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Page 38, Eg. 3.3 should read

2
2 ko PP

p2 + 4f2

A¢=-

Eg. 3.4 should read

£ 2§t (a2 & 4£2y 172
a
Pg. 39, Line 5 after Eq. 3.6
2
8 = kpx°/(x + 16£°/D°)

Pg. 40, Eg. 3.9, The real parts of the expression for E(u) for the

¢ = 0 and ¢ = m/2 planes should be transposed - thus

2 2 2 :
E(u) = Io - 0.75 vy 12 -y I4 - 0.25 vy I_ - ]Y(Il+I3), ¢ = 0 plane

6

2 2 ‘ i : : T
I, -0.75Y71, + ¥ I, -0.25 y' I =3y (I;=I5), ¢ = 3 plane

Pg. 40, 1lst line after Eqg. 3.10 should read
where Yy = kop and
Pg's. 40-41, Eg's. 3.11b, 3.1lc, 3.11d, 3.l1lle and 3.11f

The denominator in the integrands should read

x> + 16(£/D1>

With the exception of the error in Eq. 3.9 these errors are typographical
and do not effect the numerical calculation. However, because of the error
in Eq. 3.9, Fig's. 3.8 and 3.10 on pages 43 and 44 are in error. Corrected
Figures are supplied to replace them.

The author's appreciate these errors being brought to their attention
by Dr. Levent Ersoy of the Ford Aerospace and Communications Corporation.
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CHAPTER I

GROUMD STATION ANTENNA SIDELOBE REQUIREMENTS

FOR THE 12 GHZ. SATELLITE BROADCASTING SERVICE

The eventual direct transmissgion of television signals from synch-
ronous orbit satellites to the home consumer depends on the development
of low cost ground staticons suitable for %nstallation on the consumer's
premises. Microwave technol?gy has advanced to the point where, with
mase production, Such low cost receiving stations are feasible. A major
factor that has helped to bring this about is the development of highly
efficient high power traveling wave tubes sultable for use_in a satellite.
A. clear examplé of thisg technology is the Communication Technology
Satellite (CTS) launched by_NAéA which uses a 200 watt traveling wave
tube. The (TS system produced at 58.9 dB signal to noise ration (CCIR
weighted) when used with a 27 mhz. bandwidth FM television signal, a
receiver with noise temperature T = 800 degrees, and a 16 foot ground
;tation antenna (1). With a 4 foot ground station antenna a signal to
noise ratio of 46.9 d4d8. would be cobtained and this is sufficient for a
high guality television picture in. the absence of interference from signals
transmitted by other nearby satellites.

There is omrly one synchronous orbit so one can readily appreicate
that eventually all satellite space in this orbit will be utilized.

For efficient use of the space in the synchronous orbit it is important

to space the satellites as close together as possible. However, becausa



the available frequency band is limited a serious problem of inter-
ference from adjacent satellites .transmitting on essentially the

same- frequency axises. In general this leads to the requirement

of very low sidelobe levels for the ground station antenna in oxder to
discriminate against unwanted signals that could be-received from.a
direction coinciding with a sidelobe peak. If all sidelocbes can be
kept below a certain minimum vaiue such. that interference signals from
adjacent satellites are sufficiently discriTiﬁated aggiﬁst the satellite
spacing will then be limited only by the main lobe ‘angiilar width of the
érouﬂd station antenna and maximum space utilization of the synchronous
orbit will be achieved (2). In practice some margin must also be
allowed for antenna pointing error.

A number of studies have been carried out to determine the toler-
able level of interference for FM television signalg. (3-7). The degree
of interference perceptibility depends on the amount of thermal noise
present and permits a higher level of interference when the picture
is degraded by the presence. of thermal noise. Thg guidelines suggeésted
by CCIR is expressed in terms of a protection ratio PR‘Which in turn
is related to a protection constant PC as follows (558,9){

PR = PC - (49-8/N) S/N < 49 dB.

(1.1
PC S/N > 49 dB.

where all gquantities are expressed in decibels and 5/N is the peak-peak
luminance signal to RMS thermal noise ratio. Figure 1.1 shows the

required protection ratio as a function of S/N for various FM bandwidths.



These protection raFios will result in just percegtible interference
during less than 5%‘éf thg:time._ Since it can generallg be expected
that S/N wil]l equél ?9 dB. or more the required protection ratio will‘
equal thg Erotection constant. Thug, for example, a * 8 yhz. band-~
width F@ t;levision signal will require the level of_iﬁterfg;ence to
be 36 dB. below the desired signal. It is apparent that Fhe sidelobe
level of the ground station antenna should be at least 36 dB. below

the main lobe in order to provide adequate discrimination against

unwanted signals for FM television broadcasting with bandwidth as low

as 8 mhz.

dB.

Af = 8 mhz. 36 dB

Af 16 mhz. 30 dB

Af = 35 mhz. 27 @8,

Protection Ratio - dB

40 45 50 55 dB.
Video S/N

Figure 1.1 Protection ratio as a function of video signal

to noise ratio.
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The currently available low cost ground station paraboloidal
antennas for the 12 ghz. band and in the 4Afoot and é foot diameter
size have near-in sidelobes in the range of -20 dB. to =25 dB. and
therefore do not provide sufficient attenuation of unwanted signals
in the sidelobe region. For éﬁmmunication system planning CCIR has

given a model antenna pattern specified in dB. by

G =0, 0 6 <8 /4

<

— o .

2

-12 (8/8 )" @B., 8 /4 <8 <8 /Y2

~[9+2010g 8/6 _1dB., eo//i <8< 12.26 6

-[8.5+25 log 6/6_1 @B., 1.26 6_< 6 < 15.14 6_

- 38 dB., 8 > 15.14 60 ) (2.2}

where Bo is the half-power antenna beamwidth. The curxently available
low cost antennas usually come close to meeting the reguirements of
this model pattern.

As noted there is a need to reduce the sidelobe level below
that of currently available low cost antennas in oxder to permié
closer spacing of the satellites in the synchronous orbit. The
objective of the work described in this report was to examine various
known sidelobe reduction technigues and specifically te shoose a
technique that would reduce the sidelobe level by a modest 5 dB. below
that of the CCIR model pattern for detailed study. The method selected

was to use a new type of prime focus feed as described. by Kumar (10).

This feed produced in .excess of 20 dB. of taper over the paraboloidal



aperture and resulted in sidelobe levels of 5 dB. or more below that
of the CCIR model pattern when used with a commercially available

4 foot diameter paraboloidal. An important experimental finding

of this study was that in order to achieve sidelobe levels below

~-30 dB. the paraboloidal surface contour had to be accurate to within
about one thirty second of a wavelength.

A factor that simplifies the antenna design is that ail satellites
in the synchronous orbit lie very close to a single scan plane of the
recelving antenna. Hence it is only necessary to achieve low sidelobe
levels in a single scan plane., Figure 1.2 illustrates a number of
satellites in the equatorial or synchronous orbit with satellite s

located at a leongitude ¢s relative to a ground station.

4
o -1
1
Ground
-Station L Re
Ipem
- Satellites,
n.
i r
>
Ri P,
a4 ¢ ¢s
x %o o & *

Figure 1.2 Satellites in an equatorial orbit.



Figure 1.3 shqws the.azimuth and polar positions ¢ and € of a satellite
located at ¢s as seen by a ground .station antenna located at a lati-
tude of 41.5° kCieveland} Ohio location) and having its antenna pointed
at a satellite witﬁ relative\longitude ¢i of 0° or 30°. As may be

seen from Figure 1:3.all viewéble satellites are within 10° of a fixed
scan plane of the recéiving antenna, in particuiar for gatellites
within + 20° of the desired satellite being viewed, the satellites are
less than 2° away from ; fixed scan plane of the recejving antenna.
There is a small polarization mismatch introduced between satellites
not in the liné of sight direction from the ground station and the
receiving antenna, but ;h;s effect is small as shown in Figure-l.ﬁ.

The derivation of the formulas leading to the results shown in °
Figures 1.3,aﬁd i.4 is given in Appendix I.

Chapter IT of this report réviews past work on sidelobe reduction
techniques as applied to paraboloidal antennas with the emphasis placed
ont prime focus feed design. Cﬁaptex 11X describes the Kumar feed which
was chosen for a detailed evaluation. Balso discussed in_this chapter
is the effect of certain types of systematic paraboloidal contour
errors on thevgidelobe level of paraboloidal antennas. Chapter IV
presents experimental results obtained using a Kumar feed and com-
mercially évailable 4 and 6 foot diameter paraboloidal reflectors.

The f£inal chapter, Chapter V, summarizes the findings and makes

a number of recommendations for future consideration and investigation.
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CHAPTER = 2
REVIEW OF PAST WORK ON SIDELOBE REDUCTION TECHNIQUES

2.1 Introduction

The evaluation of the far zone radiated field from a paraboloidal
reflector anteﬁna may be done in terms of the induced currents on the
paraboloidal surface or in témms of the tangential electric field
distribution over a plane aperture surface in front of the reflector.

In either case, éhe induced currents or aéerture field is de£ermined
using rgy‘optics.concepts. For parabeoloids that are many wavelengths in
diameter both methods yield essentially the same results and are gene-
rally considered to give accurate results for the main diffraction lobe
and the near-in sidelobes. For a linearly polarizéd aperture field
.described by a fuﬂctipn f{p,9) it may be shown that the radiated electric
field is given by (11,12)

ik jkopsinecos(¢r¢').

N > ~jkbr 2% ra
E(r) = oy COs 6 e J J fip,d")e ) pdpdé"'
0 0

(2.1)

where ko = 2w/lo, lo the wavelength, a is the radigs of the aperture,

and § is the polar angle and ¢ is the azimuth angle shown in Figure

2.1, fthe integrél is a two dimensional Fourier transform of the aperture
field and consequently the radiation patterh, including the sidelobes,

is detemmined by the aperture field distribution function fip,¢), I

.the aperture field has circular symmetry (2.1) beccmes



FPigure 2.1 Paraboloidal Antenna

E(;) = —2 cos e

ik -k ¢ a
mj
2nr

£ ] .
{p) Jo(kopsm 0) pdp {(2.2)
where Jo is the Bessel function of the first kind and order zero.

. The maximum power flux per unit solid angle occurs at € = 0 when

f(p) is a real function and is given by

2
k :
P= o2 | f £(p) pdp 1° (2.3)
27 :
o 0

where Z; = 377 ohm§ is the intrinsic impedance of free space. In order
to estimate the gain or directivity of the antenna, it is commonly
assumed that the aperture field is well approximated by a plane wave
and the total power through the aperture surface is evaluated by the

following expression:



a 21
oz 2
PL= 5 f J |£(0.$) | pdp (2.4)
°© "o o

The directivity D of the antenna is' then given by

a
( [ £(p)pap)”

p=ar 2 = &7 0 (2.5)
Pr A2 a o .

) I £ (p) pdp

o .

forqancircular symmetric aperturé field. In the case of a uniform
aperture field bm =(4ﬁ/lg)na2-and this represents the maximum directivity
obtainable from all censtant phase aperture fields. The ratio D/Dm
gives the aperture illumination efficiency.

The sidelobe level is primarily determined by the aperture field
distribution. By tapering the aperture field towards the edge lower
sidelobes are obtained but at the expense of reduced diéectivity. Other
factors that play a significant role in determining the sidelobe'levei
below -30 dB. are feed blockage, scattering from the feed support struc-
ture, and error in the countour of the reflector surface. The overall
antenna gain is influenced by the aperture illumination efficieﬁcy, feed
spill over loss, cross-polarization loss, and feed chmic losses. 'The
design of an antenna with low sidelobes must take all of these factors
into account as well as those pertaining to mechanical simplicity and
low cost.

There are essentially two approaches that may be followed to reduce
the sidelobe level. One is to design a feed that will produce an aperture,
field diétribution that results directly in a radiation field pattern with
low sidelobes and the other is to modify the reflector surface in such a

way that a cancellation of undesired high level sidelobes is achieved.

10



Both of these approaches have been investigated by many authors and this

work is reviewed in the following sections.

2.2 8idelobe Reduction By Amplitude'Tapering

It is well known that the sidelcobe- level can be reduced by tapering
the aperture field distribution towards the.edge of the aperture (Il).
Paraboloidal antenna feed systems are cammonly designed to broduce from
10 éo 12 dB. of tapering at the edge of the reflector since this leads
to maximum gain. By increasing the taper beyond this value the illumina-
tion efficiency decreases faster than theé reduction in spill over loss
so'the overall gain decreases. The amount of "taper alone does not
determine the sidelobe ‘level that can be achieved or the resultant gain
since this depends on the amplitude variation across thé whole apeitﬁre.
Some feed designs producing the same amount of edge taper will yield
higher illumination efficien;ies, and thus a larger gain, as well as
lower sidelobe levels and cross polarization. Various models for Ehe
amplitude distribution over a circular aperture have.been studied aﬁd
these serve the useful purpose of indicating typical results that could
be expected in practice. Two models are described below in order to
illustrate the need for a relatively laxge amoint of tapering in order
to achieve sidelobes below -30 dB. ‘These models also show that the.
loss in gain incurred by increasing the taper to 20 dB is not serious.

The properties of a circuiar aperture with a truncated Gaussian
amplitude disfribution of the form

£(0) = e ® ,pc<a (2.6)

was first studied by Ramsay (13}. Further calculations of gain, sidelobe

11



level, illumination efficiency, etc. using this model have been carried
out by Goebels, et. al. (14): The regults of this invesﬁigation are’
shown in Fig's.. 2.2 and 2.3" ag a function of edge taper-im dB. The

edge tapef is given by

- 20 log [£(a)/£(0)] = a.a2 log e (2.7)

Figure 2.2 shows that maximm efficiency, and hence gain, occurs
for lOlto 12 dﬁ. of taper; With 20 dB. of taper the loss in gain is
about 0.6 dB. Figure 2.3 shows that 20 dB. of tapering will %ield a
first sidelcbe below - 40 dB. and a second sidelobe below - 35 GB.

By contrast with 10 dB. of tapering both the first and second ;idelobe-
ilevels are above ~30 dB. Thus increasing the amount of tapering'from ;
‘16 dB. ta 20 dB: reduces the sidelobes to below ~ 35 dB. a£ a penalty
of a modest 0.6 dB. loss in gain.

A second model that yields similar results are aperture fields

described—by the following family of functions:
2,2
£(p) =2 + (1-3) (1 - p°/a")" (2.8)

The constant A determines the amount of edge taper and n controls the
rate of tapering. FEigure 2.4 shows some results obtained using this
model (2). With 20 dB. of taper i.e. A = 0.1, and n > 2 sidelobes
below -35 dB. are obtained. Again the loss in gain in increasing.the
taper from 10 dB. to 20 dB. is less than 1 dB.

From a theoretical point of view it appears that the use of a feed
producing around 20 dB. of taper in the aperture field distribution can

reduce the sidelobe level to below -35 dB. In practiée, other factors

i2
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2
distribution A + (1-3) (1-r")"

enter ih that result in higher sidelobe levels and lower gains than
those predicted by these ideal models. Aperture field phase errors
introduced by errors in the reflector surface contour and feed posi~
tioning errors will increase the sidelobe level and reduce the gain.

The presehce of cross-polarized radiation will alsoc reduce the gain.

2.3 Prime Focué Feeds

A common type of prime focus feed of World War IT vintage is the
"button-hook" waveguide feed (11)}. With this type of feed the wave-
guide may be flared at the end into a sma{l pyvramidal horn in order to
increase the aperture field taper. This type of feed is often used in
currently produced low cost antennas. Generally this type of feeé

produces a fairly high level of cross—-polarized radiation in planes

15



45° to the principal E and H-planes of the antenna. When it is designed
to give about 10 to 12 dB. of.taper the sidelobe level is around ~22 dB.
The design of this type-of feed is treated in detail in a paper by Rudge
and Withers (15).
A considerable amount of work has been carried out in recent years
on improved designs for prime focus feeds. A comprehensive and detailed
review of much of this work has been given by Clarricoats and Poulton (iG)
and hence the review given here will be.quite brief., The fheoretical
basis for much qf the new developments on prime focus feeds was éarried-
-out many years ago. Rumsey investigated the requiremenfs for a circular
horn to yield equal E and H-plane beamwidths and pure circular or linear
polarization (17). It was found that the field in the horn was a
combination of the TE and TM modes, i.e., a hybrid mode, with boundary
conditions that cannot be satisfied by a perfectly conducting surface.'
‘By using a corrugated surface the required surface impedance boundary
condition could be established. Minnett and Thomas further substantiated
the need for hybrid modes in a conical horn in order to achieve equal-
-E and H-plane patterns with no cross polarization (18,19). Their approach
was to examine the structure of the field in the focal plane when a linearly
polarized plane wave is incident on the paraboloid along the axial direction.
Prior to the above work Kay described a corrugated gonical horn with the
desired radiation properties and referred to this as a scalar feed .(20).
Potter also showed that ﬁybrid modes in a conicél horn would produce a
rotatiohally symmetric pattern with low sidelobes (21).
A number of investigators have further developed the theory-and

design of hybrid mode horns and corrugated conical horns and circular

16



waveguides for use as prime focus feeds. A dual mode horn for use in
sattllite systems was described by Ajicka and Harry {22). The use

of several modes in a circular waveguide to control the radiation
pattern was described by Ludwig (23). It was shown that a feed

using four modes and illuminating a paraboleid with angular aperture

of 120° gave an experimental efficiency of 82% (including spill over
losses and apexturé blockage). The optimization of corrugatéd feed

horng was treated by Vu (24). HNarashiman and Rao presented solutions

for hybrid modes in conical cofrugatea horns (25). Knop and Weissenforth
showed that a corrugated .circular waveguide excited with a hybrid HEll
mode resulted in a feed with highexr efficiency and lower cross polariza-
tion than a conve;tional circular waveguide feed (26). An experimental
model of a low noise dual hybrid-mode corrugated ﬁorn was described by

Vu and an overall antenna efficiency of 80% was achieved including a

spill over loss of 3.5% (27}. A detailed study of the properties of
corrugated feeds was carried ont by Clarricoats and Saha (28). The
diffraction patterns of wide flare angle horns of this type was also
studied by Naraéimhan and Rao {(29). The theofetical performance of
paraboloids using hybrid-mode prime focus feeds was studied by Thomas (30)
as was the bandwidth properties of corrugated'éonical horns (31).
Narasimhan and Malla have described a method to calculate the horn flare
angle in order to achi?ve a specified sidelobe level for a :paraboloid

with a given £/D ratio {52}. A high efficiency corrugated coaxial

conic$1 horn for use as a feed hag been described by Vokurka (33). The

use of a high efficiency scalar feed for a.communication antenna is

described by Kosky and Calla (34}).

17



The above review of work .on corrugated horns and waveguides is not
exhaustive but is representative of what has been acﬁieved. It has
clearly established the principle that for low cross-polarization the
xadiation pattérn must have rotational symmetry. This implies equal E
and H-plane patterns. Thé feeds that will produce these characteristics
must generate hybrid-modes in the feed aperture plane. By an apéropiiate
combination of hybrid modes high aperture illumination efficiencies and
low spill over can be achieved. Low sidelobes can be'acﬁieved in a
paraboloidal antenna system by using an adequate amount of tapering,
i.e., a highly directive feed. The use of corrugated circular waveguides
or con%cal horns is one general approach to feed design that.allows‘the
desired results to-be obtained. Useful design data for conical corrugated

: horns h;s been compiled by Chan (35). The cross section of a typical

corrugated conical horn is shown in Figure 2.5.

Figure 2.5 Cross-section of a corrugated conical horn.
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In more recent years the research effort on feeds has shifted in
the direction of developing simpler coaxial circular waveguide structures
that will generate the appropriate mixture of hybrid modes in the
aperture of the feed to yield the desired radiation pattern for illu-
minating paraboloidal reflectors. A number of relatively simple coaxial
type structures have been develcgped thaé, when experimentally optimized,
have lead to useful prime focus feeds.

Koch designed a coaxial type feed that could produce an aperture
efficiency as high as 80% (36)}. The feed resulted in cross polarization
not exceeding -40 dB. in the E and H-planes and below -35 dB. in the 45°
planes. Scﬁeffer designed a simpler coaxial feed that theoretically
would also give an aperture efficiency of 80% with a paraboloid having
an angular aperture of 140° (37). The actual measured efficiency was
70% which is higher than the the;retical value of 63% for a simple
circular waveguide excited with the.TEll mode and used as a feed.

Figure 2.6 illugtrates one of the coaxial tyvpe feeds considered by
Scheffer and the resultant feed radiation pattern. The pattern is
characterized by a dip in the axial direction and this results in a
more uniform overall aperture field distribution over the aperture of
a parabolgid reflector for a given amount of edge téper. In Figure 2.7
the theoretical aperture efficiency for coaxial type feeds is shown as
a fgnction of the angular aperture (calculations by Koch and for Hll
mode excitation). It is noted that the largest increase in efficiency
occurs in adding one ccaxial ring to a circular waveguide. Additional
rings improve the efficiency further but the increase for each additional

ring added is less. By using multi-mode excitation even higher aperture

efficiencies, are cbtained.
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In order to evaluate the potential of a Scheffer type feed for
producing low sidelobes when used with a 4 foot paraboloid with £/D
egual to 0.375 the published radiation pattern was converted to an
amplitude pattern and this was then converted to an aperture field
digtribution by multiplying by the inverse distance space attenuapion
factor. The resultant aperturd field distribution is shown in Figure
2.8 and produces an edge taper of 20.9 db. The radiation pattern was
computed numerically using {2.2) and the aperture efficiency was calcu-
lated by means of the method described in Sec. 2.1 of this report.

It was found that the aperture efficiency was 64% when spill over
losses were neglected. With more than 20 dB. of edge taper the spill
oéer ioss would be very small. The computed radiation pattern is shown
in Figure 2.9 and shows a.maximﬁm sidelcbe level of -31 dB. Thaese
resalts show that low sidelobes cah, in principal, be Qﬁtained without a
large sacrifice in overall antenna gain. In addition low cross polari-
zation would be obtained because of the inherent circular s&mmetry in
the feed radiation pattern.

Xamar has developed several coaxial type feeds that are useful
for prim; focus feeds. One feed developed by Kumar is similar to the
feed described by Scheffer (38). In another design a series of corru-
gated rings are placed arcund the outside of ; ¢ircular waveguide‘(39).
A third design incorporated a dielectric rod extending beyond the front
of a'circular waveguide along with a coaxial cup around .the ocutside (10).
This latter type feed was the one chosen for use in the exXperimental

work reported here and ig described more fully in the next chapter.
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Figure 2.8 Computed aperture field distribution for the Scheffer
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Figure 2.9 Computed radiation pattern for a circular
aperture with amplitude distribution shown

in Fig, 2.8 (Scheffer feed).
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A circular waveguide feed with four choke type outer rings has been
studied by Wohleben, Mattes, and Lochner (40). This feed is similar to
the one described by Kumar and is useful for paraboloids with £/D less
than 0.35. Choke type flanges have also been used to improve the per-
formance of pyramidal hoxns (41}).

A type of- feed that is of interest from the point of view of not
requiring support rods is the splash-plate feed. Very little work on
feeds of this type has been. carried out although there has been some
recent attention given to splash-plate feed design(41,42). 2a major
problem with splash-plate feeds is the difficulty of obtaining a low

VSWR because of strong reflections back into the feed waveguide.

2.4 Absorber Arrays and Phase Reversal Plates

When the' objective is to reduce the sidelobes in a single scan plane
of the antenna an alternative method to reduce the sidelobes is to intro-
duce some modification in the reflector surface such that a éancelling
field is radiated. The viability of such a method depends on the amount
of sidelobe cancellation required and if one degign is to work for a series
of-éntennas of a particular type the manufacturing tolerances must be such
that the sidelobe patterns are reproducible from one antenna to the next.
In general this tends to place a requirement on the antenna tolerances that
are just as stringent as those reguired for low sidelobes using a feed
producing a large edge taper. Also the loss in gain is about the same as
that which occurs by increasing the edge taper to 20 dB. In principle,

reflector modifications can be introduced that cancel or reduce the side—

lobes in more than one plane but the design of such systems can become quite
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complex if the sidelobe pattern departs appreciably from one with circular
symmetry. The two simplest modifications that can be made consists of the
use of absorber pads piaced on the reflector surface or the use of small
reflector plates located an effective quarter-wavelength in front of the
paraboloidal surface so as to introduce the required 180° phase change.

The use of absorber rings on a paraboloié to reduce the sidelobe
amplitude was considered by Goebels et al (14) but the most extensive study
of the use of absorber pads in a two-element array configuration was carried
out by Albernaz (2,44). The configuration considered by albernaz is illus-

trated in Figure 2.10. It consists of two pads of absorbing material whose

(a) (b)

Figure 2.10-{a) Edge view of absorber pads on a paraboloid reflector,

(b} Projection of absorber pad area onto aperture surface.
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projected dimensions on the aperture surface are b', c' and with a center-
to-center spacing of 2d4. The effect that these absorber pads have is to
reduce the amplitude of the aperture field to zeronover the projected
area Sa of the absorber pads. This change in the apgrture field distri-
bution results in & modification of the original radiation field that may
be determined by computing the fiéld radiated by two pads with an amplitude
distribution which is the negative of that existing over the area Sa in
the absence of the pads and aﬁding this to the original unperturbed radia-
tion field.

The field radiated by the absorber pad array may be computed using

{(2.1) and is given by

jk -jk x jk_x+ijk v
7y = - © o X Y
E(r) = Sae O 8 e . J [Sa flx,v)e dxdy (2.9)
where kx = ko gin 0 cos ¢ and ky = ko sin 6 sin ¢ . If the original side-

lobes are at least 25 dB. below the main lobe the size of absorber pads
needed are small enough that f(x,y) may be approximated by its value at

the center of each pad. Thusit2.9) reduces to

1 - T
N 3k ~ik ‘sin k -123 sin k_ z
— - -t L
E(x) omr COS 8 e 2btc f(xo,O) , B’ . o
x 2 Y 2
X cosg kx ad {2.10a)

In the xz or ¢ = 0 plane this expression simplifies to

5 jko —jkor s:i.n(k.0 g—sin 8}
E(r) = - ——cos 0 e 2btct £{x ,0) cos(k d sin B)
2mxr [e} b | o)
k. 5-51n 8

(2.10b)
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The significant factér-in this field pattern is-the two element array
factor cos(kod sin 8) which produces an essentially cosinusoidal
oscillation in the pattern. The spacing d must be chosen such that
the period of this oscillation will result in the absorber array field
to always.add'out-of phase with the original sidelobe pattern. It is
generally not possible to achieve complete alignment of the pgaks of the.
absorber array pattern with those of the original sidelobe pattern.
The envelope .function s:i.n(ko gfsin 6)/(kO %fsin 8) represents a rather
broad lobé when b' is small and will reudce the absorber array pattern
to zero at sin 6 = lo/b' . Beyond this angle-the absorber, array field
.remains small. The f£ield from the absorber array aiopg the boresight
direction & = 0 always subtracts frum the original field and thus
reduces the gain of‘the antenna. Since the power radiated by the feéd
has not changed by using an absorber array the -loss in gain can be com-
puted directly in £erms of the reduction in the field along the bore-
sight directicn. As‘an example, consider an antenna with a normalized
maximum radiated field amplitude of mwity. A close-in sidelobe.of -23 dB.
would have an amplitude of.0.0707. In order to reduce this sidelobe to
a level of - 36 dB. (normalized amplitude of 0.0158) a cancelling field
of'amplitude 0.055 is required.‘ This results in a gain reductim by a
factor 0.94‘52 = 0.89 or 0.49 dB.

In oxder to illustrate the design procedure for an absorber array
consider a circular aperture with an aperture field distribution.
0.316 + 0.684 (1 - pz/az)2 corresponding to 10 dB. of edge taper. The

nprmalized radiated fiéld is
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a . 2
_ 2w . _po,2 .
B = 0.427 I [0.316 + 0.684 (1 - =371 p J_(k_p sin 8)dp
° a
2 J, (u) J,, (u)
_ 27a 1 2
= S%= [0.316 + 5,472 3 ] (2.11)

where u = koa sin 6 and 0.427 is a normalization constant. The corres-

ronding absorber array pattern is given by

2 sin u b

a2, 2p'c? n Y 5a

2 0.427 b!

a u —
2a

EA = - [0.316 + 0.684 (1 -

cos u 4 (2.12)
a

The sidelobe pattern from (2.11) is shown in Fig. 2.11 along with .the
absorber array pattern ané the resultant ccmpegsated pattern. The radius
a was chosen as 0.5m and the spacing 2d was chosen equal to %a/2.5 in
order to align the absorber array pattein with the sidelobe pattern for
the two nearest sidelcbes. A maximum normalized absoxber array field
aﬁplitude of.0.04 was chosen so, from (2.12}),

0.427 % 0.04

ble' = 5 "= 0.0151

2[0.316 + 0.684 (1 — —";—5 )2 1

For b' = ¢' it is then required that each pad be 12.27 cm. on a side.
For this example, the first sidelobe is reduced from ~ 27 dB. to -35 dB.
and the second sidelobe is reduced from - 30.5 dB. to — 40 dB. However
since the lobe alignment is not perfect the 3rd and 4th sidelocbes are
increased to about - 28 dB. The loss in gain is 0.3% d@B. If the ampli-
tude of the compensating field is reduced by a factor of two then the

first sidelobe is reduced to - 31 dB. and all other sidelobes remain
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below this level. This example shows that for g simple two-elemént
array it is usuvally difficult to reduce the first few sildelobes by
more than a few dB. wifhout increasing the further out sidelobes t?
undesirable levels because of not being able to align all of the
absorber array lobes with the sidelobe peaﬁs to achieve cancellation
for all lobes. In principle a multi-element absorser array could bhe
designed to achieve better overall cancellation but at the expense of
greater complexity.

It should be ¢lear that absorber arrays produce f£ields that are
either in phase or out of phase with the field in the boresgight direc-
tion. Thus, if some of the sgidelobes have a significéntly different
phase because of phase errors introduced from contour errors in the
reflector oy feed displacement from the foous the degree of cancella-
tion wil} be less. -

The use of microwave absorber pads in practice would require a
radome covering since the absorbing material is not very resistant to
weathering. &an alternative to the yse of microwave absorber pads is
the use of small reflectq; plates of thickness £ as shown in Figure
2,32, Iin oxder to achlieve a phase reversal in the radiated field the

required thickness t must be chosen according to the relationship

P

o [
£t = 2 gea £y {2.13)

as reference to Pigure 2.12 shows. Since the reflactors do not absorb
the incident radiation but re-radiates it with a phase reversal the

compensating field is twice as large as that produced by absorber pads
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with the‘same area. Consequently the field radiated by two.phase rever-
sal plates in an array like that shown in Fig. 2.10 is given by (2.10)
multiplied by & factor of two. Reflector plates can also be used to
produce a compensating field with arbitrary phase by- choosing the thick-
ness t appropriately. The plates can, of course, be méde from sheet
metal and mounted to tﬁe paraboloid surface using spacers. Because of
diffraction effects, (2.10) should be regarded only as a first approxi-
ﬁation‘to_the field radiated by the reflector-plate array, particularly
for small plates.

Williams considered the use of phase’reversal aperture rings to
reduce the close-in sidelobes for paraboloids with circularly symmetric
illumination (45). He noted that it was difficult to cancel several
lobes uging a single ring (equivalent to using a two-element reflector-
plate array for sidelobe cancellation in a single plane). By using a
combination of four rings the first three gidelobes .could be reduced
to below -37 AB. but a far cut sidelobe of - 28 dB. was then produced
and the loss in gain was 2.2 dB. Williams suggested the use of a wave-
guide lens with i80° rhase shifters in the appropriate waveguide sectioﬁs
as a means of implementing the concept. A simpler way would be to place
rhase-reversal riﬁgs of.the correct thickness t on the paraboloid.
Figure'Z.lz can be viewed as a cross-section of a paraboloid with one

phase-reversal ring.
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CHAPTER 3

KUMAR FEED AND THE EFFECT OF PARABOLOIDAL CONTOQOUR ERRORS

3.1 FKumar Feed

Thé dbjecéive of the work undertaken was to choose the most promising
method to achié;e sidelobes at least 5 dB. below the Célgﬁmodel patterns.
§f£ér evaluating the existing methods for sidelobe reduétion_iF.was con-
cluded that the most promising approach was to use a high effi-ciency
hybrid-mode feed producing arourid 20 dB. of edge taper.- The two’para—
boloidal reflectors that were to be used had a £/D ratio equal to 0.38
and hence an angular aperture of 133°. The Kumar Ffeed as described in.
the literature (10) appeared@ to have the desirgd radiation pattern and
met the requiremént of also being simple and economical to fabricate.

A simplified drawing of the Kumar feed is shown in Figure 3.1. The
dimensions were obtained by scaling the feed dimensions given by Kumar for
operation at 8.86 Ghz. to a new frequency of 12.1 Ghz. Thus all dimensions
were reduced by the factor 8.86/12.1 = 0.7322. The feed consists of a
circular waveguide with a protruding dielectric rod and a coaxial cup
placed around the protruding.dielectric rod.

The radiation pattern; as measured bf Kumar, at a frequency of 8.5
Ghz. is shown in Figure 3.2. The cross polarization was measured and
found to be below -33 dB. It was also found that the feed had a constant
and eqﬁal E and H—piane phase center for‘polar angles up to 70°‘of£ axis.

The phase center was 0.005m behind the front surface of the coaxial cup..
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Figure 3.2 Radiation pattern of Kumar feed (10).
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In order to evaluate the_pétential use of the XKumar feed the
%published radiation pattern was converted é; an amplitude pattern and
after multiplying by the inverse distance attenuation factor the aper-
ture field distribution was found to be described with good acéuracy by
the following polynomial

£(x) = 1 - 3.15x> + 3.88x~ - 1.655x° (3.1)

where x = p/a is the normalized radial coordinate. The radiation
pattern from this aperture field was evaluated numerically using a
TI-59 programmable calculator (see Appendix II) and is shown iﬁ

Figure 3.3. The pattern function can also be found in analytical form

and is given by

-0

Pattern Envelope

L
|

Figure 3.3 Computed radiation pattern for Kumar feed.
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1 7, () I,
j fx) x J {ux)dx = 0.075 + 0.71

o u 2
o N+

7, () T,
- 8.68 3 + 79.44 7 (3.2)
u u
This expression was evaluated at selected points and verified that

the numerical evaluation was accurate to within a small fraction of a
dB. The computed radiation pattern shows that the iargest sidelobe is
-36.7 dB. below the main lobe. The 3 dB. beamwidth is 1.7° and the
computéd apert;re efficiency was 60.75%.

A series of‘pattérns were measured for the Kumar feed shown in
Figuie 3.1 at a frequency of iz Ghz. and for various positions of
the dielectric rod. The measured H-plane patterns are shown in Figure
3:4.andashow that the gatterns Bﬁoaden as the dielectric rod is moved
further out from the circular waveguide. The E-plane patterns are
shown 4n Fig. 3.5 and were found to be essentially indepéndent of the posi-
tion of the dielectric rod. Equal E and H7plane‘patterﬁé are obtained
when the dielectric rod is positioned ac;or@ing to the design value
shown in Figure 3.1 (approximately 4.8 mm (3/15“)) as may be seen by

reference to Figure 3.5.

Il

3.2 The Effect of Paraboloidal Contour Errors on Sidelobe Level

When the radiation patterns of a 1.22m (4 foot) and a 1.83m (6 foot)
paraboloid reflector illuminated with & Kumar'ﬁeed were measured the
sidelobe level was much higher than expected and the main lobe was con-

siderably broadexr at the base than the theory predicted. The paraboloids
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Figure 3.5 Measured E-plane pattern of Kumar feed at 12 Ghz.
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were subsequently checked for accuracy using a template and it was
discovered that‘there were significant errors in the overall contour in
different cross sections. In particular it was found that bofh para-
boloids, as receivéd, had rather large "clam-shell" distortion. Clam-
shell distortion manifests itself as an opening up of the paraboloid

in one plane and a closing up of the paraboleid in the'o;thbgonal Cross
section., The effect is to increase the focal length in one plane and

to decr‘ease it in the orthogonal plane as shown in Figure 3.6. This

type of distortion may occur during shipping if the paraboloid is dropped
on one edge. Tt may also occur when the supporting structure ig welded
to the_paraboléid because of the application of heat in concentrated
areas that either relieves some of the stress in the paraboleoid due to
‘the spiﬁning.operation or iﬁtroduces new stresses because of uneven heating
and expansion. IA fiber glass paraboloids this type éf distortion may
arise from uneven curing during the manufacturing p;qcess. For the 1.83m
antenna it was found that the surface contour deviated from the template
contour by approximately 6.4mm  (1/4 inch) in the plane with maximum
deviation:

' The model that was gséd to analyze the efféct of Elam:shell distortion
on the radiation pattern was to assume that all éross-sections were
parabolic but that the focal length varied from a maximum o a minimum
with anéle according to the cos 2¢ function. With reference to Figure 3.7
lét £ be the focal length for the error free paraboloid and let £' be
the focal lYength for the distorted paraboloid. If the feed is positioned

at a distance £ from the vertex then the phase error introduced in the

aperture field at a radial position p from the axis is given by’
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-Figure 3.6 Illustration of clam-shell distortion in a

paraboloid reflector.

Figure 3.7 ZIllustration for finding phase error.
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2

kpe
Ap = ~ -3 (3.3)
p + 4Af
where p = £' -~ £ is the effective change in focal length. The deriva-

tion of (3.3) is as follows: From the properties of a parabola O'P Q' =
2f" in Fig, 3.7 and hence O'PQ = 2f' - p. Also OPQ = 2f' -~ p =~ p cos B

and hence relative to the path length 2f at p 0 the change in path

I

length at p is

2

9
A = 2f' = p -p cos § = 2f = p(l-cos B) = p sin 3

\ . . . 2
Now p = r sin 6 = 2f tan g- which can be solved to give sin

2
0% /(0% + at%).

When this result is substituted in the expressipn for A2 and then multi-
plied by -~ kb the result (3.3i is cbtained. With referengg go Figure
3.7 again it can be seen that if t ig the maximum contour deviation -
normal to the surface at the edge of ‘the paraboleid then the maximum
phase error is —2kot cos P/4 where ¢ i; the angular aperture. The

change in focal length can be related to t by equating this latter

expression to (3.3) with p = a and gives

p= — (a2 + 4f2)1/2 (3.4)

Two models of clam-shell distortion were analyzed. In Model 1

the phase error was chosen as
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ap = - ~§——e—~b {1 - cos 2¢ ) - (3.5)
p” + 4f

and for Model 2
2

koP p

A = - -5 ¢cos 2¢ - (3.8)
p- + 4f

The first one corresponds to a feed that is focused in the ¢ = 0 plane
aﬁd has a maximum phase error occuring in the ¢ = 7/2 plane. The second
one corresponds to focusing the feed in the ¢ = 7/4 plane with maximum
phase errors of cpposite signs occuring in ¢ = 0 and ¢ = 7/2 planes.- -

By introducing the notation x = p/a, D = 2a, 2B = kopxz/(x2 +f2/D2),
the radiation pattern for the two models are readily shown to be pro-

portional to the following two integrals:

27l . .y Jk _uxcos{($-¢')
B(n) = IJ £(x) ¢ IB{1-c0s2¢7) o xdx do'  (3.7)
2
070
and
2r 1 .
. , Jk uxcos(¢p-9')
E(u) = — J J f(x) e JBC0S20’ o xdxdé" (3.8)
2m Jgido

In order to carry out the ¢' integration the following approximations

were used

e IB(1-c0s2¢") o1 5p - 0.75 82 + (§B.+ B2) cos 2¢' ~0.25 B> cos 44"

and

- L .
o IBe0oS28" a1 2582 - §Bcos2’ - 0.258% cosd¢’

along with the expansions

eV cosp' _ Jotv) - 2J21v) cos 24" + 2J4(Y) cos4¢' + ———-

39



ejv sing’ = Jo(v) + 2J2(v) cos 2¢*' + 2J4(v) cosddp! 4 ———

The final results obtained are:

For Model 1 with the feed focused in the ¢=0 plane

2 2 2
E(u) = I0 - 0.75 v I2 + Y I4 - 0.25 ¥ 16

-3y (Il+13), ¢ = 0 plane

2 2 . T
= — . + . — T = _
Io 0.75 ¥ 12 0.25 vy 16 v 1 & Z plane

2 2 2 N T
10-0.75y12—71 - 0.25 ¥°1_ - jvy (Il—;S),qS— 2pla‘ne

4 6
(3.9)
while for Model 2 with the feed focused in the ¢ = 1/4 plane
. 5 ' .
E(un} = I0 - 0.25 v (12+I6) + 3713 r ¢ =0 plane
= I -~ 0.25 2(1 -I) ¢ = 1/4 plan
. o . Y o) r = P e
2 .
= Io - 0.25v (12+I6) - jYI3 r ¢ = w/2 plane (3.10)
where v = kop/2 and
1
I {u) = f £{x)J {(ux)xdx (3.11a)
o 0 o)
1 3
I = J £(x)_(ux) —x-——zdx (3.11b)
0 x +(£/D)
1 x5
I (u) = [ Fx)T (ux) ———————, dx {3.1lc)
2 0 © [x>+ (£/D) %12
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IB(u) = f% ?(x)Jz(ux) ——§E~———§ dx (3.114)
o - x +(£/D}
1 X .-
14(u) =, fé f(x)qz(px) [x2+(f)D)2]2 dx {(3.1le)
. ! . x5
Iﬁ(u) = [o f(x)J4(ux) [x2+(f/D)2]2 ax {3.11%),

Théée integrals were evaluated numerically for £/D = 0.38 (see Appendix
I;)'and with £(x) 5eing the aperture field produced by the Kumar feed
+and given by (3.1).

The patterns given by (3.9) and (3.10} are shown in Figs. 5.8 to
3.13 for the case when t = 0.00635m .(1/4 inch) for which y = 4.41. For
the Model 1 case for which the feed is focused in the ¢=0 plane it is
seen ;hat the main.lobe is broadened and a 1.15 dB. loss in gain occurs.
In the ¢=0 plahe (Fig. 3.8) the first sidelobe is increased from -36:7dB.
to -24.5 @B. relative to the main lobe and a second sidelobe of the same
amplitude is also produced. The remaining sidelobes are general ly 8 to
10 dB. &above those'gf the error free pattern. A similar affect ocecurs
in the ¢ = 7/2 plane (Fig. 3.10) although the first sidelcbe is
incré;éed only to about' -~ 27.5 dB. In this plane a rather large shoulder
is also-formed on the main lobe. The best pattern is obtained in the
¢ = /4 plane (Fig. 3.9) and this is becauge the relative phase error in
the ¢ = 0 and ¢ = 7/2 planes are of opposite sign and tend to preduce
cancelling effects in the ¢ = 7/4 plane. There is still a first 'sidelobe
at a level of - 29 dB. relative to the main lobe and about a 4 dB. increase

in the level of the remaining sidelcbes in the ¢ = w/4 plane.
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For the Model 2 with the feed focused in the ¢ = 1/4 plane the
phase error is of opposite sign in the ¢ = 0 ahd ¢ =’ﬂ/2 planes and
hence the sidelobes are not increased as dramatically as for Model 1.
There is also only a 0.79 dB. loss in gain. The highest sidelobe occurs
in the ¢ = w/4 plane (Fig. 3.i2) and has a relative value of -25.7 dB.
The remaining sidelcbes in this plane are essentially the same as for
the error free patterm. In the ¢ = 0 and 7/2 planes the first sidelobe
has a relative level of about -30 dB. and the rest are increased by about
4 dB. over those of the error free pattern.

In addition to clam-shell distortion the 1.83m paraboloid was found
to have a small circularly symmetric but periodic ra@ial variation in. its
contour a&s shown in Fig. 3.14, This distortion probably occurred during
the spinning operation. The deviation from a true parabola was estimated
to be + 048 mm (+ 1/32 inch}). The mecdel that w;s used to represent
the phase error due to this periodid radial variation was the phase
function

e"3a0057ﬂx &1 - jo cos 7ix (3.12)

since o is small (egqual to 0.2 for i_10/32 phase deviation). For
small errors the overall effect on the battern is the sum of the effects
caused by each type of error. This assumption was. made and the error

pattern

i
-ja [ £(x)J_(ux) x cos 7mx dx (3.13)
0
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Figure 3.lq Radiation pattern in ¢ = 7/2 plane for Model 1.
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Figure 3.14 Illustration of periodic radial variation in

paraholoid surface.

was computed for ¢ = 0.2 and ;dded to the patterns computed for clam-
shell distortion. The results are shown in Fig's. 3.8 to 3.13 by the
broken line patterns. The periodic radial wariation in the contour
results in a large sidelobe in the region around u = 22 to 24 where
the quasi—pgriod of the Bessel function Jo(ux) matches that of the

cos 7mx function. At this angle the field from the periodic source
adds up constructively. The sidelobes in the region u = 16 to u = 28
are increased quite sﬁbstantially by this periodic radial variation.
The generally accepted tolerance on paraboloids for the 12 Ghz. band

is A_/16 but this is not adequate if the deviation is a periodic radial
one‘since then the effect is a strong constructive interference resulting

in a large sidelobe region away from the main lobe.
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The phase of the field at the peaks of the sidelobes are shown in
Fig's. 3.8 to.3.13. It should be noted that the effect 6f’errors is
to change the phase from 0° or 180° by warying amounts which sometimes
are as large as 90° or more. For this‘reason.it is @ifficglt, if not
impossible, to cancel some of the sidelobes using absorber pads.
Reflector plates can.produce cancelling fields with arbitrary phase but
nc simple design w%ll be adequate if the phase of the field varies
significantly from one sidelobe to the next. Thus the effect of paraboloidal
contour errors‘makes it difficult to achieve low sidelgbes using feeds
giving a large<amoun£ of edge taper and also makes it equa}%y difficult

to use absorber or reflector plate arrays to cancel the high sidelobes.

3.3 The Effect of Random Errors on Sideloche Levels

With the current manufacturing methods small scale random errors
in the paraboloid surface do not appear to be as much of‘a pioblem as
large scale deterministic errors are. The sidelobe amplitudes, phase,
an§ positions caused by 'random errors cannot be predicted exactly. Only
the average or expected values of these parameters can be computed by
assuming some kind of statistical model to apply to the class of antennas
under consideration, Ruze hés carried out such an investigation and his
results are useful for predicting the general effects of random errors
and also provides some guidance as to the required tolerances on the surface
contour in order to keep the effect of random errors'to within some

specified limit (46).
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Figure 3.15 The effect of random errors on sidelobes in & paraboleid.

Figure 3.15 shows the average close-in sidelobe level for paraboloids
of various diameters when the illumination is a cosine squared function
and the correlation length equalg one wévelength. For an RMS error equal
to 10/32 the expected sidelobe level is - 33 dB. for a paraboloid SOAO
in diameter. Sone of the sidelobes would exceed this level. Thus in
order to ensure that all sidelobes remain below - 35 dB. the RMS error
would probably have to be kept below Ao/64. The sidelobe level depenés
on the illumination function but no calculations have been made to show
this dependency. Also the effect of longer correlation distances has not
been examined' in detail. Currently manufactured paraboleids do not have
surface deviations of as much as A0/32 with a correlation length as short
as one wavelength. Surface deviations of this size are more likely to have
correlation distances of 5 or more wavelengths at 12 Ghz. More work needs
to be done to evaluate the effects of random errors on paraboloidal antennas

as regards sidelobe levels for various aperture field distributions.
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CHAPTER 4

EXPERIMENTAL RESULTS USING THE KUMAR FEED

4.1 Introduction

The practical realization of low sidelobes by using a feed pro-
ducing around 20 dB. of edge taper was tested by purchasing two low
cost spun aluminum paraboloids and illuminating these with the fabri-
cated Kumar feed described in Chapter 3. The diameter of the two
paraboloids are 1.22m (4 ft.) and 1.83 m (6 ft.) and both have a nominal
f/D ratio of 0.38. These paraboloids were supplied with a "button-hook"
rectangular waveguide feed and both incorporated a flat circular 0.216m
(8.5 in) vertex plate.

The radiation patterns of both paraboloids were measured using the
feed supplied by the manufacturer. The vertex plates were then removed
and new paraboloidal central sections were turned on a lathe and bolted
in place of the vertex plates. The Kumar feed is supported by four
9.5 mm (3/8 in.) diameter rods. A photograph of the 1.22m antenna with
the feed mounted is shown in Figure 4.1. The coaxial mixer for the micro-
wave receiver is connected directly to the Kumar feed to avoid unnecessary
attenuation. RG-214 coaxial cable is . used to connect the mixer to the
microwave receiver.

The antenna under test is mounted on a Scientific Atlanta Model 5303
positioner which in turn is mounted on a 1.5m high platform located on the
roof of the Glennan Building. The transmitter consists of a Scientific

Atlanta Model 2960 signal source and a 0.6lm (2 ft.) paraboloid that is
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Fig. 4.1 View of 1.22m antenna with Kumar feed.

housed in a tower on the roof of University Circle Development Corporation
Research Building No. 2. The line-of-sight separation between the
transmitting and receiving stations is approximately 160m and is located
approximately 35m above ground. This antenna range is free of ground
reflections and other multipath effects for the highly directional antennas
that were tested.

A Scientific Atlanta Model 1710 microwave receiver with an external
coaxial mixer is used. The receiver output is fed to a digital display
unit and also to the y-axis input of an X-y recorder. The angular posi-
tion of the positioner is obtained on a digital synchro display. This
unit also provides a binary coded decimal (BCD) output of the angle
information which is converted to an analog signal and used for the x-axis

input of the recorder. The digital to analog converter that was built had
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a finite resolution so the recorded patterns show a step~like variation
as a function of angle. Since the interest was primarily in the sidelobe
levels and positions a more expensive higher resolution converter was not
considered justifiable for this project.

The paraboloids that were received from the manufacturer had clam-

shell distortion that resulted in poor performance. Fortunately, the

-
1

.supporting structure was not very rigid so much of this distortion could

be removed by pounding on the rim of the parabolcid.with a rubber mallet

(a- few blows was sufficient to cause a surface deviation of 3 to 4 mm.) By
removing as much of the distortion as possible the overall performance of
the antennas was improved very significantly although not te the point
expected from the theoretical predictions. AaAdditional rods were taped to
the four support rods and no noticeable change occurred in the sidelobe
patterns above the =36 dB. lewvel so it was concluded that the scatter from
the feed support rods was not a limiting factor on the sidelobe levels that
were achieved,

In the following sections the experimentally measured patterns for the
1.22m and 1.83m paraboloeids arepregented. Scme measured patterns when small
absorber pads and‘reflector plates were incorporated are alsoc presented.

In addition the H-plane pattern for tﬁé 1.22m paraboloid illuminated by

the Kumar feed and using the CTS satellite as a source is given. The

signal to noise ratio for the latter measurement was no£ adequate 'to measure
the sidelobe pattern below -26 dB. so no sidelobe detail was obtained. On
the antenna range the signal strength was sufficient to measure sidelobes
as low as -55 dB. to -60 dB. but because the dynamic range pf the receiver

is only 40 dB. this limited the range covered. The accuracy of the microwave
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receiver and digital display unit was checked using a Hewlett-Packard
rotary attenuator and it K was contluded that the measured patterns were

accurate to within a few tenths of a decibel.

4.2 Experimental Results for the 1.22m Paraboloid

The E-and H-plane patterns of the 1.22m paraboloid using the wave-
guide feed supplied by the manufacturer were measured at a number of
different freguencies. Typical patterns that were measured are shown in
Figures 4.2 to 4.7 for frequencies of 12.0, 12.1, and 12.2-Ghz. When these
patterns are examined.it is readily apparent that very poor focusing of thé
field is obtained. This shows up as a ﬁery broad beam between nulls and
shoulders on the main lobe. It also showed up as a significant reduction
in gain which was measured to be 37.2 dB. versus 41 dB. as quoted by the
manufacturer. The‘gain was measured relative to an optimum gain horn whose
gain is given by 6.4 ab/li where a is the aperture widfh, b dis the
aperture height, and Ao is the wavelength. The calculated gain of the
‘horn was 20.7 dB. and is known to be accura?e to a small fraction of a
QB. for horns of this type. The poor performance of the antenna as supplied
was attributed in part to the use of a rather large flat circular central
section which was part of the feed mounting structure and also served as
a vertex plate. As was discovered later the parabocloid alsc had a warp
in it (clam-shell distortion).

When the manufacturer's feed is removed a 0.216m circular hole is
left. A paraboloid section with a focal length of 0.457m wags machined
in place of the original feed structure. The Kumar feed jis mounted using
four aluminum rods attached 0.05m from the outer rim of the paraboloid

and at 45° to the chosen E and H-planes.
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Figure 4.2 H-plane radiation pattern

H-Plane, 1l2.1 Ghz
1.22n Antenna

Waveguide Feaed

° 12¢

Figure 4.3 H-plane radiation pattern.
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Figure 4.4 H-plane radiation pattern.
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Figure 4.5 E-plane radiation pattern.
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Figure 4.6 E-plane radiation pattern.

E-Plane, 12.2 Ghz
1.22n- Antenna

Waveguide Feed

Figure 4.7 E-plane radiation pattern.
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When patterns on the antenna thus medified were measured the poor
focusing properties were still preséﬁt. Figures 4.8 and 4.9 show typical
patterns (a great many more were taken but are not included since lafer
modifications of the paraboloid gave better results). These patterns,
labelled series A, also exhibit a very broad beamwidth between poorly
defined nulls and sidelobes as high as -26 dB. The calculated pattern
for the Kumar feed with 1.22m paraboloid indicates a width of about 6°
between nulls. The measured patterns were about 10° wide between nulls.

It was expected that the paraboloi& was in error so a 0.8lm (2 ft.)
long template was made to check the accuracy of the central position of
the paraboloid. It was found that the 0.216m diameter secticn that was
added was about 3.2 mm (1/8 in.) too far back relative to the main section
of the paraboloid. This may have been caused by spring-back occuring
when the 0.216m diameter hole is cut in the spun paraboloid. It was found
possible to deform. the central section through juéicious use of a rubber
malleé to bring it into conformity with the rest of the paraboloid
covered by the 0.6lm long template.

A new series of patterns, series B, was then_taken and some of these
are shown in Fig.'s 4,10 to 4.14, Considerably better focusing was
obtained as evidenceé by a better defined main lobe and lower sidelobe
levels. The focal posiéion fe was optimized at about 0.457m to 0.46m
(18 to 18-1/8 in.) at 12.1 Ghé, and E and H-plane patterns at this
frequency “(Fig's. 4.1l and 4.14) look quite good and have the expected
6° width between nulls. However, the sidelobe level was fairly well
.filled in below -30 dB. and the patterns deterijorated with a change in

frequency, Also the H-plane pattern at 12.1 Ghz. did not exhibit a nuil
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Figure 4.9 E-plane radiation pattern.
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on one side of the main lcbe. The overazll evaluation of these patterns
led to the conclusion that there were still significant phase errors
associated with the paraboloid.

A 1.22m long template was then constructed in order to check the
contour of the whole paraboloid. In checking the parabeloid with this
template it was found that it was warped. In one cross-section the
template touched at the center but had a clearance of 3.2 mm {1/8")
{corresponding to a 920° phase error) at the edge. In the cross-section
at right angles to this the template touched at the outer edge and had
a clearance of 0.003m (1/8 in.) at the center. Fortunately, the
structural rigidity of the antenna was such that by pounding on the rim
with a rubber mallet in the vicinity of the tubular supporting rods it
was possible to remove most of the warp. The pavaboloid was recontoured
as well as possible and in general a reascnably good overall contour was
obtained but there definitely were small irreqularities left in the surface
that were estimated not to exceed + 1.6 mm (+ 1/32 in.).

A new series of patterns were taken after this work on reshaping the
paraboloid, These are shown as series C in Fig's.4.15 to 4.28 and are
xerox copies of the recorded patterns. The small steps are due to the
finite resolution of the digital to analog conversion of the angle infor-
mation. Figures 4.15 to 4.19 and 4.22 show the H-plane pattern at 12.1
Ghz. for various focal positions fe of the feed and positions d of the
dielectric rod from the front face of the feed. Note that a well-defined
main lobe could be obtained. The best gain and sidelobe definition was
obtained with fe = (0,4604m {(18-1/8 in.) and d = 3.2 mm {(1/8 in.) and is

shown in Figure 4.22. Note that with fe = 0.4636m (18-1/4 in.} as in
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Fig. 4.15 defocusing effects are apparent. A similar defocussed pattern
with fe = 0.45; m (17~3/4 in.) was expected but as seen in Fig. 4.19‘this
d;d not cccur. In fact, the main lobe is somewhat narrower with

fe = 0,451 m than with fe = 0.460 m, This seems to indicate that there
was still some overall error in the contour of the paraboloid.* An
indication that this is the case may be seen by comparing the H-plane
patterns in Fig.'s 4.50 and 4.21 wvhere the ‘only change is.é 5° rotation
of the paraboloid about its axis. There is a non-negligible change in
the sidelobe pattern between the two cross-sections.

The sidelobe structuré shown in Fig. 4,22 is quite well defined but
the far out lobes are higher than expected for a high quality paraboloid.
Nevertheless a margin generally greater than 5 dB. below the CCIR Model
pattern was obtained. The CCIR model pattern was based on (2.2) given
in Chap. 2 using 1.7° for the measured 3 dB, beamwidth. For example, in
Fig. 4.28 the sidelobe at 15° is - 37.5 dB. which is 4.5 dB. below the
CCIR model.but bearing in mind that the model pattern does not call for
sidelobes below -~ 38 dB., and indeed are got'required, it‘can be stated
that the pattern shown in Fig. 4.28 is better than the CCIR model by
6.5 dB. or more.

It was found that the sidelobe structure below - 35 dB. is very
sensitive to small perturbations in the surface of éhe paraboloid. Thus
the random perturbations in the surface resulting from the resﬁapiné of

1

the paraboloid was expected to have increasea the sidelobe level gbove

*
According to Kumar {10) the phase center is 0.005m behind the front face
‘of the feed and since the focal length of the 1.22m paraboloid is supposed
to be 0.457m (18 in.) the optimum wvalue of fe should have been 0.452m
(17.8 in.).
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that of what could have been obtained with a higher guality paraboloid.
The effect of random phase erroré has been analyzed by Ruze (45). The
prediction is that for a dish 50 wavelengths in diameter (50 inches at
12 Ghz.), with cosine gsquared illumination and, an RMS reflector error
of AO/32 {(1/32 in.) with a correlation length of AO (1 in.) will result
in near-in sidelcbes at a -33 dB. level. BAn RMS reflector erroxr of
twice this aﬁount will result in a general sidelobe level of -26 dB.
Since sidelobes due to random errors show very little regulavity it is
clear that a surface tolerance of better than lo/32 must be maintained
in oxrder to achieve sidelobes below - 35 dB. Of course, systematic
o;erall errors in the basic paraboloid contour must alsc be avoided
since these prodqce defocussing, loss in gain, and large sidelobes.

Figures 4.20 to 4.23 show the H-plane pattern at various frequencies.
The sidelobes remain below 30 dB. and the main lobe is well defined but
the sidelobe detail changes quite a bit, alsoc an indication of random
phase errors. Of particular interest, is the H-plane pattern at 12 Ghz.
and shown in Fig. 4.20 which has quite low near-in sidelobes. This
pattern was taken twice to verify that it was coxrect: Also of note is
the 12.1 Ghz., H-plane pattern shown in Fig. 4.28. This pattern shows
somewhat higher sidelobes than the H-plane pattern at 12.1 Ghz. as shown
in Fig. 4.22. The two patterns were taken on different days and the
difference is probably due to error in setting the frequency at exactly
12.1 Ghz. and the angular position of the paraboloid. This seems to be
a reasonable explanation in view of the marked change in the pattern

with a change in the frequency from 12.1 Ghz. t0l2.0 Ghz. and with rotation
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of the paraboloid. The sidelobes are below the CCIR model by 5 dB.
or more with the exception of the sidelobes at + 12° in Fig's. 4.21 and 4-53
(12.0 Ghz. and 12.2 Ghz) which are less than 5 dB. below the model pattern.

Figures 4.24 'to 4.27 sﬁow E-plane patterns at various frequencies.
Note that on one s;de the far out sidelobes are higher than on the
other side. It was determined that this is due to the mixer which is
connected directly to the feed and aligned in the E-plané along with
the coaxial cable which makes a loop before being taped to a support
rod. Figur; 4,26 shows a pattern with the mixer rotated 180° and the
large ampliéude.far out sidelcbe now appears on the dthe£ éide of the
‘main lobe. -It was found that this lobe can be eliminated by turning
the mixer so that the stub which provides the DC current return for the
mixer is pointed, outwards from the paraboloid. The series of E—élane
pattérns labeled Series D and shown in Fig's. 4.36 to 4.39 are taken
with the stub pointed outwards and show that the spurious sidelobe is
eliminated. The series D E-plane patterns have near in sidelobes below
-30 dB. and exceed the CCIR model pattern by 5 dB. or more. In general
the E-plane patterné exhibit lower sidelobe levels than the H-plane
patterns do.

It is believed that the sidelobe produced by the mixer is due to
energy scattered back into the paraboloid by the mixer stub. If the
scattering center is taken as 0.076m (3 in.)-off axis then back scattereq
radiation would be collimated by the paraboloid and produce a sidelcbe
at an angle ofrtan-l 3/f = taln_'l 3/18 = 9.5° on the opposite side of the
axis as shown in Fig. 4.35. The large sidelobe does occur in this general

direction.
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Series C

E-Plane, 12 Ghz

1.22m Antenna

fe » 0.4604m, 4 = 0.003175m

Figure 4.24

E~plane radiation pattern.

Series C
E-Plane, 12.1 Ghz
1,22z Antenna

Ea = 0.4604n, d = 0.00:;17513 .

Figure 4.25

E-plane radiation pattern.

ORIGINAL PaGE 1
POOR QUALITY



Series C
E-Plane, 12.1 Ghe
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Figure 4.26 E~plane radiation pattern.

Saries C
E-Plane, 12.2 Ghx
1.22m Antenna
- fe = 0.4604m, d =~ 0.003175m

Figure 4.27 E-plane radiaition pattern.
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Although the recorded pat;grns cover the range from -15° to 15°
only it was verified that the sideiobes beyond this range are below
- 38 dB.

The gain of the 1.22m antenna with the Kumar feed was measu;ed
by comparison with that of an op£imum gain horn. A gain of 41.4 dB.
was measured. This coampares very well with the calculated gain which
is 41.6 dB. The gain measurement is subject to some error since the
VSWR of the coaxial to waveguide transition of the horn was not known.
The feed was matched Qith two tuning screws. The quality of the main
lobe, its 3 dB. beamwidth, and width between nulls is such that the gain
is expected to be very closé to the calculated value. The gain of the
horn was measured by connecting the microwave mixer directly to the coaxial
waveguide transition of the horn and thus there was no need to account
for any attenuation in the coaxial transmission line.

Several measurements were ca£ried out to show the affect of using
two absorber pads 0.,0508m x 0.0635m (2 in. x 2.5 -in.) in size and twe phase
reversal plates 0.0475 m ¥ 0.04128m (1-7/8 in. x 1-5/8 in.) in size. It
requires only very small pads or plates to modify sidelobes - 30 dB. or
more down by several dB. A photograph of the 1.22m éntenna with_the
absorber pads is shown in Fig., 4.40. The results of these measurements
are shown in Fig's. 4.29 to 4.33. In Fig. 4.33 (see Fig:‘4.28 for un-
compensated pattern), it can be seen that the phase reversal plates reduced
the first sidelobe at 4° by 3 dB., increased the sidelobe at 6° by 3 dB.,
reduced the one at é° by 3'dB., reduced the sidelobes at 10.5° and 16°
below ~ 42 Db., and increased the sidelcbe at 13° by 3 dB. The sidelobe
spacing in Fig. 4.28 is not regqular enough to get a cancellation effect

on all sidelobes. On the left side of the main lobe the sidelobe at -4°
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was reduced by 4.5 dB., the one at -6° was increased by 1.5 éB., the

one at -8° reduced below -42 4dB., and the one at -10.5° was reduced

by 3.5 dB. The results for this particular example are summarized in
Fig. 4.34. The theoretical amplitude pattern as given by (2.10b)
multiplied by 2 for the phase reversal plates is alsc shown in Fig. 4.34.
The compensating field has a maximum normalized value of 0.0176 which is
sufficient to reduce a -29 dB. sidelobe to -36 dB., reduce a sidelobe of
-35 dB. to zero, and to increase a sidelobe of -33 dB. to -28 dB. If

the phases of the sidelobes shown in Fig. 4.34 were 180°, 0°, 180°, 0°,
180° then the first sidelobe at 4° should have been reduced to -36 dRB.,
th; sidelobe at 6° should have been increased to -29 dB., the sidelche

at 8° should have been increased to ~39 dB., the sidelobe at 10.5° should
have been reduced to ~38 dB., and the sideloke at 13.5° should have been
essentially cancelled. The coxrect trend was obtained for sidélobes

one, two and four but the wrong effect was obtained for sidelobes three
and fivé. There are several factors that would explain these differences.
The expression (2.10b) is not expected to be very accurate for plates
less than two wavelengths on a side. Since the sidelobes are caused by
various factors such as surface erxrors, scattering from support rods,
etc. there‘is no reason to expect that the phase will alternate exactly
between 0° and 180°. If the phase is different from either 0° or 180°
the amount of .cancellation obtained would be less. For a phase of 90°

an increase is always obtained in the sidelobe lével. In view of these
many unknown variables it can be concluded that the experimental results

have demonstrated that small phase reversal plates can be used to achieve
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sidelobe cancellation. This particular exampie has also shown that in
practice it woﬁld be necessary to maintain %ery close tolerances on
the antenna in order to cobtain reproducible sidelobe patterns. In this
regard the two small phase reversal plates that were qsed could be
viewed as a small perturbation or errer in the.paraboloid surface. Two
dents of this size and Ao/4 deep would have produced the same-reffect.

A final series of patterns weré taken with strips of absorber {1L/2 in.
by 1/2 in. by 6 in.) placed on thé front and rear of each s;pport fod in
the vicinity of the‘feed, and on the mixer. This series is labelled
series E and is shown in Fig's. 4.41 to 4.47. No general worthwhile
improvement was obtained. In Fig. 4.46 the absorber was placed'on the
mixer alone and as can be seen by referring to Fig. 4.45 there is a
notiéeable change in the sidelobe detail when the absorbers are added
to the support rods.

For the H-plane patterns the,uée of absorbers did reduce the far
out sidelobes by a few dB. but ténded to increase the level of the near-in
sidelobes.

The addition of absorbers on the mixer and support fods‘would.be
expected to be useful only if there was significant backscatter from
these structures into the paraboloid with a collimination or focusing
of this radiation to produce high level sidéiobes. Absorbing material
would reduce such backscattered radiation. For example, the sidelobe
produced by backscatter from the ﬁixer stub and discussed earlier could
be eliminated by placing absorber material around the stub (this wés
verified experimentally}. In the forward direction the use of absorbing

material will change the forward radiated field but there is no a-priori

reason to expect that this would necessarily reduce the sidelobe level.
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Series C

H-Plane, 12.1 Ghz

1.22m Antenna

f“3 = 00.4604m, 4 = 0.003175m

radiation pattern.

B Series C
-: . ’ [ H-Plane, 12.1 Ghz
—_—— = = 1.22m Antenna
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_ . 2 Absorbers, 5.08 cm % 6.35 em
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Figure 4.29
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H-plane radiation pattern.
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Figure 4.31
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Series C

H-Plane,, 12.1 Ghz

1.22m Antenna

f3 = 0.4604m, d = 0.003175n
2 Phage Reversal Plates’
4.75 an x 4.128 cm

Spacing 31.75 au

Figure 4.32 H-plane radiation pattern.

Saris‘C
H-Plans, 12.1 Ghz
. 1.22m Antenna ’ 3
fe = 0.4604m, @ = 0.003175a
2 Phase Reversal Plates
4.76 cm'x 4.128 cm
Spacang 36.83 om

Figure 4.33 H-plane radiation pattern.
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Amplitude Pattern for Phase Reversal Plates
Figure 4.34 Illustration of sidelobe compensation using two phase reversal

plates 4.75 cm. by 4.128 cm. and spaced 31.75 cm. apart in
H-plane of 1.22m parabcloid with Xumar feed. H-plane pattern
at 12.1 Ghz.
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Series D
E-Plane, 12 Ghe
1,22m Antenna

CCIR MODEL

RSt

'”;.AZ\

Figure 4.36 E-plane radiation pattern.
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Figure 4.37 E-plane radiation pattern.
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Series P

E-Plane, 12,1 Ghz

" 1.22m Antenna
Paraboloid Rotated 5°

CCIR MODEL

8 4B.

"

9° 12+

Figure 4.38 . E-plane radiation pattern.
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Figure 4.40 View of 1.22m antenna with absorber pads.
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Figure 4.41 H-plane radiation pattern.

81




dB.
Series E
H-Plane, 12.1 Ghz
i 1.22m Antenna
Absorbers on Mixer and
Support Rods
121
L
-24 F
-3 ﬂ
1 i - I | _n -r\ A
-12* -9* -6* L e 3* 6° 9" e g

Figure 4.42

H-plane radiation pattern.

Series E
H-Plane, 12.2 Ghz
1.22m Antenna
Absorbers on Mixer and
Support Rods
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Figure 4.43 H-plane radiation pattern.
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Series B
E-Plans, 12 Ghz
1,22n Antenna

Absorbers on Mixer and

Support Rode
i TR -l
-12° -9* &° 9" 12°
Figure 4.44 E-plane radiation pattern.
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E-Plane, 12.1 Ghz
1.22m Antenna
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Figure 4.45
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Series E
E-Plane, 12.1 Ghz
1.22m Anténna

i3

Absorbers on Mixer

~12° -5 30 & ge 12¢

Figure 4.46 E~plane radiation pattern.
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1.22m Antenna
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Pigure 4.47 E-plane radiation pattern.
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4.3 Experimental Results for the 1.83m Paraboloid

The same generai'sufface distortioﬁ that was fouﬁd in the 1.22m
paraboloid also existed in the 1.83m paraboloid. In addition the latter
also had a‘small‘periodic radial variation in the surface'contourh In
view of the theoretical predictions presented in Qhap. 3 as to the
effects of clam-shell and periodic radial distortion on sidelobe levels
it is not surprising that the initial patterns taken were of poor guality.
Less effoét was spent in remowving the surfac; contour errors than was
Spent on the‘l.22m antenna and hence the final patterns obFained were
not as good. An improvement of 4 dB. or more over that of the CCIR
model pattern was nevertheless achieved.

The 1.83m (6 ft.) paraboloid as received had both clam-shell distor-
tion as well as a periodic radial variation of approximately i_b.S.mm
(+ 1/32 in.) in the surface contour. The initial patterns measured for
this antenna showed very poor focusing and high sidelobe levels. Figures
4.48 and 4.49 show two typical patterns for the 1.83m paraboloid as
received and using the manufacturer's waveguide feed.' Note the large
filled in sidelobe region on each side of the main lobe, which %s indica-
tive of poor focusing, i.e., large phase errors.

Figdre 4.50 shows a pattern taken using the Kumar feedf The best
focusing was obtained with the feed 0.686m {27 in.) from the vertex but
the sidelcobe level was very high. Since the focal length was supposed
to be 0.698m (27.5 in.) it was expected that large c¢lam-shall distortion
was present.

A second pattern wefgggg%gu}p a plane at 90° relative to the first
pattern plane and as seen from Fig. 4.51 the focusing in this plane was

very poor with the feed 0.686m from the vertex. By moving the feed to
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0.695m (27-3/8 in.) from the vertex, better focusing was obtained as
shown in Fig. 4.52 but the sidelobe level was véry high (around -24 dB.).
The surface contour was then checked with a teﬁplate‘and it was found
that £he relative deviation from a true paraboloid surface in two ortho-
gonal planes was about 6.4 mm.(1/4 in.) at the rim. It was found
possible to remove most of this clam-shell distortion.

Figures 4.53 to 4.56 shows the patterns obtained after the above
corrections were made. Note that in the E-plane it ﬁas possible to
obtain sidelobes below the'CCIR model pattern by more than 5 dB. with
the exception of a sideldbe at -9° which was about 4.5 dB. below the
CCIR model pattern for the two E-plane patterns shown. The H-plane
patterns were of poorer quality but still at least 4 dB. below the CCIR
model pattéfn.

A further attempt to improve on the surface contour led to the '12
Ghz. H-plane pattern shown in Fig. 4.57. This pattern has a main lobe
only 3° wide at the base instead of the expected theoretical value of 4°.
However the sidelobe level was lower and below -30 dé..with éhe exception
of one sidelobe at -4° which was oniy - 27 dB. helow the main lobe.

It was found experimentally that small variations in the surface
contour made very large changes in the sidelobe detail. The theoretical
analysis giéen earlier for the effect of phase errors showed that this
should be expected and that very little error in the contour can be
tolerated if sidelobes below - 30 dB. are to be obtained.

Two phase reversal plates 0.152 m x 0.038m (6 in. x 1-1/2 in.)
were tried for the purpose of reducing the near;in sidelobes. Theore-

tically two plates this size should reduce a -28 dB. sidelobe to ~36 dB.
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E-Plane, 12 Ghz

1.83m Antenna

Kumar Feed
£ = 0.6953m
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Figure 4.52 E-plane radiation pattern.

H-Plane, 12 Ghz
1.83m Antenna
fe = (0,6985m

Figure 4.53 H-plane radiation pattern.
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if the correct phase was achieved. Several patterns were taken with
different separations and it wag found that very little‘cancellation

was obtained. It is believed that the reason for this is that the phase
of the field in the sidelobes was quite different from 0° or 180°. The
analysis of clam-shell distortion given earlier shows that this is to be.
expected. Figure 4.58 shows a compensated pattern when the plate spacing
was 0.235m (9-1/4 in.). The broken curve is the pattern from Fig. 4.57.
As is apparent the effect was primarily to increase the' sidelobe level,
which is the expected result if the phase is in error by close to 90°.

If the phase error is 90° it would be expected that a -30 'dB. sidelcbe
would be indéeased to ~-28 dB. which was the observed effect for the
sidelobes between 2° and 6°. In additicon the sidelobe region bétweeﬁ

-5° and —8°'was £filled in.

4.4  Experimental Results Using CTS Satellite Source

Several attempts were made to measure the H-plane éattern of the
1.22m paraboloid with the Kumar feed using the CTS sa£eliite as a signal
source.* Figure 4.59 shows a view of the mounéing arrangement used for
the 1.52m aﬁtenna in ordér to cobtain an H-plane séan. The freguency
stability was not adequate to operaté with a bandwidth of less than 100
khz. 'so patterns below -25 dB. to -27 dB. could not be obtained. Figure
4.60 shows a measured pattern taken at 30° to the H-plane and using-the
microwave receiver along with a preamplifier having a gain of 27 dB. This

pattern shows that the sidelobes are below -27 dB. in this particular plane.

Fig's. 4.61 and 4.62 show two additional measured patterns and cleaxly

3
* . i
The personnel at NASA Lewls Research Center assisted in these measure-

ments by providing CW transmission from the CTS satellite.
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Figure 4.59 View of 1.22m antenna mounted to receive CTS

satellite signal.
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show that the sidelobes are below -24 dB.

It was hoped that a Hewlett-Packard spectrum analyzer could be
used with a bandwidth of 10 khz. or less in order to obtain a sensi-
tivity greater than that obtainable with the Scientific Atlanta
microwave receiver. However, the combined frequency stability of the
CTS satellite signal and the spectrum analyzer precluded operation with
a bandwidth less than 100 khz. and thus gave about the same sensitivity
as the microwave receiver did. It was verified visually that the side-
lobe level was below 30 dB. by using a bandwidth of 100 hz. and slowly
scanning the spectrum analyzer back and forth about the central frequency
using the manual scan.

On the 100 khz. bandwidth range the spectrum analyzer has a sensi-
tivity of -80 dBm. The CTS satellite CW signal at ground level is
expected to be around -122 dBm. With an antenna gain of 41 dB. and a
preamplifier gain of 27 dB. the received signal would be at a -54 dBm.
level. The 2 meter length of coaxial cable introduced some loss also
so the signal margin was less than 26 dB. which is in agreement with

observation.
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Figure 4.62 H-plane radiation pattern ,using satellite
source.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

The results of the work carried out on this project has led to a
numbéxr of conclusions as regafds the present state of the art in achieving
low sideiobe levels for low cost earth station satellite receiving
antennas for use in the 12 Ghz. band. Also identified are a numger of
areas where further research and development work needs to be carried
out in order to provide the neceséary information for the design of
small low cost antennas with sidelo?es below =35 dB. These conclusions

and recommendations are summarized in- point form below.

5.1 Conclusions
1. ‘Sidelobes that arxe at least 5 dB. below those specified by the

CCIR model pattern can be achieved by using a feed producing about 20 dB.
y . .

edge taper in the aperture illumination provided the paraboloids are

free of large scale surface contour erxrors exceeding aboug‘ko/16 in mag-

’

nitude.

2, Good aperture efficiency with low sidelohes can be achieved by
using a hybrid mode feed. One particular type of feed that is of simple

construction and suitable for paraboloids with £/D = 0.38 is the Kumar

feed.
3.. In order to obtain sidelobes as low as -35 dB. the surface

contour of the paraboleid will probably have to be accurate to within

i.AO/25 at least.
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4, Small errors in the surface of a paraboloid produces large
variations in the sidelcbe pattern below -30 dB. and hence does not
result in reproducible sidelobe patéerns from one antenna to the next,
Thus unless a high quality paraboloid is used the use of eitﬁer absorber
pads or reflector plates to reduce the sidelobe level is not practicalh
because the design of such sidelobe cancelling arrays would be different
for each antenna.

5. The -use of small reflector plates is a simple way to reduce the
sidelche level provided the sidelobes are caused by the aperture illumina-
tion function and not random errors or phase errors due to large scale
surface Qistortions of the paraboleoid.

6. At the present time the demand for small {lm to 2m diameter)
antennas for the 12 Ghz. band aﬁd with very low sidelobes is not suffi-
cient to have induced mﬁnufacturer to mass producé £hem. -Currently‘the

Vaqcepted tolerance on surface dev%ations is 30/16 which is nof sufficient
to generally obtain sidelobes below -35 dB. The structural‘rigidity of
many of the commercially available low cost paraboloids is not good enough
to ensure that surface distortions considerably greater than 10/16 does
not occur with normal handling and shipping procedures,

7. Antennas designed for trénsmitting use and incorporating a vertex
plate in order to maintain a low VSWR for the feed are noé suitable for
low sidelobe level receiving purposes. The .typical vertex plate usually
raises the sidelobe level about -30 dB. even if % large amount of aperture
field taper is used. (The use of a 0.216m diameter flat vertex plate
on a 1.22m paraboloid produces a considerable amount of unfocused radiation.

" The author'has calculated a theofetical radiation pattern for this

case and the predicted sidelche level was several dB. above the -30 dB. level),
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8. A -35 dB. sidelcbe objective for low cost smgl@ diameter 12 Ghz.
antennas appears realistic and attainable, at least for sidelobes in &

single plane.

5.2 Recammendations for Further Work

1. Further case studies of the effects of various types of
paraboloidal surface distortions on sidelobe levels for different
aperture illuminations, and of the effects of random errors with
different correlation lengths and illumination functions on sidelobe
" levels, are needed in order to establish the required tolerances for
varaboloids that will permit sidelobe levels of -35 dB., or less to be
achieved,

2. Further work needs to be carried out on feeds in order to
obtain design information for low cost feeds that have low cross polari-
zation, yield high aperture illumination efficiency, low spillover loss,
and produce the necessary aperture field taper to give low sidelobes.

A considerable amount of work on various types of hybrid mode feeds has
already been done. However, the objective behind a lot of this work hds
been motivated by radio astronomy requirements and not specifically by a
low sidelobe requirement. Many of the feeds that have been developed
have been optimized experimentally and design data that will permit a
design of a feed for any particular application is not available.

3. Techniques to mass produce low cost but accurate paraboloids
need to be developed in order to achieve the objective of optimum

utilization of the geostationary orbit.



If large quantities of antennas in the 1Im to 2m size were needed, they
could be mass produced by stamping and it would be expected that the
tolerances could then be controlled to the extent that with a suitable
feed sidelobes bhelow - 35 dB. could be readily maintained. More rigid
low cost supporting structures for paraboloids need to be developed;

4. The ultimate potential of the Kumar feed and the use of small
reflector plates to further reduce the gsidelobe level was not established
in the course of the work carried out because of the poor quality of the
available paraboloids. Further investigation of the Kumar feed should
be carried out. By designing a feed for operation at 6 Ghz. and using the
1.83mantenna, the effect of errors would be scaled down by a factor of 2.
Thus a reasonably accurate paraboloid that simulated é 0.9Im paraboloid
at 12 Ghz. would be available. Similarly the 1.22m paraboloid could he
used at a lower frequency to reduce the effects of contour errors.

5. A low attenuation feed line for the Kumar feed and other similar
feeds needs to be designed. 'This could con;ist of a rigid coaxial ITine
or a waveguide with a suitable coupler to couple it to the circular wave-
guide feed input.

6. For antennas designed for sidelcbes below -35 dB. the scatter
from the feed supporting structure will érobably not be entirely
negligible. Thus optimization of the feed supporting system is probhably

needed.

100



REFERENCES

CTS Reference Book, NASA TM X-71824, NASA Lewis Research Center,
Cleveland, Ohio, Oct. 15, 1975.

Sciambi, A. F., The Effect of Aperture Illumination on the Circular
Aperture Pattern Characteristics, Microwave Journ.,.Vol. 8,

pp. 79-84, Aug. 1965.

See Also

Albernaz, J.C.F., Sidelobe Control in Antenna for an Efficient Use
of the Geostationary Orbit. Ph.D. Dissertation, Stanford University,
Nov. 1972.

Computer Sciences Corporation. Satellite communication systems,
studies and investigations. Report No. 4031-05, Contract Wo.
NAS 5-11672, 1971.

International Telecommunications Union: C.C.I.R. Study Group,
Subjective Assessment of the quality of television pictures.
Geneva: I.T.U., 5 (2}, 1965-1970, 89.

‘C.C.I.R. Study Group {Internation Telecommunications Union

sub-committee). Report of the European Broadcasting Union ad-hoc
group on colour television. Document XI/33-E, February, 1965.

. . . Subjective assessment of the quality of television pictures.
Document XI/140-E, Jamuary, 1966.

. .. - Subjective assessment of the quality of television pictures.
Document XI/8-E, December, 1967.

. « » Subjective tests carried out with PAL colour television
signals affected by distortion. Document XI/45-E, April, 1968.

. + . Bubjective assessment of the guality of television pictures.
Document XI/155-E, June, 1969.

. . . Subjective asssessment of the quality of television pictures,
comparison between the 5-grade and 6-grade assessment scales.
Document XI/158-E, June, 1969.

. « . Method of fidelity for subjective tests on colour television.
Document XI/181-E, July 1969.

. . . Subjective assessment of the quality of television pictures.
Study Programme 3A/XI, Replacing Report 405-1, C.C.I.R. XII Plenary
Assembly Document, Doc. XI/1037-E, November, 1969.

Miller, E. F. and Myhre, R. W. Power ratic of wanted to unwanted
signals for frequency-sharing between FM and AM-VSB television
transmission systems. Washington, D.C.: National Reronautics and
Space Administration Technical Memorandum Report TM X-2080,
September, 1970.

101



10.

11.

12.

13.

14.

15.

ie.

17.

18.

19.

20,

2.

Miller, R. H., Testing and Co-Channel Video Interference on
Television, Institute for Communication Research, Stanford
University, Report No. NASA CR-121184 issued on Contract NAS
3-14362, May, 1972.

CCIR Documents of the XITth Plenary Assembly (New Dehli), Vol. 1V,
Parts 1 and ?r 1870.

CCIR, Protection Ratios for Television, Sec. 3.4.1l.3, Report of
the Special Joint Meeting, Geneva, 1971,

Kumar, A., Experimental Study of a Dielectric Rod Enclosed by a
Waveguide for Use as a Feed, Elec. Letters, Vol. 12, pp. 666-668,
December, 1976.

Silver S., Microwave Antenna Theoiy and Design, McGraw~Hill Book
Co., Inc., New York, 1949,

Collin, R. B. and F. J. Zucker, Antenna Theory, Part I, McGraw-
Hill Book Co., Inc., New York, 1969.

Ramsay, J. F. Fourier Transforms in Aerial Theory, Marconi -Review,
Parts I to VI, Issue No's. 83-89, 1946.

Goebels, F. J., et. al., Analytical and Experimental Investigation
of Side~Lobe Suppression Techniques for Reflector Type Space Craft Antenna.
NASA Report CR-72462, Sept. 1968.

Rudge, A. W., and M, J. Withers, Design of Flared-Horn Primary

Feeds for Parabolic Reflector Antennas, Proc. .IEE, Vol. 117,
pp. 1741-1749, Sept., 1970.

Clarricoats, P.J. B., and G. R. Poulton, High Efficiency Microwave
Reflector Antennas - A Review. Proc. 1EEE, Vol. 65, pp. 1470-1504,
October, 1977. ’

Rumsey, V. H., Horn Patterns with Uniform Power Patterns Around
Their Axes, IEEE Trans., Vol. AP-14, pp. 656-658, Sept. 1966.

Minnett, H. C., and B. MacA. Thomas, A Method of Synthesizing
Radiation Patterns with Axial Symmetry, IEEE Trans., Vol. AP-14,
pp. 654-656, September, 1%66.

ibid, Fields in the Image Space of Symmetrical Focusing Reflectors,
Proc. IEE., Vol. 115, pp. 1419-1430, 1968.

Kay, A. F., The Scalar Feed, U. S. Air Force Cambridge Res. Labs.,
Rept. No. 62-347, March, 1964.

Potter, P, D., A New Horn Antenna With Suppressed Sidelobes and
Equal ‘Beamwidths, Microwave Journal, Vol. 6, pp. 71-78, 1963.

1oz



22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ajicka, J. S., and H. E. Harry, Jr., Shaped Beam Antenna for
Earth Coverage from a Stabilized Satelllte, IEEE Trans., Vol.
AP-18, pp. 323-327, May 1970.

Ludwig, A. C., ‘Radiation Pattern Synthesis for Circular Aperture
Horn Antennas, IEEE TRANS., Vol. AP-14, pp. 434-440, July, 1966.

Vu, T. B., Optimization of Performance of Corrugaﬁed Feed for
Paraboloid Antenna, Int. Jour. Elec., Vol. 22, pp. 449-459,
No. 5, 1970.

Narashiman, M. S., and B. V. Rao, Hybrid Modes-in Conical Horns,
Elec. Letters, Vol. 22, pp. 32-34, June, 1970. .

Knop, C. M., and H. J. Wiesenforth, On the Radiation from an Open-
Ended Corrugated Pipe Carrying the HEll
prp. 644-648, September, 1972.

Vi, T. B., Low-Noise Dual Hybrid-Mode Horn - An Experimental Model,
Int. Jour. Elec., Vol. 34, pp. 391-400, Wo. 3, 1973. ’

Clarricoats, P. J. B., and P, K, Saﬁé, Propagation and Radiation
Behavior of Corrugated Feeds, Pts. I and II, Proc. IEE., Vol. 118,
pp. 1167-1186, Sept. 1971. i
Narasimhan, M.S., and B. V. Rao, Diffraction by Wide Flare Angle
Corrugated Conical Horns, Elec. Letters, Vol. 6, pp. 469-471, 1970.

Thomas, B. MacaA., Theoreitcal Performance of Prime Focus Paraboleids
Using Cylindrical Hybrid-Mode Feeds, Proc. IEE., Vol. 118, °
pp. 1539-1549, 1971.

ibid. - 'Bandwidth properties of Corrugated Conical Horns, Elec.
Letters, Vol. 5, pp. 561-563, 1969.

:Nérasimhah, M. 8., and Y. B. Malla, Paraboloidal-Reflector

Tllumination With Conical Scalar Horns, Elec. Letters, Vol. 8,
PR. lll-llg, March, 1972,

Vokurka, V. J., One-Hybrid—Mode Feed with High Aperture Efficiency
and Low Spill-Over, bth Eurcpean Microwave Conference, Hamburg,
Germany, Sept. 1975.

Koshy, V. K., and Calla, O.P.N., Development of a High Efficiency

Scalar Feed for Communication Antenna, Jour. Inst. Elec. and
Telecom. Engrs., Vol. 22, pp. 28-31, January, 1976.

Chan, K. B.,, A Design Handbook for Conical Corrugated Horns,
Queen Mary College Report KBC/7216, 1972.

103

Mode, IEEE Trans., Vol. AP-20,



36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Koch, G.. F., Coaxial Feeds for High Aperture Efficiency and Low
Spillover of Paraboloidal Reflector Antennas, IEEE Trans.,
Vol. AP-2]1, pp. 164-169, March, 1973.

Scheffer, H., Improvements in the Development of Coaxial Feeds for
Paraboloidal Reflector Antennas, 5th European Micrgwave Conference,
Hamburg, Germany, September, 1975.

Kumar, A., Reduce Cross Polarization in Reflectox Type Antennas,
Microwaves, Vol. 17, pp. 48-51, March, 1978.

Kumar, A., Waveguide Feed Reduces Cross Peolarization Levels,
Microwave Journal, Vol. 21, pp. 8-688, March, 1978.

thlebén, R., H. Mattes, and 0. Lochnei, Simple Small Primary Feed
for Large Opening Angles and High Aperture Efficiency,.Elec. Letters,
Vol. 8, pp. 474-476, 1972.

LaGrone, A. H., and G. F. Roberts, Minor Lobe Suppression in a
Rectangular Horn Antenna through Utilization of a High Impedance
Choke Flange, IEEE Trans,, Veol. AP-14, pp. 102-103, Jan. 1966.

James, G. L., and D.P.S. Malik, Towards the Theoretical Design of
Splash-~Plate Feeds, Elec. Letters, Vol. 11, p. 593, 1975.

Malik, D.P.S., and G. L. James, Splash Plate Feed Designs, 5th
European Microwave Conference, Hamburg, Germany, September, 1975.

Ohkobo, K., C.C. Han, J. Albernaz, J.M. Janky, and B.B. Lusignan,
Optimization in the Design of a 12 Gigahertz Low Cost Ground
Receiving System for Broadcast Satellites. WNASA Report CR-121184,
October 15, 1972.

Williams, W. F., Reduction of Near-In Sidelckes Using Phase Reversal

- Aperture Rings, JPL Quart. Tech, Review, Vol. 1, No. 4, pp. 34-41,

January 1972.

Ruze, J., Physical Limitations on Antennas, M.I.T. Research
Laboratory of Electronics Tech. Rept. No. 248, October, 1952,

104



APPENDIX I

DERIVATION OF FORMULAS FOR SATELLITE

ANGULAR COORDINATES AND POLARTZATION MISMATCH

Figure AI-1 shows a number of satellites in the egquatorial orbit.
The xyz position coordigates of the n'th satellite are r(cos ¢n, sin ¢n,0)
where the distance r is measured in terms of the radius Re of the earth.
The coordinates of the ground station ére éiven by (sin 91, 0, cos 61).
The unit vector from the ground station to the n'th satellite is

R ['éx(r cos ¢_ - sin 8) + 'éy(r sin ¢n).’£z cos 6,1

n = (AT-1)

n R
n

where R.n ig the distance from the ground station to the nfth satellite and

is given by

i/2

.= . L2 -
Rn = (1+x 2r 'sin el cos @n)

Satellites

Fig. AI-1 Satellites in an eguatorial orbit.
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We will now assume that the antenna feed for each satellite is
vertically oriented so the unit polarization vector En describing the

- . - - + + » a _+
feed orientation lies in the nn, aZ plane and is perpendicular to nn.

-+ > b >
= a- a
pn a nn "
- - 2
«n =0 =1
Pn n ' Pn

These -equations lead to the following solutions for the constants a and b,

R

b _ n
N 2 2 1/2
(R.n cos Bl)
2]
. - b cos 1
- R
n

. We next assume that the ground station antenna is pointed toward
-
the .i"th satellite with unit line-of-sight position vector ni and has
> >
its feed oriented parallel to p, - We will choose n, along a new polar
. . = . . - g >

axis z' and let x' be coriented along P, - ‘"hen y' is directed along n, X p,.
Relative to this coordinate system the n'th satellite has a position des-

cribed by the polar angle ein and aximuth angle ¢in where

5+ >
cos 6, = n, - n (AI-2a)
in i n
-+ i
In - (ni-nn)ni] Py
cos ¢in = (AI-2Db)

> >
n_ - {(n,-n )n,|
It i n 1
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> T > ) .
Note that no- (ni'nh)ni is the projection of. a line-of-sight vector to

satellite n unto @pe.x'y“plane and the scalar product with ;i will

determine ¢in*

The' polarization mismatch factor between the field radiated by the

n'th satellite and the ground station antenna is given by

; ) - -+ ;
Polarization =P; * P, (AI-3)
To facilitate computation we note that

. 2 . .
N itr cos(¢n ¢i)—r51n al(cos ¢n+cos Gi)

i n R. R
Tin

The results shown in Pig's. 1.3 and 1.4 were computed using (AI-2) and (AI-3

for ¢i chosen equal to 0% and 30°.

The above egquations may also be used to determine the ground station
antenna orientation and feed rotation from the local vertical line in order
to receive a signal from the i'th satellite. As an example consider a
Cleveland, Ohio ground station with coordinates -81.6° lgngitude and 41.5°
latitude. For the CTS satellite the coordinates are -116° longitude, 0°
latitude, and height 35.8 x 10° km. Hence §, = 48.5° and 4, = -33.4°.

The earth's radius ge equals 6378 km. so r = 6.613 earth radii and Ri =
6.036 earth radii. From {AI-l) the unit wvector ;i is found to have the
components {0.7906, -0.603, - 0.1098). The polarization vector §i has
components (0.6873, - 0.0666, 0.99387). At the ground station the local

-5
vertical unit vector ar has the components (cos 41.5°, 0, sin 41.5°) or

(0.74895, 0, 0.6626).

AI-3



. . . . . , =1+ >
The required antenna elevation angle is given by sin (ar-ni) =

. ~1 . . .
sin 0.519263 = 31.3°. The local north pointing unit vector is - gé =

{(~sin 41.5°, 0, cos 41.5°) = (-0.6626, 0, 0.74895)_. The west pointing

. . -> > >, e -+
wnit vector is -a . The component of n, along a_ is (n.-a a = 0.519 a .

\'j i o i r'r r
> > >
Then nit = ni - 0.519 ar = (0.4019, -0.603, -0.4537) and the normalized
S

unit vector nit is {0.470, -0.7053, ~0.5307). The ground station antenna
must be rotated about the local vertical line towafd the west through an

angle cos T(n, -2.) = cos 1 (0.70889) = 44.85°.
it 78

e ) . = + . i + o
The receiving antenna feed should be positioned along p;- The
.).
unpositioned feed is directed along the local vertical ar and we let
- >

p=a. When the elevation angle is changed by 31.3° E changes to E‘

where

- > > .
p' = a, cos 31.3° - ae sin 31.3°

When the antenna is rotated through 44.85° in azimuth ;' changes to 3“

where

¥
I

> . -+ > .
ar cos 31.3° - sin 31.3° (ae cos 44.85° - aY sin 44.85°)

(0.39586, 0.3664, 0.8419)

=1+ -
The required feed rotation is given by cos 1 p;°p

(1]

= cos - 0.84689 =
32.12° in order to align the feed with the incoming radiation polarized

al g p
on L.
1
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APPENDIX IT
TI-59 PROGRAMS

The numerical evaluation of the radiation pattern of a circular
aperture for different illumination functions having rotational symmetry
was carried out using a Texas Instruments TI-59 programmable calculaéor
and associated printer. The effects of clam-shell distortion and periodic
radial di'stortion discussed in Chapter 3 were also evaluated numerically
using the TI-59 instrument. The programs used are summarized in this
Appendix.

The program labelled Program A evaluates the following expression:

1
J £(x) Jo(ux) x dx

0

where f(x) must be entered as subroutine 150. Program B evaluates

1
J £ {x) Jz(ux) x Bix) dx
0

where B(x) f(x) is entered as subroutine 150. Program C evaluates

1
J f£(x) J4(ux) x B{x) dx
0

where again B(x} £(x) is entered as subroutine 150.
The Bessel functions Jn(ux) are evaluated by the subroutine B'

using the series expansion (B' evaluates Jn—l)

ATI-~1



(v/2)° w22
1! (nt+l) 2! (n+1) (n+2)

n
1
Jg M =05) =01~

0|

o _w2)® = =]
31 {n+1) (n+2) {n+3)

The number of terms used is increased with increasing values of u by
multiplying u by 1.3, choosing the integer value, adding 6 to this

number, and storing the result in R Since the TI-52 has only 13 digit

) 18’
accuracy the Bessel function routine becomes increasingly inaccurate for
ux > 25 and is not useful at all for ux > 30. If larger values of u
were required it would be a simple manner to incorporate a branching to

a new subroutine using the asymptotic formulas for the Bessel functions

for u greater than some gpecified value.

User Instructions

1. Store x = 0 in R
o 1

1 in R

2. BSBtore x
n 2

3. SBtoren in R

10
4, Store h = 1/n in R3
5, Storeu=0 in R

12

6. Store 6 in R18

7. Store 4 in R9

. i R
8 Store Au in 19

9. Enter program for f{x) as subroutine 150. End with Inv. Sbr.
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10. Reset counter and then set flag 0. The flag 0 is used to

establish

the normalization of the radiation pattern and

is used in Program A only,

The radiation pattern for the Scheffer feed was evaluated using

numerical values of

R .., R

a1 U etc. with

multiplying X by n

address in R (the

20
Indirect éddressing

needed, Subroutine
SUBR 150 ((RCL ILL %
The number added to

value is 21 and not

stored.

f{x). The values of f(xi) were stored in registers
£{0) in RQl' The required address was generated Ey
and adding Zl.i to this pumber and storing this
calculator uses the integer value as an address).

was then used to recall the values of f(xi) as

150 is entered as follows:

n} + 21.1) STO 20 RCL IND 20
INV SBR.
nx, is chosen as 21.1 to make sure that the integer

20 because of the 13 digit accuracy of any number
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