured. If the angle of roll is applied to the roll gimbal in the
proper direction, the roll of the ship will be canceled and the pitch axis
will remain horizontal and parallel to the horizontal axis in the ship. If
the angle of pitch is applied about the pitch axis in the proper direction,
the pitch bail, representing the shaft of the outer universal joint, will be
stabilized against both pitch and roll and the relative-bearing axis will be
held vertical. The inner universal joint can be rotated with respect to
the outer one if its shafts are concentrically supported by the correspond-
ing parts of the outer joint.

The outer universal joint or gimbal system now provides the inner one
with a means of controlling the angle of rotation through the joint
between its shafts as a function of pitch and roll. It also provides
these shafts with a reference base from which to measure the rotational
departure of each, one in the deck plane and one in the horizontal plane,
from its zero position. -

The elements of a computer assembly required for stabilization of
antennas are now evident. Such an assembly computes not only the
train order including the deck-tilt correction [Eq. (1)] but also the level
and cross-level orders [Eq. (6)]. It remains only to provide the means for
putting in the known angular values at the driving members and for
transmitting the computed values represented by the angular positicns
agssumed by the driven members. For this purpose, servomechanisms
receive roll and pitch signals from a stable vertical to drive the roll and
pitch members R, and P, through their proper angles. A third servo-
mechanism acts on target signals that are received from the radar opera-
tor’s console and give relative bearing of the target, and applics this angle
to displace the level bail relative to the pitch bail, shown in Fig. 4-5 at
zero position. The induced relative rotation of the joined members
around the level, cross-level, and train axes equals, respectively, the
actual angles of level, cross-level, and train. These computed values
may be transmitted to the stabilized equipment or wherever desired by
synchro generators that are geared to the proper axes. By a relatively
compact and simple mechanism, this geometric device can thus simul-
taneously compute three solutions that would otherwise require a for-
midable aggregate of component solvers for the arithmetic and trigono-
metric functions of the three equations.

It must be remembered, however, that a constraint computer is
inherently a one-speed device that cannot take full advantage of geared-
up synchros and that its accuracy in performance demands high quality
of design and manufacture. Nevertheless, accuracies can be obtained
that closely approach those possible with the analytic method and are
adequate for high-precision radar stabilization. The slight loss of pos-
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sible accuracy is more than offset by the great gain in simplicity, compact-
ness, and adaptability to continuous operation without undue wear.

In the actual construction of a constraint computer, its essential basic
elements are usually obscured by the interconnecting gear trains, motors,
synchros, ete. It is difficult to recognize the simple members in the
schematic sketch of an actual computer, but with sufficient study they
can be traced.

Train
Level 1X M
Rel. brg. 7 56 695 X
(|| Rel. brg.
° axis
36X
36 X 0 N s 5G
ICT P " o
D . ) °
Cross
level
Roll . °
36 X axis
5G [ <
o5 Jd 1X
e icT
2X : " Rel. brg.
hd 56 21 i
- Cross-level on BC
axis Level
- ° axis
\J
—— Train Pitch axis
axis

Fia. 4-6.—Schematic diagram of a constructive computer for three-axis stabilization.

Figures 46 and 4-7 present a developed schematic diagram and a
photograph of computers evolved from the elementary schematic dia-
gram of Fig. 4-5.

In spite of the relative simplicity of the geometric computer, highly
accurate solutions are difficult to attain unless the greatest care is taken
to assure the highest practical order of perfection in both design and
machining specifications of all components. Such care is necessary,
especially in the manufacture of precise low-speed gearing, of concentric
gimbals and bails, and of high-quality servo follow-ups. Production
techniques for precision gears and the performance characteristics of
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I1G. BT Compnters for stabibzation of three-axis thottom) and two-axis (top) mounts
with covers removed. (Courlesy of International Business Machines Corporation.)
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instrument servomechanisms have so greatly advanced during the war
that accuracies heretofore unattainable are now possible.

The stabilization of a thrce-axis mount by a stable vertical and con-
straint computer system was tested on a roll-and-pitch platform. The
platform was made to roll with an amplitude of 15° at an 11-sec period and
simultaneously to pitch with an amplitude of 5° at a 7-sec period. 'The
weighted-average errors obtained at the antenna were 2’ in azimuth and
5’ in elevation, and the corresponding maximum errors were 5’ and 10'.
Since these errors include gyro and antenna servo errors, the part of the
error attributable to the computer is considerably smaller. These
errors could possibly be reduced by a more Es, Ly
advantageous arrangement of the gear trains 2
and members in the computer; such an arrange-
ment could be made by adopting for radar use
the standard servo-synchro system of the

Bureau of Ships. This system places the con-
trol transformer unit of the synchro tie at the 6
stable-element, or computer, end of the system 7

and thercby makes it practicable to use size 1
synchros in these instruments. This, in turn,
by making rearrangements of parts possible,
allows for more favorable gear and gimbal /
relationships without increasing the computer ET] ET;
size. Fia. 4.8.‘.\'(‘.’homut|c diagram
4.10. Electrical-resolver Computers.—The of electrical resolver.
clectrical resolver is a two-phase synchro differential, that is, a 1/1 two-
phase transformer with a rotatable sccondary. The two stator or primary
windings are placed in space quadrature, as' are the two secondaries.
When a-c voltages E,, and E,, arc applied to the stator windings and the
rotor is displaced through an angle 6, the induced rotor voltages arc, as
indicated in Fig. 4'8,

1

E. = E, cos § + L, sin 6, (11a)
E, = —E,sn 6+ E,, cos 6. (11b)

The angle 6 is measured from a reference position of the rotor at which
rotor coil 1isin alignment with stator coil 1.

The electrical-resolver method of computing stabilization data is
similar in some respects to both the analytic and the constructive methods
of computation and may logically be considered as an adaptation of
either. On one hand the equations of the problem may be broken down
into a chain of subequations, each of which can be solved by one of a
corresponding chain of electrical resolvers. On the other hand, study
of the geometry shows that the problem can be solved constructively by a
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sequence of rotations of the coordinate axes, each rotation being of the
sort that can be represented by the action of a resolver. Such an analysis
of the problem makes it possible to set up a suitable chain of electrical
resolvers for solving the problem without the need for referring to the
equations corresponding to each one of them.

The latter approach provides the simpler method of understanding
the manner in which the resolvers may be applied to stabilization or
similar angle-conversion problems. A vector having coordinates (z,y,2)
in a right-hand system of coordinates is first considered. If the system
is rotated about the z-axis through the angle 6, the coordinates of the
vector in the displaced system will be

' = x cos § + y sin 6,

y = —z sin 0 + y cos 6,
2 =z

!

It will be noted that these values of 2’ and y’ are equivalent to the induced
rotor voltages shown as outputs of the electrical resolver in Fig. 4-8. The
function performed by the resolver is, therefore, the electrical counter-
part of the rotation of axes in space. A series of such rotations can lead
to the solution of most angle-conversion problems.

As an example, the computation of train and elevation orders for a
conventional two-axis pedestal will be traced through the applicable
resolver chain. Tt will be assumed that the true elevation and relative
bearing of the target and the roll and pitch angles of the ship are known.

The general principle is to start with a system of coordinates with the
z-axis along the line of sight and a unit reference vector in the same
direction and then by successive rotations of the axes involving the angles
of true elevation, true bearing, pitch, roll, bearing order, and elevation
order to find the components of the unit vector in these successive sets
of axes. The last two rotations must bring the axes back to their original
position so that the final x component again has the value of 1, the y
and z components again becoming zero. By this process it is found both
mathematically and electrically what pair of values of the bearing and
elevation orders is equivalent to any set of values of the other four angles.
This problem is worked through mathematically in the first part of
Appendix A, to which reference should be made.

If to the first resolver there are applied voltages E,, = 1 and E,, = 0,
corresponding to z =1, y = 0 of Eq. (A1) and the rotor is turned
through the angle 8 (8 is the true elevation angle), the output voltages
E,, and E,, will by Egs. (11e) and (11b) be cos 8 and sin g, corresponding
to 2’ and ¥’ of Eq. (A-2). To the stator of the second resolver are then
applied the voltages zero and cos 8, respectively, and the rotor is rotated
through the angle @. The output voltages will then be 2’/ and 2" of
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Eq. (A-3). It will be noted that « can be varied continuously at a steady
rate to correspond to steady scan in azimuth. The angles P and R
obtained from a stable vertical can next be introduced by the third and
fourth resolvers in an analogous manner so that voltages corresponding
to Eq. (A-5) will be generated. These give the components of the refer-
ence vector in a system of coordinates in which the zz-plane is the deck
plane, the z-axis pointing forward along the fore-and-aft axis of the ship,

1 0 O
T Yy 2z T

' . =l
Rotation o €— z
and axis : ' A {V 0
-8(z)—> ]
' zl=cos 4
L . —— y'=sin8
z1=0
aly)— NN\
° zl=cos Bcosa
u - y"'=sin 8
zll=cos fsina

=Pz — |
zll=cos & cosa cos P—sindsin P
y=cos 8 cosa sin P+ sin Bcos P
2l =cos Asina

rlv cos Bcosacos P-sin 8 sin P

Alll

“R@E" — y'V=-cos & sinasin R

+(cos 4 cos asin P+sindcos P) cos R
zIV=cos 4 sina cos R
+(cos #cos asin P+ sin 8cosP)sin R

-y —

Servo maintains 2V=0
tan a’= 21V/z1V

ervo mamtams yV'=0
T sin 8
' ZVi= 1 yw 0,2V1=0
zV1 ;Iw ',
1 0 O Represents a unity gain amplifier
to change the impedance level
Fis. 4-9.—Schematic diagram of electrical-resolver chain in computer for two-axis stabili-
zation.

Vi

the y-axis being perpendicular to the deck, and the z-axis pointing to
starboard. This y-axis corresponds to the actual train axis.

The two final steps, which develop the solution angles, are readily
accomplished in the last two resolvers by servomechanisms that drive
the rotors of the resolvers representing the successive transformations
involving '’ and B’ rotations so that zero voltages are maintained on the
rotor outputs that correspond respectively to the z- and y-coordinates.

Figure 49 includes the equations for each step in the chain and
designates the corresponding geometric transformations in the successive
systems of coordinates.



126 STABILIZATION OF SHIP ANTENNAS [SEC. 4-11

Of all antenna-stabilization computers, the electrical-resolver type
most nearly approaches the ideal of an aggregation of more or less stand-
ard component devices, and it may, therefore, provide the best possibility
for minimizing computer manufacturing costs. The complete assembly
of the synchro-and-resolver system with four servo systems and nine
boosters (impedance-transforming amplifiers) becomes, however, a
bulkier and particularly a heavier unit than might at first be expected
from its mechanical simplicity. Also, the resolver computer, like the
geometric bail computer, is a one-speed device and must therefore have
highly precise gearing and servomechanisms if high accuracy is to be
expected.

A single chain of resolvers can compute but two solution angles.
This number is adequate for the two-axis mount, but three angular orders
are required for the three-axis pedestal. If the three values are to be
electrically computed, two chains are required, one having five resolvers
and the other four.

Since the two-axis electrical computations are thus achieved more
readily than three-axis computations, the situation encountered in the
mechanical computers is reversed. This fact suggests that the resolver
computer could logically be applied in two-axis antenna stabilization even
though its weight and bulk may prevent its consideration for the three-
axis mount.

4.11. Centralized vs. Individual Instrumentation.—The tendency
through the war years was the continual addition to fighting ships of new
radar, sonar, and other detection and communication cquipments that,
to be fully effective, require stabilization. The result has been the
creation of problems of excessive weight and space allotment for the
individual stable elements or stable verticals associated with these new
systems.

The first approach to these problems was an attempt to avoid the
duplication of gyroscopic instruments by tapping the train, level, and
cross-level signals generated by and for the fire-control equipment and
converting these data through appropriate computers to the orders
necessary for stabilizing any other equipment. This approach was not
approved by those responsible for ordnance stable elements because it
was felt that interception of the vital output data for extraneous uses
might adversely affect its validity for the original application. There
were also the additional objections cited in the introduction to this
chapter.

The second attempt at a solution was to make a single gyro equipment
give the vertical-reference data for two or more of the new systems and
thus reduce duplication. The result was an instrument, which combines
the stable vertical with constructive computers as shown in Figs. 4-7 and
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4:10. These computers are stacked upon the stable vertical and receive
roll and pitch values from it through connecting rods. The stable
vertical also produces synchro outputs of pitch and roll that are applicable
to stable-base antennas and to any computers, either electrical or mechan-
ical, that operate from pitch and roll data.

Various manufacturers have also given thought to reducing or elimi-
nating the duplication of stable elements. The idea has gradually gained
such general acceptance that it is no longer a question of whether or not

cables

Stable
vertical ™

Fia. 4:-10.—Stable vertical assembled with two computer units.

individual instrumentation should be abandoned but rather how far and
along what lines should centralized instrumentation be pursued.
Four major alternatives may be considered:

1. Master stable vertical with electrical outputs for all purposes
except main-battery fire control. All stabilized gear to be of
stable-base design.

2. Same as (1), except with variously located individual computers
to convert electrical pitch and roll data to data usable by nonstable-
base equipments.

3. Master stable vertical in a ship to serve all stabilized gear in much
the same manner as the course data of a ship are now supplied
from the master gyro compass. Signals from main pitch and roll
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buses to be converted individually to appropriate data for main-
battery fire control and other nonstable-base gear.

4. Subdivision of the stabilized equipments of a ship into groups, each
with one stable vertical providing mechanical and electrical pitch
and roll data for the group.

Although Plan 1 offers the alternative requiring the simplest instru-
mentation, the gain in this direction does not appear great cnough to
offset the excessive weight of stable-base equipments (Sec. 4-6).

Plan 2 eliminates the question of main-battery participation and is
perhaps the better for so doing. Tt is still open to the objection that
stabilization problems other than main-battery fire control might benefit
from prime data and that each computer for nonstable-base equipment
requires duplicate roll and pitch servo systems.

Plan 3 possesses much merit but is open to the objection that the main
battery is deprived of prime data. The conversion from pitch and roll
to level and cross-level through a separate servo-driven computer neces-
sarily introduces some error. The merit of the plan hinges largely on
whether or not this error is tolerable. It is quite possible that it may
ultimately be reduced to an acceptable value.

Plan 4 is exemplified by the Radiation Laboratory stable vertical and
computer instruments and is a compromise between completely individual
stable elements and complete centralization of gyro data. It has the
possible disadvantage of requiring several gyro equipments in larger ships.
It has, however, the advantages of solving at least two nonstable-base
problems at each stable vertical with prime mechanical data and of
eliminating pitch-and-roll servo duplication for each computer directly
coupled to a stable vertical. In a great many ships there will not be more
than two nonstable-base mounts to be stabilized, and these would be fully
served by a single aggregate instrument. The more claborate gyro-data
requirements of other ships could be met by separate electrical or mechan-
ical computers receiving electrical pitch and roll signals from the central
instrument. As the number of stabilized equipments under this plan is
increased, it would become desirable at some point to utilize a second
stable vertical and a new group of dependent computers.



CHAPTER 5
SHIP ANTENNA MOUNTS

By R. J. GrenzEBACK AND D. D. Jaconus!

The basic functions performed by shipborne radars are essentially
no different from those of land-based radars. Scanning requirements,
as set forth in Sec. 3-1, apply equally to land- or ship-based systems. In
order to accomplish these functions fully, however, certain shipborne
antennas must be compensated for the rolling and pitching of the ship.

The basic concepts of the stabilization of shipborne equipment are
dealt with at length in Chap. 4. In the present chapter are diseussed
some of the mechanical features involved in the actual construction of
mounts for ship antennas. Detailed descriptions of representative
mounts are included at the end of the chapter.

b-1. Loading.—Intelligent design of an antenna mount requires con-
sideration of all factors contributing to the loading of the apparatus. The
relative importance of any factor is determined by the special require-
ments of the particular design. Military equipment, of course, is subject
to much more violent loads than ecquipment intended for peacetime
applications.

Wind forces constitute the largest single source of loading for ground
and ship antenna mounts. The subject is discussed in Secs. 2-12 and
2:13 in some detail.  The following discussion is concerned with the other
factors contributing to the loading of an antenna mount.

The inertial loads are of paramount importance in the design of any
antenna mount. They arise from two sources: accclerations duc to
forces acting upon the vehicle carrying the antenna mount, and accelera-
tions imposed by the servo-driving system. Although these two inertial
loading conditions have been defined separately, in practice they seldom
occur separately. The severity of normal loads from the servo system
varies with the purpose for which the radar is used. For instance, gun-
laying mounts that must track moving targets rapidly expericnce much
higher accelerations than mounts that perform simple search functions.
Violent oscillations are not usually encountered under normal operating
conditions, but the possibility of this occurrence during lining-up of the
servo system must be allowed for in the design.

Shock loading may come from several sources and is usually more

1 Section 5.9d is by D. D. Jacobus.
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severe for shipboard installations than for ground antenna mounts. For
the latter, road shock is probably the most scvere of the normal loads
encountered. These shocks occur primarily in the vertical direction
and may cause maximum accelerations of 50 g. Since radar ground
equipment is rarely operated while in transit, it is possible to provide
stowing facilities that will prevent loads due to road shock from being
transmitted to gear trains. Stowage as a means of protection against
shock is not feasible for marine equipment.

Because of their location near the masthead, ship antenna mounts
may experience accelerations of about 1.5 g as a consequence of rolling
and pitching and of maneuvers of the ship. Motor torpedo boats are
exceptional in that vertical shocks up to 15 g arec encountered as a result
of the motion of the vessel.

Maximum shocks that cause accelerations of 270 g, arising from gun-
fire, depth charges, and direct hits, may occur on warships. It is obvi-
ously impossible to build antenna mounts that can withstand loads of
such magnitude and still comply with weight restrictions. Furthermore,
the usual location of the antenna mount is such that shocks {rom the
above sources will be largely absorbed by the structure of the ship.
Generally speaking, design for 15 g vertically and 4 to 5 g horizontally
will result in a serviceable unit. The foregoing design criteria will, of
course, be modified whenever more specific information is available.

Shipborne and mobile ground equipments are subject to vibrations of
widely varying frequencies. Damaging vibration frequencies are about
5 to 20 c¢ps for most ships and 15 to 120 cps for motor torpedo boats.
Suspensions that would isolate vibration at these low frequencies would
offer very little resistance to severe shocks. The use of snubbers to limit
the displacement under shock and to absorb the shock has been found to
cause accelerations greater than those which would result through the
use of stiffer suspensions with no abrupt changes in spring constant.

In view of the foregoing statements, it is currently considered good
practice to use mountings that afford shock protection primarily but that
are resonant above the range of damaging vibration frequencies in order
to limit displacement. Rubber compression mounts having a resonant
frequency at about 28 cps are recommended for ship installations. A
high damping coefficient is desirable. Deflection under load of shock
mounts used on ships should be about 0.010 to 0.015 in.

Generally speaking, since the antenna mount must maintain a fixed
relationship to the ship upon which it is carried, pedestals are rarely sup-
ported by shock or vibration mountings but are fastened rigidly to the
mast. Electronic equipment installed on the antenna mount, however,
should be shock-mounted as discussed above. Most electronic equip-
ment now being built will withstand low-frequency vibrations satis-
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factorily if the vibration amplitude is not excessive. The rest of the
antenna mount must be proportioned and reinforced so that it can with-
stand damage from vibration. As a rule, the reflector is the portion of
the antenna mount that requires the most protection against damage
from vibration. Critical points to watch are places of attachment, over-
hung tips, and local regions such as those between grid-element sup-
ports. Whenever possible, specific information should be obtained on
vibrations that may be encountered in a proposed installation.

For small antenna mounts, structural weight loads are of minor
consequence, but on larger mounts they are a considerable item. Acces-
sories, in the form of special actuating devices, r-f components, ctc., are a
major source of dead weight. The designer must take into account the
distribution of all these weights and evaluate their influence in combina-
tion with the dynamic loads.

One frequent cause of structural damage, not always apparent to the
designer, is the variety of loads encountered in transporting and in moving
the equipment into position during its installation. Damage that can be
caused by careless personnel is considerable. It isimpossible, of course, to
anticipate and provide for all contingencies of this nature, but the designer
can go a long way toward minimizing the chance for such damage. He
should provide the equipment with judiciously placed and well-labeled
handles or hoisting cyes. DProjecting parts that might offer tempting
handholds or footholds should be adequately reinforced if they cannot be
eliminated. Fragile parts, if unavoidable, should be labeled with
“Hands Off”” warnings. Shielding, to prevent damage from dropped
tools or other articles, should be liberal. These precautions should be
observed even at the cost of a slight increase in weight.

Ice on the antenna structure will cause additional loading, and the
problem of preventing its accumulation has, in the past, been a difficult
one for designers of ground and ship antenna mounts. Various schemecs
have been proposed for dealing with ice by mechanical, thermal, or
chemical means. Except for application of anti-icing fluid to radomes,
none of these expedients has proved very practical in preventing ice or
eliminating it once it has formed. Furthermore, prevention of ice
formation on surface-based radomes has almost never been attempted
operationally, and the trend in ground and ship installations is to elimi-
nate radomes entirely.

The only remotely feasible means yet dcvised for preventing ice
formation on exposed antennas is to apply heat to the structure. To
accomplish this, especially with such an ideal heat radiator as a grid
reflector, obviously requires large amounts of cnergy and is seldom
practical. Actual experience with military equipment operating under
all sorts of climatic conditions has proved that difficulties due to ice have
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been less than anticipated. Only three or four instances of trouble from
this source have been reported, and these were not serious.

Radar antennas intended for use in submarines require special
designs. Both dynamic and static hydraulic loads are encountered.
With due allowance made for differences in the applicable Reynolds
number, the gencral remarks on wind loading (Secs. 2-12 and 2-13)
apply in estimating dynamic loads on submerged reflectors. Reduction
in total load is achieved by using a reflector of the grid type. Fortu-
nately, from the standpoint of power demands, the antenna is not rotated
while submerged. Sufficient power must be available, however, to over-
come the friction of watertight packing glands and to permit operation
in 60-knot winds.

The antenna must be capable of withstanding static pressures occa-
sioned by operation of the submarine at great depths plus the pressure
increment resulting from the explosion of depth charges near by. Impact
loads from surface waves and the striking of floating objects must also
be considered.

6-2. Antennas.—There are but few restrictions on the types of
antennas that may find shipborne applications. Characteristics are set
according to the intended use of the radar equipment, and the pedestal
is then tailored to meet the demands of the antenna. In some instances,
concessions can be made in the interest of mechanical simplification of
the mount. _

Onc example is the antenna mount! shown in Figs. 54 and 5-5.
Whereas in elevation the feced and reflector are usually movable as a
unit, in this mount only the reflector is tilted. The elevation axis passes
through the vertex of the paraboloidal reflector, thus fixing this point
with respect to the feed. Two advantages are realized by such an
arrangement. (1) No rotary r-f joint is required for the elevation axis and
(2) because of the geometric optics of the system, the radiant beam
moves through approximately twice the angular movement of the reflec-
tor. There is a consequent saving in weight and space through the elim-
ination of parts and the lowering of power requirements. The price
paid for this simplification is a reduction in gain of the antenna. In
the instance cited, this amounts to about 3 db (50 per cent) for beam
deflections of 30°, but the loss is much less in moderate seas.

The major limitation imposed on the antenna design for nonstabilized
mounts is that the vertical beamwidth must be at least 10° wide at the
half-power point. This is the lower limit if the beam is not to rise above
the horizon in moderate seas. 1f possible, the vertical heamwidth should

104. T. J. Keary and J. I. Bohnert, “Shipborne Stabilized Radar Antenna for
Sea Scarch,” RL Report No. 659, Mar. 7, 1945; and “Line-of-Sight Stabilization of a
Radar Beam by Reflector Tilt,” RL Report No. 660, Feh. 19, 1945.
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be not less than 15°. Sometimes this may be difficult to achieve. How-
cver, the problem is a matter of clectrical, not mechanical, design. In
the interest of high gain and good resolution the horizontal beamwidth is
usually narrow.

There are no specific limitations on the type of reflector structure.
In general, however, the open-grating type (¢f. Sec. 2:7) is preferable for
shipborne microwave equipment because of its sturdiness and low wind
resistance. A secondary advantage is its optical semitransparency
which serves to reduce blind spots. Specifications for most scarch
antennas are that they shall be operative in winds up to 60 knots, i.e.,
about 70 mph, and that they shall not sustain damage in winds of 90-knot
velocity.

Location of the reflector or reflectors with respect to the axes of rota-
tion is determined primarily by consideration of wind loading, as discussed
in Sec. 2:13. In addition to this requircment, an attempt should be
made to maintain the center of gravity of the rotating parts as close to
the axes of rotation as is feasible. Balancing about the train axis is
important because as the ship rolls and pitches, this axis assumes a non-
vertical position, thus forcing the power drive to lift any unbalanced loads
against the force of gravity. Failure to take account of this in determin-
ing power requircments resulted in serious difficulties in carly designs.

The speed at which the antenna rotates is sct by operational require-
ments but generally will not exceed 24 rpm. For most shipborne search
antennas a nominal speed of 6 rpm is maintained, with provision for varia-
tions of +4 rpm to cancel out the turning of the ship while maneuvering
so as to hold a constant rate of rotation with respect to the surface of the
earth.

5-3. Pedestals.—Of the various types of pedestals discussed in
Chap. 4, only five have been generally used for shipborne service.  These
are the onec-axis, the two-axis type 1, the three-axis types 1 and 2, and
the stable-base pedestals. In each case, the choice has been determined
on the basis of the simplest mechanical arrangement possible for adequate
fulfillment of the operational requirements of the particular radar system.

Nonstabilized or single-axis mounts are intended to perform simple
search functions and to aid in navigation. All remarks in Sec. 3-2 are
applicable to shipborne units. Nonstabilized one-axis shipborne antenna
mounts normally do not carry r-f equipment and hence do not require
slip rings.

Line-of-sight stabilized two-axis antenna mounts for surface search
perform exactly the same operational functions as the one-axis type, but
with increased accuracy. The two-axis type 1 pedestals (Sec. 4:2), in
conjunction with complex computers, are widely used with radars
designed to aid in the control and direction of gunfire and arc adequate
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for tracking of the target. The two-axis pedestal is a good compromise
when topside weight restrictions prohibit the use of the three-axis mounts
that provide full stabilization of the radar beam.

In the three-axis stable-base antenna mount, the axis about which
the antenna rotates is maintained in a vertical position at all times. The
antenna, with its associated azimuth drive mechanism and data take-off,
surmounts a gimbal system that allows limited rotation about each of
two mutually perpendicular axes. These two axes are known as the
“roll”’ axis and the ‘ pitch’’ axis and may or may not lie in the same plane.
The axes are named for those motions of the ship for which they compen-
sate in maintaining the azimuth axis vertically. The roll axis is always
parallel to the keel of the ship, and the pitch axis is always parallel to
the surface of the earth.

Probably the worst feature of the stable-base mount is its top-heavi-
ness. Iiven though the weight of the reflector and feed is small com-
pared with that of the azimuth drive mechanism and data take-off, the
necessary height of the center of gravity of the antenna above the gimbal
axes makes the problem difficult. If the driving mechanism is lowered
in an altempt to achieve equilibrium, the problem of clearances immedi-
ately becomes acute. From the standpoint of over-all weight, it is less
expensive to keep clearances 1o the absolute minimum consistent with
operational requirements and to incrcase the amount of power available
for stabilization. The amount of total unbalance can be kept small for
antenna mounts with light reflectors, and no practical difficulties result.
For large antenna mounts that have relatively complex reflector and feed
arrangements and the addition of r-f components on the stable platform,
the limitations of the stable-basc mount become more apparent, and
employment of the threc-axis type 1 pedestal is to be preferred. There
is one requirement, however, that may dictate the use of the stable-base
antenna mount despite its limitations. This mount sets no inherent
limitation on the rate of rotation of the antenna about the azimuth axis.
Where operations require high azimuth scanning rates, the only practica-
ble solution is to employ a stable-base mount. A mount of the type in
which the train axis is surmounted by cross-level and elevation axes has,
in marine use, a practical upper limit of rotation about the train axis of
about 9 rpm. Beyond this point the high accelerations that must occur
about the level and cross-level axes for proper stabilization necessitate
inordinately large and heavy power drives. Thus, the mount also
becomes large and heavy and the weight advantage reverts to the stable-
base mount. For equivalent systems, fewer slip rings will be required
with a stable-base design.

It should be noted that the three-axis type 1 mount offers the lightest
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construction for obtaining complete stabilization as well as permitting
the antenna to be pointed at any elevation angle.
DRIVING MECHANISMS

6-4. Types of Driving Mechanisms.—Several methods can be em-
ployed to drive the axes of a shipborne antenna mount. The train or

TG, 5-1. Stable platform for AN/TPS-10 mount.

azimuth axis is almost invariably driven directly by an electric or hydrau-
lic motor through a gear reduction. Similar direct-geared drive is also
common on other axes of a pedestal. A motor-driven bell crank may be
used to actuate the elevation axis of a two-axis mount.

The roll and pitch axes of a stable-base pedestal can be driven by (1)
direct gearing from an electric or hydraulic motor, (2) electric motors
driving lead screws, (3) crank-actuated push rods, and (4) hydraulic
pistons. If hydraulic pistons or motors are used, an electric motor must
be used to drive a high-pressure pump supplying the hydraulic drives.

The use of screws as actuating elements for the stabilizing axes has



136 SHIP ANTENNA MOUNTS [SEc. 54

been generally unsatisfactory, owing to their low efficiency of power trans-
mission and the resulting heavy weight of such an installation.

In limited instances, crank-actuated push rods can be used advan-
tageously to effect a lower center of gravity than can be had with direct
gearing of motors to the stabilizing axes; the over-all arrangement, how-
ever, may require more space. Cranks have one merit in that the
movements of the driven portions of the antenna mount are automatically
limited by the throw of the crank. Thus, limit switches and mechanical
stops can be climinated. The disadvantage in cranks or push rods lies
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in their exposed position that makes them more susceptible to accidental
damage than an enclosed directly geared drive.

The use of hydraulic pistons is shown in Fig. 5-1, illustrating the con-
struction of a gyroscope-controlled stable platform maintaining a hori-
zontal plane on a ship. A single 2-hp motor with a double-end shaft,
drives two servo-controlled hydraulic transmissions (Vickers #16801):
one for the roll and one for the pitch axis of the platform. Each variable
displacement pump of the hydraulic transmissions is connected by means
of flexible tubing to two single-acting pistons on each axis. By reversal
of the oil flow through the pump, oil is transferred from one piston into
the other, thus retracting the first piston and extending the second.
Replenishing gear pumps, driven directly by the drive motor, keep the
servo valves under pressure and replenish the outputs of the system.
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Synchro data take-offs located at the roll and pitch axes of the platform
provide the controls for the servo valves.

Because of their availability, two pistons as shown in Fig. 5:2a have
been used on each axis, connected as in the diagram. Since the total
volume of oil in the two pistons varies because of unequal travel of the
push rods at various piteh and roll angles, such a servo system may cause
difficulties. It will operate properly only when the rate of change of
the volume of oil in the servo loop is smaller than the leakage in the servo
pump. Otherwise, failure may occur because of excessively high pres-
sures that may build up in the system. Such a system cannot therefore
be recommended as being too practical.

To counteract this deficieney, either one or two double-acting pistons
of the type shown in Fig. 5-2b should be used for cach pitch and roll axis,
connected as shown in the diagram. [t should be noted that the active
areas of both faces of each piston are made equal. Pinned connections
may be used at each end of all pistons if the roll pistons are fastened to
the deck and the pitch pistons are fastened to members forming the roll
axis, as in Fig. 5-1. When the platform is so constructed, there will be
no interaction between the roll and pitch pistons as the deck changes its
inclination. If it is desired to connect both the roll and pitch pistons to
the deck, the roll pistons may be pinned at.both ends, but universal or
swivel-joint connections must be employed at the ends of the pitch pis-
tons. A change of angula' position of one axis in such a system will
affect the displacement of the pistons on the other axis. The servo pump
will automatically permit this readjustment when one set of pistons has
three degrees of freedom of motion.

6-6. Motor-drive Selection.—Selecting the type of drive to be em-
ployed in any given antenna-mount design requires analysis of several
factors. No inflexible specifications can be made for all contingencies.
Each individual design necessitates separate study of the relative influ-
ence of the following interrclated items: (1) the intended operational
function of the radar system, (2) the characteristics and limitations of the
radar set as a whole, (3) the type or types of vessels for which the instal-
lation is contemplated, (4) the degree of stabilization necessary, (5) the
weight allowances, (6) the type of servo control desired, (7) the physical
sizes of available motors, (8) maintainance, and (9) the type of power
available.

For example, for the stable-base mount, shown in Fig. 56, complete
stabilization was desired but weight restrictions were severe. A hydrau-
lic motor drive was selected for the stabilizing axes. The weight of the
complete hydraulic installation at the mount was about the same as if
two electric motors had been used to drive the axes directly. However,
the very small physical size of the hydraulic motors, compared with an
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equivalent electrical installation, resulted in a considerable over-all
reduction of weight by permitting the use of a more compact gimbal. On
the other hand, a three-axis type 1 pedestal (¢f. Sec. 4-4) might not have
benefited so much from the use of a hydraulic drive, since the pump unit
could not be so conveniently housed on the cross-level axis.

Basic over-all power requirements are gencrally determined by the
wind loading and the maximum accelerations that the mount will be
required to attain. As a rule, wind loading will be the major determining
factor for the roll, pitch, and train axes; the requircd accelerations are
more important for level or cross-level axes. When the maximum speed
at which the antenna must operate and the torque loads to which it will
be subject are known, the horsepower of the driving motor can be deter-
mined. The loss of power within the gear train and from oil-seal friction
must be allowed for. If the axes of an antenna mount are to be driven
by servomotors, it may be noted that for most mounts the inertia (referred
to the motor shaft) of the driven equipment is small when compared with
the inertia of the motor itself. For practical design purposes, the inertia
of small antennas can usually be neglected.

b-6. Gearing and Related Items.—Requirements for operational life
of shipborne antenna mounts intended for search service are severe. "The
unit must, be capable of continuous operation over long intervals of time;
for naval service a normal life expectancy of 5 years is assumed. Allow-
ing for some periods of stand-by, such as when the ship is in port, an
estimated figure of 8000 hr per year is used as a basic design parameter.
Gear dimensions and bearings must be selected on this basis.

Design of gears for the power drives is based upon wear and upon the
stalling torque of the motor. Stalling torque is generally assumed to be
four or five times the normal rated motor torque. If a hydraulic drive is
used, relief valves serve to limit the maximum torque. Most gear
reductions employed in antenna mounts require three to five stages of
spur gearing. Designing for strength is the controlling factor only in the
final stages; in initial stages gear proportions are determined entirely by
consideration of wear.

Because the great majority of marine antenna power drives are servo-
controlled, the reduction of backlash is imperative. This means that the
gears must be accurately cut and of high quality. Over-all backlash of 6’
is considered a reasonable requirement for most gear trains employed in
antenna-mount power drives; however, backlash of as much as 15 is
permissible in some cases.

Worm gearing should not be used in shipborne antenna-mount
drives mainly because of its inherent shortcomings when subjected to
servo control involving frequent and rapid reversals. The planetary
type of gear reduction has had very limited use because of low efficiency
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and the difficulties of proper manufacture. For general all-around
reliability and ruggedness, the simple spur train is the most commendable.
Also, the physical size of motors and the necessity for providing room close
to the driving spindle for slip rings or other equipment often favor
employment of a spur train to bridge the distance between the motor and
output shafts.

Compactness ol spur gearing can be achieved by cutting the gears in
clusters and stacking them on shafts. Integral gears and shafts will
also conserve space. For idling clusters, the use of a ball bearing at the
larger end, combined with a needle bearing at the pinion end, will result
in a design tha; is even more compact. When needle bearings are used,
they should be of the precision type. Close tolerances must be main-
tained in their assembly, or the cluster will rock on the shaft and load up
the ends of the needles, causing them to twist in their cases and become
jammed. For maximum space-saving, hardened and ground shafts
should be employed to act as inner races for the needle bearings. If
these simple precautions are observed, a rcliable and satisfactory mechan-
ism will result without undue manufacturing difficulties.

Fits of splines and keys holding gears and shafts together must be
held to tolerances as cloze as practicable without requiring too difficult an
assembly job. A key or spline that is loose will rapidly get worse under
conditions of servo operation.

The use of steel gears in aluminum gear boxes is entirely feasible when
the gear boxes are small. Gears having pitch diameters over 8 in.
should be made of high strength bronze in order to minimize changes in
backlash due to differential thermal expansion of the aluminum case and
the gears. Specifications gencrally call for equipment to be operated
from —40° to 460°C. If, to prevent interference, the minimum allow-
able backlash at —40°C is taken as 0.0005 in., the backlash of the design
in inches at 420°C (68°F) for gears of 10 to 20 diametral pitch can be
assumed as equal to 0.0005 in. plus onc-half of the net change in center
distance due to a temperature differential of 60°C. This amounts to
backlash of approximately 2’ per stage for steel gears in aluminum cases
if center distances are between 3 and 6 in. For practical purposes, a
maximum over-all backlash of 2.5’ per stage for three- to five-stage
trains may be assumed in allowing for temperature effects.

Aluminum is impractical for large gear boxes. Not only is thermal
expansion a factor, but lack of rigidity in the aluminum box permits dis-
tortions that impair proper functioning of the gear train. TFabricated
steel construction will weigh less than cast steel and has proved very
satisfactory for large gear boxes when properly designed. A feature that
is at times incorporated in large gear boxes is a bridge-type mounting of
certain gears in the train, which allows adjustments to be effected in the
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final assembly. This type of construction permits wider manufacturing
tolerances while still fulfilling backlash requirements. For small gear
boxes whose center distances normally do not exceed 6 or 8 in., accurate
jig boring can be done without great difficulty; the adjustable feature is
not needed. It may be utilized if desired but introduces unnecessary
weight. Although not always possible, it is highly desirable to avoid
blind assemblies. Inspection plates in gear boxes are of great assistance
in the initial assembly and in trouble shooting.

The principal requirement of lubricants for shipborne antenna
mounts is that they perform satisfactorily over a reasonably wide range
of temperatures. Naval specifications usually indicate —40° to +60°C,
although for many purposes —20°C would be a satisfactory lower limit.
0il equivalent to SAE 10 or 20 and a low-temperature grease such as
Beacon M-285 should serve for almost all shipborne antenna mounts.

Large gear boxes require a sump with a small cam-driven pump of
the plunger type, which distributes the oil through copper tubing to
strategic points. Small gear boxes sometimes use this arrangement to
minimize the head of oil over shaft scals, but splash lubrication is gener-
ally adequate. Qil leakage, a nuisance in general, has to be particularly
guarded against in antenna mounts. In a radar system the whole
operational performance can be seriously reduced because oil from gear
boxes has leaked into the r-f waveguide or rotary joints or has fouled up
slip rings, commutators, ete.

Truly effective sealing of rotating shafts against leakage of oil is
difficult to accomplish practicably. Seals of the Garlock Klozure type
are generally used but are scldom 100 per cent effective. At the bottom
of vertical spindles, scals should be of the tandem type if space will
permit. In the pedestal shown in Fig. 5-3 the motor is side-mounted and
the main spindle enclos