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PARAMETRIC INVESTIGATION OF RADOME ANALYSIS METHODS:

EXPERIMENTAL RESULTS

I. Introduction

This technical report documents the pattern and boresight error
measurements mac2 on eight combinations of three monopulse antennas and
five tangent ogive radomes at 35 GHz in support of the parametric inves-
tigation of radome analysis methods carried out under arant AFOSR-77-3469.
The measurements program was carried out by personnel in the Electromag-
netics Laboratory and the Radar and Instrumentation Laboratory of the
Engineering Experiment Station at Georgia Institute of Technology during
the period October 1977 throug! December 1980.

This report is Volume IV of four volumes which comprise the final
technical report for this researci :rant. Volume I presents an overview
of this research and salient results. Volume II documents the analytical
method and Fortran computer code used to ur>iyze the various antenna/ra-
dome combinations using a fast receiving formulation based on Lorentz
reciprocity and geometrical optics. Volume III documents the analytical
method and additional Fortran software required for radome analysis based
on the Huygens-Fresnel principle {(surface integration).

The overall objective of this research is to develop a general
theory of radome analysis and to determine the accuracies of three compu-
ter-aided radome analysis methods under controlled conditions of antenna
size and placement.,, wavelength and radome size and shape. The measured
data presented here is used as true data in the assessments of the accu-

racies of those methods. It is expected that this measured data will be




used in the future by other investigators for the same purposcs., It is
for this reason, and the fact that no similar data base currently exists,
that these measured data are so tediously documented.

Three antennas, representing small, medium, and large in terms of
radiating aperture size, were combined with five tangent ogive radomes
to provide a range of antenna/radome parameters that is likely to be en-

countered in the applications and for which the accuracies of likely com-~

puter codes are to be determined. The parameters of the radomes include
both size (small, medium, large) and fineness ratio; i.e., ratio of radome
length to diameter. The tangent ogive shape was chosen because of its

' ease of fabrication, analytical tractability, and widespread use in the

applications. The eight combinations of antennas and radomes measured
are summarized by the entries in Table 1.

The physical characteristics of the antennas and radomes used are
presented below: The measurement procedures and coordinate systems are
also described. The measured pattern data and boresight error data are

k presented in Appendices A through K. Principal plane patterns and dia-

f. gonal plane patterns of the sum, elevation difference, and azimuth dif-
ference channels of the three antennas alone are presented in Appendices
A, B, and C. Measured principal plane patterns of the antennas with

radomes are presented in Appendices D through K for the eight combina-

tions used. Each of these eight appendices is concluded with measured

boresight error data.

II. Antennas
The antennas are four-element monopulse arrays as shown in Figures

1 and 2. Their dimensions in wavelengths (A) at 35 GHz and in inches are

given in Table 2. Each element is a conical horn with a circular to
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Table 1. Ratios of Radome Inside Diameter to Antenna Aperture
Diameter for Antenna/Radome Combinations Measured.

Antenna
Radome Small Medium Large
Small (F=1.0) 2.33 -— --
Medium (F=1.0) 3.98 2.33 --
Medium (F=1.5) - 2.33 -
Medium (F=2.0) - 2.33 -
Large (F=1.0) 7.28 4.27 2.33

Table 2. Monopulse Array Dimensions.
Dimension Small Medium Large
Array Array Array
(See Figure 1) A inches A inches A inches
A 0.919 0.310 1.839 0.620 3.633 1.225
B 2.589 0.875 4.567 1.540 9.015 3.040 -
c 2.108 .160 1.054 .320 2.604 0.878
D 1.275 0.430 5.456 1.840 6.153 2.075
3
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rectangular wavegulde transition at the throat. All four elements are
machined into a single picce of aluminum for stability and to facilitate
pattern measurements with and without the various radomes. The three
arrays produce measured sum jpattern team widths of 28° (small array),
15° (modium), and 8° (large) as shown in Appendices A through C.

Signals received by the horn elements are fed into a monojulse
comparator via four rectangular waveguide sections. The signal paths to

g this point are not of exactly equal length; hence, low-loss diclectric

screws were introduced into the waveguide sections to adjust the phase
delay in each signal path to a single constant. That constant was deter-
mined by the relative phase of the longest signal path at the comparator
input port. An example of a wavequide section tuned in this way 1is shown
in Figure 3.

The monopulse comparator is a single unit of several waveguide

couplers. Signals received at the four input ports are combined to pro-

duce a sum, azimuth difference, and elevation difference channels. In-
put and output port views of the comparator are shown in Figure 4.

The completc antenna assembly for the small horn is presented in
Figure 5. The elevation difference channel is shown connected to a har-

monic mixer. The remaining channels are terminated in matching impedances.

III. Radomes and Mounting Hardware

—rm

Five radomes of tangent ogive shape were fabricated for usc
with the three antennas. Three radomes have fineness ratios of 1:1 and 1
three different base diamcters designated as small, medium and large. i

The remaining two radomes have medium base diameters with fineness ratios

of 1.5:1 and 2.0:1. Fiqure 6 and Table 3 present the radome dimensions

in freecspace wavelengths (A) and in inches (").
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Figure 6. Illustration of Dimensions of Tangent Ogive Radomes
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Small

F=1.0
A 0.1875
B 2.110
C 2.370
D 2.550
E 2.050

Table 3. Radome Dimensions in Inches.

Medium Medium Medium Large
F=1.0 F=1.5 F=2.0 F=1.0
0.250 0.250 0.250 0.375
3.440 5.250 6.940 6.318
3.825 5.663 7.540 6.875
4.015 3.993 4.000 6.910
3.510 3.497 3.500 6.410
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The radomes were machined from cylinders of Rexolite (o = 2.%4) .
r
The wall thickness for a'l! radomes was choson to be on the order of onc

wavelength in Rexolite at 3% GHx.  Thig thickness :rovided adeguate

strength and rigidity in the larger radomes and consiastent effocts for

all sizes.

The radomes were mounted to specially machined baseplates as shown

in Figure 7. The baseplates were then affixed to selected extensi 1 tubes

for mounting the radome over the selected antenna. A cylindrical hole
was machined in each extension tube to fix the angle between the radome
axis and the antenna axis to precisely 15°, and to accurately position
the antcnna inside the radome.

Additional mounting hardwarce was fabricated to allow the radome

with base 1late asscmbly to be rotated about the axis of the antenna as
shown in Figure 8. This hardware allowed for accurate positioning of the
tiy of *he radome with respect to the principal planes of the anterna to
facilitate boresight error measurcments. Provision was also made to ro-
tate the antenna/radome combination by any specified angle so tia!l creat
circle pattern cuts could be made using a single azimuth positionesr ro-

tating about a vertical axis.

V. Pattern Measurements

The far ficeld range facilitatres the measurement of microwave an-

BT N

Loennas with far fiold reaions oyt foor or less distant. For this jro-
1

qram, A mounting redestal owas baillt Lo aliow orientation of the antenna

ander test . The receiving (tost) podestal is supported by a Scientific

Atlanta horicontal cositioney uait, which can be positioned down range .
re bt oy oWt Gt a leve b horirontal track.  The trans- ;'

i

rittoner codorat o aliows ool ractment of she heiaght and nelarization of the :
f




ey

voligd,

Tton

[RSTE NG S0 RN

[RIRE
Hop e

81

L

| SRR

BRIt
M,;

+
i
t

T

e




1 Radome Locked in Vertical Position
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Rotation of Antenna with Radome lLocked in Vertical Tosition §

i Rotation of Radome/Antenna Assembly to Desired Polarization
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transmitting antenna (in this case, a 35 GHz horn). Signals received by
the antenna under test are heterodyned by the phase/amplitude receiver
(SA 1753) as the antenna under test (AUT) is rotated about the vertical
axis. FProm the received signal amplitudes, a 1 kHz AM signal is pro-
duced as the imput to the pattern recorder (SA 1522-40). The recorder
produces a 10" x 20" rectangqular plot of relative power one way versus
the angular position of the antenna. The angular movement of the re-
corder is directly linked to the test antenna positioner through a syn-
chro-transmitter-receiver feedback loop. No phase measurements were
attempted because of instabilities in the Klystron source and because
of the mechanical stability difficulties inherent at 35 GHz on an out-
door range.

To understand the pattern measurement procedure, consider the
initial position of the four-horn array (AUT) on the receiving pedestal
to be such that it is vertically polarized with respect to the horizon-
tal surface of the earth. The horizontal plane containing the axis of
symmetry of the antenna (z-axis) is the H~plane and corresponds to the
¢=0° and ¢=180° planes of the spherical coordinate system shown in
Figure 9(a). H-plane measurements were made by rotating the azimuth
positioner in the clockwise direction (Observer #l looking down on it),
starting from a position such that the antenna would be to the left of
Observer #2 standing upright behind the receiving pedestal and looking
toward the transmitting antenna at the other end of the range. When
the transmitting antenna is aligned rotationally about its axis to be
vertically polarized, the so called parallel polarization component
Vg in Figure 9(a) is recorded. By rotating only the transmitting an-
tenna by 90° clockwise (Observer #2) to yield horizontal polarization,

the cross polarization component V: in Figure 9(a) was measured.

15




(a) Antenna Coordinate System

0dB
H—Plane: ¢ = 0° ¢ = 180° 6 = —Omeas.
45°—Plane: ¢ = 45° ¢ = —135° 6 = —Hmeas.
E—Plane: = _gQo° ¢ = 90° 6 = Omeas.
—45%—Piane: ¢ = 135° ¢ = —45° 6 = —Omeas.
108 (1) 108
-40d8 1 1 J

PATTERN ANGLE Omeas.

(b) Relationships to Recorded Pattern Measurements.

FIGURE 9. Coordinate System Used for Antenna Pattern Measurements.
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The recorded pattern angle Oneas for the H-plane patterns measured
1l

during this program is exactly the negative of the polar angle § defined
in Fiqure 9(a). This statement is true for all pattern measurements, ex-
cept the E-plane patterns, and the relationships between the patterns pre-
sented in Appendices A through K and the antenna coordinate system are
summarized in Figure 9(b). These relationships are of critical importance
to ensure that accurate comparisons to computed patterns are made, es-
pecially when the radome is present.

The E-plane of the AUT is the vertical plane which contains the
antenna axis of symmetry; i.e., the yz-plane of the antenna coordinate
system shown in Figure 9(a). Pattern measurements in the E-plane were
made by first rotating both the AUT and transmitting antenna 90° clock-
wise (Observer #2 behind AUT). Pattern recordings of the parallel com-
ponent Vg of Figure 9(a) were then made as described above for the H-
plane. By rotating the transmitting antenna 90° (Observer #2), the cross
component Vﬁ of Figure 9(a) was measured. The relationships between the
recorded patterns and the antenna coordinate system are summa?ized in
Figqure 9(b).

Diagonal plane pattern measurements were made on the antennas
alone for modeling purposes. The planes are defined by ¢=45° and ¢=-45°
in the antenna coordinate system of Figure 9(a). The relationships to

the recorded patterns are shown in Figure 9(b).

)

The receiver used had only a single channel, and pattern measure-

ments on each channel (Z, AEL' AAZ) of each antenna were done one channel
at a time. The harmonic mixer was installed on the desired port of the
monopulse comparator. The other ports were terminated in matched wave-
guide loads. The mixer and loads were interchanged until all the channels

were measured.

17




All pattern measurements with the radomes in place were done in

the same manner as with the antennas alone. The radome under test was
always mounted so that its axis of symmetry made an angle of 15° with
the axis of symmetry of the antenna; furthermore, the radome was rotated
by angle a so that the tip was located in the ¢ = -45° plane of the an-
tenna coordinate system of Figqure 9(a). This position was selected to
produce measurable boresight errors and pattern asymmetries in both
principal planes. Boresight error measurements were later made as a
function of this angle a as explained in the next section.

Measured pattern data for the antennas alone are presented in
Appendices A, B, and C. Patterns with the radomes are presented in
Appendices D through K. Note that for these latter patterns, the pat-
tern of the antenna alone is shown as a dashed line for reference pur-
poses. Although some effort was made to show the relative gain and
boresight data correctly on these patterns, the boresight error graphs
presented at the end of each appendix and the measured relative gain

data presented below should be consulted as the final, correct data.

V. Boresight Error Measurements

When a radome is placed over the monopulse antenna, an error in
the boresight of the antenna on the order of a few tens of milliradians
may result. Electrical boresight is indicated when the antenna is posi- 4
tioned in the central nulls of the two orthogonal monopulse channels

(AEL' AAZ). This position of the antenna without radome is the true

boresight of the antenna.
Boresight error caused by the radome is defined here as being the
actual angular position of the target (transmitting antenna) in the coor-

dinate system of Figure 9(a) when electrical boresight is indicated in

18




the difference channels. For example, a positive boresight ¢rror in azi-
muth (elevation) would place the target in the ¢=0 planc (¢=90° j.lane)

of Figure 9(a). Equal, positive boresight errors in both azimuth andé
elevation sould place the target in the ¢=45° plane. Negative boresignt
errors may also occur.

Boresight error measurements were made during this investigation
using a precision milling machine rotary table as a turntable mount for
the receiving monopulse antenna and radome. Error measurernents were
made in the elevation and azimuth channels separately. Boresicgnt orroy:
in azimuth were measured by first positioning the monojpulse arra arnd
transmitting antenna on the far-field rance to yield vertical ;-1 :r...-
tion. The turntable was carefully rotated until electrical :xorci it 1o
the AAZ channel was indicated. The radome was then placed over the an-
tenna and positioned in the angle ao. The turntable was carefully ad-
justed to indicated electrical boresight in the AAZ channel. The borc-
sight error was then read directly from the vernier scale of the turn-

; were done similar-

table. Boresight errors in the elevation c..annel (AEL

ly by rotating both antennas 90° clockwise (Observer #1) about their
common axis of symmetry and repeating the above procedure.

The indication of electrical boresight was obtained using a
Hewlett-Packard 415 VSWR meter, crystal detector, and 1-kHz amplitude
modulation on the 35 GHz signal being transmitted. The detector was in-
stalled on the difference channel port of interest and connected to the
VSWR meter. The difference channel null position was determined by mca-
suring equal amplitudes on either side of the null as the turntable was
rotated about the null position, and then taking the average of the two

angular readings on the turntable vernier scale. This mcthod was adoptea

19
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vt ctowas lacoowve red toat such mMeasurements uoing the azinuth positioner,
crta receiver, and rattorn recorder yicelded o -atico results due to

Pt lovier inacouract

A« mentionaed above, *he radome mountineg bardware was machiined so

“hat toe radome axiso o

'

renopulse array axis of o symmetry (v-axis) . Also, the radome with baso-
Paze could be rotated about the z-axils of the ant.enna <uch that the ra-
Gme L1y could be rositioned to lic wnoany $=u :lane of Figure 2{b).

Bdoresiagnt error measurements were made as a function of

this angle a.
Frer o example, when a=9, the radome tip lics in the ¢=0 rlane of tince anten-

iy, causlng boresight error in azimuth but none in clevation duc to sym-

Totry.  When a=20°, no boresight error in the A channel would be ox-

&

cwcted (due to symmetry), but errors in /L. would crpected. For any

v
R

~tier value of 4, errors would be exjocted In bot: <hannels,

The measured boresight crrors for ti.: eilant antonna/radome com-
Dinations shown in Table 1 are vroesentod as t0 a0 {4 of cach of
Arrendices D through K. Each figure rresontc oy 00 orroy ararne an
aoimetn and in elevation.  For each gray v bhe s 0w 1s Pheangle o,
and the ordinate i1s boresight corror in degrees.  Measuronents were made
in10® incremonts in ow over the complet: ranac of zero to 360°. Ideally,
b boresight cerrors are  arlisymnetric ino- o witihooa "porioa” of leo degrees; .
L)
¥
cnce, the measured data over two periods rrovide an indi (tion of re-
i
vartabyl A consistency.
. . o ) e . . '
A rademc also causes a loss in on-axis gain of the sum channel of ;
H
»oomrnotulse antenna. The goin loss was measured ¢imisly by monitoring g

e s chanmec o sianal before aad after tio radome was installed. The

eccor e antonna and traromitting antonnag wero o alian <l Yor maximnum




received signal in the sum channel. Gain loss was measured at the four

angular positions a of the radome as presented in Table 4.




Tabh !

Antenna

Small

Medlium

b
e
a

Measured Loss
Antonna/Radome

Radomc
Small (F=1.0)
Medium (F=1.0)

Large (F=1..))

Medium (F=1.0)
Medium (F=1.07)
Medium (F=2.0)

Large (F=1.9)

Large (¥=1.0

(decibels)
Comiinations

w

ey

(392




APPENDIX A

Antenna Patterns of Small Array Without Radome
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Antenna Patterns of Medium Array Without Radome
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Antenna Patterns of Small Array with Small (F=1) Radome
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APPENDIX H

Antenna Patterns of Medium Array with Medium (F=1.5) Radome
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APPENDIX I

Antenna Patterns of Medium Array with Medium (F=2) Radome
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APPENDIX J

Antenna Patterns of Medium Array with Large (F=1) Radome
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APPENDIX K

Antenna Patterns of Large Array with Large (F=1) Radome
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