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ABSTRACT

The effects of standing waves in the region between the
feed horn and subdisn of a Cassegrain antenna are examined
experimentally. KEvaluation of the experimental results indi-
cate the existence of a resonator in this region which makes
calibration of the Cassegrain antenna necessary in order to
determine the influence of the resonator on a signal which is
transmitted or received, 1t has been established that the
radiation pattern characteristics are profoundly influenced by
the location of the feed horn with respect to the parabolic
(main) reflector., These two effects (the horn-subdish rescn-
ator effect and the primary feed pattern alteration caused Uy
tne main reflector) are judged to be the dominant factors
influencing the observed on-axis oscillations occuring with
changes in the feed horn-subdish spacing. The influence of

multipath has been examined and so far as can be determined Ly

this study is not a contributing factor. ‘gg{fgff\iffi:;;h is
recommended; a) using a dipole probe to measure the © 1t RE
waves in the horn-subdish region, b) applying a leveled freq-

uency sweeping technique, and c¢) development of an error curve

to be used in antenna calibration. ACCESSION for
White Sectlon é

NTIS
0DC Buft Section [J
UNANNOUNCED O

BB LETE s Bl

BY ¥
DISTRIBUTION/AVAILABILITY CODES
Dist._ AVAIL_and/or SPECIAL

A




i
I

ACKNOWLEDGEMENTS

The suggestions and encouragement of my thesis advisor
and chairman of the thesis committee, Dr. Walter M. Nunn, Jr.
are gratefully acknowledged. In addition, I would like to
express my appreciation to the Commanding Officer of Patrick
Air Force Base and his staff for the use of facilities for
part of the experimental work for this thesis, and to the
Athletic Director, Mr. Arthur K. Loche, for the use of the
Gynmasium for experimental purposes. Special appreciation
must be given to my wife, Betty, and my children for their

understanding and support during my academic endeavors.




iv

TABLE OF CONTENTS

ACKNOWLEDGEMENTS ....ccccacceccococcccccccccscacccsncns .es 344

LIST OF SYMBOLS ..... vl e sia al siele sl wis sleie s aeisseiee e s alioletisnatotalattets vi

TLIST OF TITUSTREBTTIONME. . . vonrenssnmesisinsssssnsenssssnn Pkl Hey
LIST OF TABLES ...... e ey T o ) R TN oy T KO ... xi |

E Chapter i
y Io INTRODUCTION © 8 0 ® 0 0 0 0000 0° 000 0000000000 0s e acsesoe ] |

A. Purpose of Investigation ...cs.sesscscessss |}

B. BacKkgroundl s s ilsisieis sloisisiers s s ieieles nistein s o s e

N

II. ANTENNA DESIGN .ecoeccoccncsccnsncsssssasnssasoncss 13
> i
1§
A. Available Components .....ceeececsecccccces 13 |

B. The Parabolic Maln Dish ...ccscacscsescsacn 15

C- B].OCkage ® ® 00 © 0 0 000 000000 0CePe N0 s

\n

D. Subdish DeSign .ccceccctccceccaccnncenccnee 22

E. Systen ASSAMBLY .. csiese s ssiesnesssssses O
53X . EXPERINENTAL RESBULES «civrsvesssvasnsnisssincisnvns 6
R. ODBOEVALIONS csusoscsvevicvsssssssvssesssss EO

B. Eguipment and Environment ........ccc.0..0.. 29

C. FExperimental Technique .............c...000 37

D. Experimental ReSUltS ...iccecscevessnsansns L1

L T—"‘\“" W”“.n’-‘.h“ L . s G @ “0” 00 7‘




i
\
\
i

IV. CONCLUSIONS AND RECOMMENDATIONS ....cccccvecceccene

Aa ConCllISionS © © 06 © 00600000 000°00000e0eLee00 e

B. Recommendation for Further Research .......

REFERENCES e © 8 6 ¢ 0 0 ° 00 00 0000000000000 000000 NCLeLLLes .

REFERENCES NOT CITED

® 6 ® © 000 000000060 000600000000000sosense

75
75

76
79
81




vi
LIST OF SYMBOLS
Symbol Description Units Page*
a One half the transverse axis of
a hyperbola cm 6 .
1
Ag Effective aperture of an antenna cm? 65
Agh Effective aperture of the feed
horn cm? 11
b One half the conjugate axis of
a hyperbola cm 6
B Blockage 18
- Beam area 65
c Velocity of light in free space ;
(2.997 x 1010) cm/sec 70 ;
D Directivity 65
De Diameter of the equivalent
parabola cm Q
Dy, Diameter of the main dish cm 5
Dn/Ag Diameter of main dish in wave- 10
lengths :
Dg Diameter of the subdish cm 3
| ' e Eccentricity of the hyperbola 6
| Ep Electric field strength of direct
i | ' wave v/m 38
Ep Flectri~ field strength of re-
flected wave v/m 58

*Page where symbol first appears.




vii
Symbol Description Units Page
£ Frequency Hz
£ Design frequency Hz 19
fnew Low frequency of spatial filter
bandwidth Hz 70
3
Y e High frequency of spatial filter
bandwidth Hz *720
E . fo Frequency of the wave in free
space Hz 68
F Focal point of the main dish
and one focus of subdish >
F' Second focus of subdish 2
Fee Distance between the foci cm 2
Fe Focal length of equivalent
parabola cm 8
Fr Axial distance between the main cm >
: dish and its focus (focal length)
;
F/D Focal length to diameter ratio 10
Fe/Dm F/D ratio of system 10
Fro/Dm F/D ratio of main dish
G Antenna gain db 50
Gp Cain losses due to blockage db 19
Go Gain as a function of directivity 6>
k Constant related to antenna RS
erticiency
'. L, Distance between F' and the
tface of the subdish cn
3




Ys

Description

Distance between F and the face

of the subdish

Magnification

Power of the direct wave
Power of the reflected wave
Path length of direct wave
Path length of reflected wave

Fresnel -Fraunhofer Boundary of
the Cassegrain antenna

Horizontal distance between F
and the point of the surface
of the equivalent parabola

Horizontal distance between F
and any point on the main dish

Horizontal distance between F
and any point on the subdish

Vertical coordinate which
corresponds to Xg
Vertical coordinate which
corresponds to xp

Vertical coordinate which
corresponds to Xg

Subdish half angle, measured
from F'

Grazina angle of a reflected
wave

Main dish half angle measured
from F

Units

cm

watts
watts
cm

cm

cm

cm

degrees

uegrLecs

degrees

yida

av]
o]
@

13

58

38

38

49

o




Description

Wavelength

Design wavelength
Wavelength of fpey
Wavelength of f'pay
Wavelength in free space

Vertical beam width

Horizontal beam width

cm
cm
degrees

degrees

19
70
70
70

65




Ll

3.2a

3.2b

3.2¢

3.24

3.4

3.5a

3.5¢C

3.6a

3.6b

LIST OF ILLUSTRATIONS

Title Page

Geometry of the Cassegrain Antenna ............
Equivalent Parabola Concept ......ceceeeceennn.
Minimum Blockage Condition ........cccceeen....
Cassegrain Antenna Geometry Details ...........
Bilte e Nl Cf T R e Ee o e e A e alle el o s ek alle il al oia o le el e s

Multipath Geometry-Forward Spillover
75 feat caiilaenea

Multipath Geometry-Forward Spillover
101 feet,8 inches ..........

Multipath Geometry-Side Lobe-75 feet ..........

Multipath Geometry-Side Lobe
101 feet,8 inches ..........

On-Axis Relative Power versus Feed Horn
to Subdish Separation-75 feet ....cccececena....

Forward Spillover-Relative Power versus
Feed Horn to Subdish Separation ........ e e

On-Axis Relative Power versus Feed Horn
to Subdish Separation-101 feet,8 inches .......

On-Axis Relative Power versus Feed Horn
to Subdish Separation-ll feet ....cccceceececan

On-Axis Relative Power versus Feed Horn
to Subdish Separation-8 feet .....cccceecven...

Feed Horn Pattern, Vartical Polarization ......

Feed Horn Pattern, llorizontal Polarization

2l




Figure

* 3.6c¢C

3.6d

3.6e

3.67

3.8a

3.8b

- —— ‘ K

Title Page
Total Feed Pattern, Vertical Polarization,
with Feed Horn in Design I»sition ............. 53
Total Feed Pattern, Horizontal Polarization,
with Feed Horn in Design Position ............. 54,
Cassegrain Antenna Radiation Pattern,
Vertical Polarization, Feed Horn in
ID/SEHUE AL O FEEIAERIETN o o Chb 1 e e L i (O e T o R e S e 55
Total Feed Pattern, Vertical Polarization,
Feed Horn Displaced 2% Inches Forward ......... 56
Total Feed Pattern, Horizontal Polarization,
Feed Horn Displaced 2% Inches Forward ......... 57
Cassegrain Antenna Radiation Pattern,
Vertical Polarization, Feed Horn Displaced
2 THCHEE: e msind tntsnsssss a8 e o venes 58
Total Feed Pattern, Vertical Polarization,
Feed Horn Displaced 4% Inches Forward ......... 59
Total Feed Pattern, Horizontal Polarization,
Feed Horn Displaced 4% Inches Forward ......... 60
Cassegrain Antenna Radiation Pattern,
Vertical Polarization, Feed Horn Displaced
A B EICRIERR L e L e 2 o e o ¥ ke b S 51
Cassegrain Antenna Radiation Pattern,
Horizontal Polarization, Feed Horn
Displaced 4% Inches ....... e W A e o 9 62
Cassegrain Antenna Radiation Pattern,
Vertical Polarization-75 feet .....seccevcvccee 64
On-Axis Relative Power versus Feed Horn
to Subdish Separation-85 feet ........cc... &6

On-Axis Relative Power versus l'eed llorn

to Subdigh Separdbion=35 FGot ..iscc-sosessas




Figure

3.9a

3.9b

Lo

Title Page

Cassegrain Antenna Excited by Helium
Neon Laser, Approximately 90% Illumination

Projection of Light from Plg. 3.92 ...ccvevscves

Experimental Set-up using Dipole Prob€.ceeccceces

70




LIST OF TABLES

Title Page
The Dependence of Cassegrain System
Parameters as a Function of Blockage ........ .- 19
Sysitem Parameters . .. - c.cescasaiossscsaces e
Egnipre Rt siagE e olslale olaiole e aiste slais's s wisls sinlmie 27
Multipath FactorS ..c..cesassnresrcannres = 5m i - 40

Performance PACtOTS ... ccesseescessnsnna L 69




CHAPTER I. INTRODUCTION

A. Purpose of Investigation

This thesis was suggested by an indication of the exis-
tence of standing waves in the region between the feed horn
and the subdish of a Cassegrain antenna. The purpose of this
study was to experimentally examine the influence of these
standing waves upon the radiation pattern and the general
characteristics of microwave Cassegrain antennas.

The existence of standing waves in the space between

the feed horn and the subdish of a Cassegrain antenna was ap-
(1)*

h parently first observed in 1973 by Bushko , an undergrad-
uate student at the Florida Institute of Technology. Al-

though the established ray tracing design and analysis tech-

s

niques associated with Cassegrain antennas will not account
for standing waves in the antenna system, these waves are de-
rivable from electromagnetic theory.

The presence of standing waves in the spatial interval
between the feed horn and the subdish has been experimentally
confirmed by measurements performed in the study reported

herein. These two system components form a resonator whi-~h

*Parenthetical numerals placed superior to the line of
text refer to the Raferences.




resembles the Fabry-Perot resonator in optics. The observed

resonator behavior, which arises whenever two reflecting sur-
faces are brought into axial alignment within the vicinity of
one another, results in the antenna system exhibiting a
"Microwave Transfer Function" comparable to the "Optical

w(2)

Transfer Function well known in the optical field. This
microwave transfer function posseses an "amplitude response"
(which in optics is called the "modulation transfer function"
for a lens), and a "phase response" (in optics, the "phase
transfer function" for a lens). A Cassegrain antenna, oper-
ating over a given frequency range must be "calibrated" over
this range (e.g., by precise measurement) so as to properly
"correct" the signal arriving at the detector to account for
the influence of the antenna. Experimental investigations
also reveal that the radiation pattern of the antenna is
strongly influenced by the observed resonator effects which

points to the necessity for a more refined mathematical analy-

sis to predict the antenna performance than has heretofore

been employed.




B. Background

The Cassegrain antenna, named for the French Physician
and inventor of the optical telescope from which it was de-
rived, is designed by applying ray optics techniques used in
the design of this high magnification telescope. Since the
(3)

classic paper by Hannan introducing the technique in micro-

: : < 1D .
wave antenna design, geometric optlcs(4 ) and scalar diffrac-

tion theory(6’7)

have emerged as the standard design and anal-
ysis procedures for Cassegrain antennas. The relevant geome-

try is shown in Fig. 1.1. An important relationship for the

parabolic main dish is given by:

tcn(%):-z—(%“"—‘) (1.1)

For the hyperbolic subdish, the relationships are:

I A = Fe
tanog fcna"zéﬁg) ; and $1.22)

) s TG (1.3)

The diameter of the main dish (D), the focal length of
the main dish (Fp), the distance between the foci of the hyper-
bolic subdisn (f-) and the main dish halt angle (8) are usual-

ly determined by consideration of antenna performance and
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(3)

space limitations and become the four known parameters .

These quantities are then used to calculate the diameter of
the subdish (Dg), the subdish half angle (&) and the distance
between the face of the subdish and the focus of the main
dish along the axis (Ly), which also provides the distance
between the face of the subdish, and the other focus of the
subdish (Ly). For the present antenna, Dp, F, and © were fix-
ed by the available equipment, and Dg was judiciously select-
ed, and the remaining parameters were calculated.

(3)

Hannan refers to the real focal point (F'), and the
virtual focal point (F). This terminology tends to be con-
fusing since the virtual focal point is actually the focal
point of the parabolic main dish and one of the foci of the
hyperbolic subdish, while the actual focal point is the other
focus of the hyperbolic subdish as well as the location of
the feed. For this reason, the terms real feed point (F')
and virtual feed point (F) will be used in this study. The

contour of the main dish is given by the simple parabolic

equation:

e
xm— i"’:—““ ’ (1-4)

where Xp is the horizontal distance (in cm) from the virtual

feed point (I'") to any point of the surface, and y, is the




corresponding vertical distance to the same point (in cm).
The hyperbolic subdish contour is found from the relation:

xg = a{m—l] (1.5)

’

where a and b are given by:

a:= —5— ’ (1.6)

2e

b -a/e2-1 - (1.7)

and the eccentricity e by:

sin (O—Q * (1.8)

(8)

The parameters a, b and e are commonly used in geometry to
describe a hyperbola: a is one half the transverse axis, b
is one half the conjugate axis, and e is the eccentricity.
Examination of Fig. 1.1 illustrates a simplified process
of ray tracing from the real focal point (F') to the subdish,
along the line describing the half angle @, and reflection
from the subdish to the main dish along the line described by
the half angle ©. The ray then reflects from the main dish
parallel to the axis. The aemametry of th~ aystem ig ave®

that the ray would appear to be originating at the virtual

feed point (F) of the system. That is, the subdish is de-




signed by making the eccentricity of the hyperbolic surface

dependent on both ¢ and ©, as shown in Eg.(1.8), so that the

focus of the parabolic main dish and one of the foci of the
hyperbolic subdish are coincident (F); consequently, the angle
of reflection of a ray originating at the other focus of the
subdish (F'), is such that the path may be traced through the
virtual feed point (F). The fundamental geometric property
of a parabola which applies to parabolic reflector antennas

is that a line from the focal point of a parabola to a point
on the surface is equal to the distance between the point and
the directrix of the parabola. Kraus(g) has shown that this
principle, applied to reflector antennas, results in a con-
stant distance for any path from the focal point to the sur-
face of a parabola plus the path from the point on the surface
to the aperture of the parabola. Since the total path length
is constant, all waves from an isotropic source at the focus
reflected from the parabola will arrive at the aperture in
phase. Extension of the ray tracing idea described leads to
the conclusion that the system may be reduced to a single re-
flector antenna with the feed located at the virtual feed
point (F) of the main digh. Thig conecer+ *~ gnitable ~--

qualitative analysis of the system, but is not in general use-

(3)

ful for an accurate quantitative analysis




Hannan describes a useful equivalent antenna which is
graphically derived by combining the hyperbola and the para-
bola into an equivalent parabola as shown in Fig. 1.2. The
equivalent antenna is a parabola with the focal point at the
real feed point (F') of the Cassegrain antenna. Although the
equivalent parabola (shown dotted in Fig. 1.2) faces in the
opposite direction from that of the original antenna, this
does not invalidate the analysis. While other configurations
may be represented by equivalent surfaces, the equivalent
parabola is unique to the Cassegrain geometry, and is the re- 1

(3)

sult of ray tracing approximations . The most important

relationships between the equivalent parabola and the para-

meters of the actual system are:

—} (—::—ﬂ):tcn(a/z) ' (1.9)

2
X.: z‘é’ ’ (1.10)

{: —tan(o2) _ Ly | and (1.11)

o=];:|_—: . (1.12)

Equations (1.9), (1.11) and (1.12) define the equivalent para-

bola in terms of the original system, while Eg.(1.10) is the
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expression for the equivalent parabola itself. Two parameters
which become more important in evaluating the antenna design
are obtained from the equivalent parabola, the F/D ratio
and magnification.

The selection of an appropriate F/D ratio for a para-

bolic reflector antenna becomes complicated, since it requires J

(10)

Ao

consideration of several conflicting factors In order
to reduce "spillover" of the parabolic reflector, a small F/D
ratio (approximately 0.25) is desirable, while a large F/D
ratio (2 1.0) produces an antenna with a desirable low signal-

(4)

to-noise ratio As the F/D ratio increases, however, the
physical length of the system increases, which presents me- #
chanical problems such as supporting structures for the feed
systems and the need for larger and more expensive radomes(lo).
Jensen (%) gives an acceptable range for Fp/Dn in a

Cassegrain antenna from 0.25 to 0.42. For a Cassegrain an-

tenna, the equivalent parabola focal length is also used to

describe the system properties, and is given by Fg/Dy. For
the antenna used in this study, the value is 1.7681, indica-
tive of a low noise system, while the physical Fp/Dy, ratio is
0.3704, indicating low spillover and low side lobe leveT -
Spillover is the energy lost to the reflector surface.

In a Cassegrain antenna, thaere are two types of spillover to




TR T TTT—
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consider; forward spillover, which is the energy radiating
past the subdish, and rearward spillover, which is the energy
reflacted by the subdish that radiates past the main dish.
Forward spillover contributes directly to the side lobe level
of the Cassegrain antenna radiation pattern, as will be demon-
strated in Chapter III(3’4'5).

The ratio of the effective aperture of the feed (Agy)
to the physical aperture of the feed is the magnification (M)
of the antenna. The convex shape of the subdish allows the
use of a smaller feed than would be required to properly il-
luminate the equivalent parabola with a feed horn located at
the focal point of the main dish (F). Although this effect
is analogous to the magnifying properties of an optical tele-
scope, it must not be confused with the magnification of an
optical telescope with an eyepiece, in which the term applies
to the relative sizaes of the image and the object. The magni-

fication of a Cassegrain antenna is given by(3):

¥
M= -;!— (1.13)
m

The basic geometry described by Hannan(3) was used by
Jensen(4) and Henry(s) to form=lize deci : _ .[ ceiures ive wuw

Cassegrain antenna. Their important contributions will be

utilized in the design procedures presented in Chapter II for




the antenna under investigation.

The results of careful experimental measurements con-
ducted in the microwave frequency range near 10 GHz, and in
the optical range using a helium-neon laser, which confirm
the accuracy of the design procedure and the significance of
the Microwave Transfer Function of the Cassegrain antenna are
presented in Chapter III. These results point to the neces-
sity of carefully calibrating a microwave Cassegrain antenna
in order to properly interpret the spectral characteristics
of a signal received from such an antenna. In addition, these
results emphasize the importance of more refined analytical

techniques in the study of Cassegrain antennas than have here-

tofore been employed.
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CHAPTER II. ANTENNA DESIGN

A. Available Components

The Electrical Engineering Department had all of the
components of a Cassegrain antenna on hand. These included
an Andrew Corporation Model 18775 reflector 121.92 cm in di-
ameter, a flared feed horn with a rectangular aperture (39.42
cm?), a subdish 16.51 cm in diameter and a system of three
struts and ancillary hardware for mounting the subdish. The
large reflector, which was to be used as a main dish, is
mounted on a rigid frame work on a heavy triangular base
which is fitted with casters. The dish is attached to the ;

frame in such manner as to allow vertical scan from 83° to

5

97° from the horizontal, while insuring against slippage from
the desired position. The weight of the base assures stabili-

ty, while the casters allow lateral movement of the antenna.

B. The Parabolic Main Dish o

Although to all appearances and belief, the Andrew Model
18775 Reflector was parabolic in shape, it was checked in de-
tail, since variation from the paraboloid would result in an

invalid design. The Andrew Corporation was queried concern-




SO - R T T R I R -
L

T4

ing the design specifications of the reflector, since infor-
. mation on the Model 18775 is not available in current cata-
logs. Sincd no response could be obtained from the manufac-
turer, it became necessary to determine the shape of the re- }
flector by measurement.
The reflector was set in position with its aperture 4
perpendicular to the floor, as verified by careful measure-
ment with a precision angle measuring level; and a plumb bob
was hung from the top dead center of the dish by a strong
cord which had been wet and stretched to dry, and marked at
one inch intervals. Measurements were then taken at each
mark to the surface of the dish, and the data recorded. This

method served to verify the diameter of the dish at 48 inches

(121.92 cm). The data collected in this manner was adjusted
to be usable in Eq.(l1.4) by subtracting each horizontal mea-
surement from 8 inches (greatest depth of dish) and taking

vertical measurements from the center of the dish. The data

from two arbitrary points were selected, and used to compute

and confirm the focal length of the dish (45.16 cm). The hori-
zontal distance (xp,) was then calculated for each of the data

points, and the results compared to the »~- -wed Jjata, ..

firming the parabolic shape, and the following values:




D,, = 12192 cm, and Fn =4516 cm, (2.1)

The half angle © is then found using Eq.(1.1):

0 = 68.04° (2.2)

C. Blockage |

The remainder of the design procedure is more compli-
cated than that of the main dish. The size of the subdish
and the feed horn, together with their respective locations,

(3)

determine the degree of aperture blockage. Hannan intro-

duced the concept of aperture blockage, and pointed out that, |

although blockage is not a serious problem in Cassegrain
telescopes because of the short wavelength of light, it has
been the principal limitation of Cassegrain microwave antennas.
The presence of the subdish creates a "hole" in the center of
the radiation path which causes reduced gain and increased
side lobes, both of which are undesirable in a microwave an-

(4) (5)

@ tenna system. Jensen and Henry have extended and sim-
plified the approximations made by Hannan(3) to reduce the

effects of blockage in the early stages of antenna design. ‘
The method used by Hannan to tind minimum blockage lends it-

selt to analysis of an antenna system, but is difficult to
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employ for antenna design. Figure 2.1 illustrates the mini-
mum blockage condition.

Since a ray reflecting from the subdish appears to be
originating at the focal point of the parabola, or the virtual
feed point, reference to Fig. 2.1 shows that the feed horn
casts a "shadow" on the main dish. That is, the feed horn
blocks some rays from arriving at the main dish. The subdish
also blocks some of the rays which are reflected from the main
dish from radiating out of the system. The degree of block-
age, then, is a function of the position of the feed horn as
well as the size of the subdish. If the feed horn is placed
all the way back against the main dish, its location would no
longer cause a blockage problem, but, now, the subdish does
not fully intercept the feed horn fields, resulting in forward
spillover. On the other hand, if the feed horn is moved too
close to the subdish, it casts a large shadow, and becomes
the dominant blockage factor. The feed horn aperture size in
wavelengths determines the beamwidth and, in turn, the angle
which must be subtended to illuminate the subdish. Therefore,
the location of the feed horn determines the size and shape
of the subdish. as well as inflr-enciry Lt . . HAish locai.....

The location of the subdish is also a function of the Fm/Dm

ratio of the main dish(s). The foregoing inter-dependence







18

yields the following expression as an approximation of the

subdish diameter which yields minimum blockage:

Dy =/2Fp 2 {2.3)

where Dg is the subdish diameter in centimeters, Fp is the
main dish focal length in centimeters, and A is the radiation
wavelength in centimeters. If Eq.(2.3) is divided by the

main dish diameter (Dp), an expression for the blockage is

WLAWAY N %

where the blockage (B) is defined as the ratio of subdish-to-

obtained:

main dish reflector diameters.

Equation (2.4) is written in this manner to illustrate
that, under conditions of minimum blockage, the blockage ratio
is a rather simple function of the Fp /D, ratio of the main
dish in anelengths(s). Henry has plotted this relationship
on a graph of Main Reflector Size in Wavelengths (D/A,) versus
the Blockage Ratio (B), for Fy/Dp over the range 0.25 through
0.50 (Fig. 3, Page 470f his paper). This graph is very use-
ful in designing a Cassagrain artenna £in: "% = 1O0WS w. ...
stant approximation of the effects of various changes in fre-

quancy on the blockage, and illustrates clearly the assartion

e TR
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that as the Dp/y ratio becomes very large, blockage becomes

. less important(3).

The effect of blockage on antenna gain reduction is

given by:
G, =20|log_(1-2B2) (2.5)
s ~20lioq,_(1-202)
_ where Gg is the reduction in gain in decibels (db). This re-
' lationship permits evaluation of the effects of changes in

the blockage ratio, and hence aids in the selection of a de-

sign when conflicting criteria must be considered. Table 2.1

shows the results of system calculations based on various

blockage ratios, using Egs.(2.1) through (2.5).

Parameter Blockage (B)
0.100 0.125 0.1354 6.1423 0.2332
Fm/Dm 0.3704 0.3704 0.3704 0.3704 0.3704
Dg (cm) 12.19 15.15 16.51 17.34 28.43
fq (GHz) 49.15 11.79 9.93 9.0 3.3%
Gy (ab) -0.18 -0.28 -0.32 -0.36 -1.0
Dm/hd 200 48 40.4 36.6 5.3
Table 2.1. The Dependence of Cassegrain System
Parameters as a Function of Blockage
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Since the microwave generating equipment available
operates in the 8.2 GHz to 12.4 GHz frequency range, the data
in the first and last columns of Table 2.1 are of importance
only to illustrate the extremes. That is; the values in the
first column show that, with a high value for Dp/Aq, blockage
losses are very small, while the figures in the last column
indicate that blockage losses become very significant for
small values of Dy /Ag.

The values in the second column were computed using a
wavelength of 2.54 cm to find the blockage ratio, because it
was known that the radiation wavelength is approximately one
inch. The values in the third column were found using the
diameter of the available subdish, while the values in the
fourth column were found using a design frequency of 9.0 GHz
for comparison purposes. The term "design frequency" is of
significance only as an approximation, and is not meant to
imply an exact operating frequency. By a comparison of the
data in the second, third, and fourth columns of Table 2.1,
it can be seen that the difference in blockage losses are
relatively small, so that any of the subdish diameters could
be used satisfactorily. It appaared t'at .° . choice ua uhe
smaller subdish would yield optimum performance. Since the

configuration of the main dish and feed system, as well as

OR—

A i e A
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the purpose of the experimental study, dictated that the feed
. horn be placed between the main dish and the subdish, it was
necessary to investigate the possibility of feed horn block-
age. This was particularly important since the distance be-
tween the feed horn and the subdish would be varied, and
changing blockage conditions could negate the value of the
experimental results. A geometric model of the system was
drawn to scale, and two scale model feed horn profiles were
cut out. The shadow of the 15.15 cm diameter subdish and a
ray trace from the focal point were drawn as in Fig. 2.1.
The feed horn models were placed in the extreme positions
that they would occupy during the experiment, and it was de-
termined that vertical blockage would not be affected by the
1 feed horn, but that horizontal blockage would be affected.
The same procedure was followed for the 16.51 cm subdish, and
the blockage was not affected by the feed horn at all. It

was then decided to use that subdish size,
Ds=16.51 cm, (2.6)

thereby providing another system design parameter.
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D. S ish Des

Since it had been determined that the 16.51 cm subdish
would satisfy the minimum blockage conditions, and a subdish
of this diameter was available, only the contour of the sub-
dish remained to be verified as that of a hyperbola of pre-
scribed eccentricity. The horizontal depth of the subdish
contour (xg) was measured at three suitable points, yg = O,
2.0" and 3.25". Equations (1.2), (1.5), (1.6), (1.7) and
(1.8) were then applied with the distance between the foci
(Fo) taken to be 12.58" (31.95 cm). This distance is the dif-
ference between the focal length of the main dish (F_), and
the approximate phase center of the feed horn. The results
showed that the available subdish would not be suitable for
use, and had to be redesigned.

Computations were then made using the aforementioned
equations varying yg at one-quarter inch intervals, and the

following parameters were obtained:
e = 1.53, o= 16.10°, and L, = 2.19%, (2.7)

A new subdish was then fabricated employing the foregoing

specifications.
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The distance from the focus (F') to the face of the

. subdish (L,.) was then found by subtracting the value of L,
from the value of F,. This distance wa: found to be 10.39"

(26.39 cm). The system parameters are summarized in Table

2.2, and illustrated in Fig. 2.2.

Parameter Symbol Value

é Main Dish Diameter Dm i;Il92 cm
Subdish Diameter Dg 16.51 cm |
Main Dish Half Angle e 68.04°
Subdish Half Angle a 16.10°

é Main Dish Focal Length Fm 45.16 cm

% Subdish Foci Separation Fe 31.95 cm

t Subdish to Virtual Feed Ly 5.56 cm

Table 2.2. System Parameters

E. System Assembly

The available struts were suitable for use for mounting
the subdish, but were longer than necessary. Shortening the
structure forward of the main dish adds mechanical strength,
assists in maintaining axial symmetry, and is in keeping with

good Cassegrain antenna design procedures. Accordingly, the 1
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struts were shortened, and the subdish was securely mounted
and fixed in position.

The feed horn was attached to a length of waveguide
which was fed through the center of the main dish, allowing
the position of the feed horn relative to the subdish to be
varied. A shim was fabricated to be inserted each time the

feed horn was repositioned to insure against slippage.
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CHAPTER III. EXPERIMENTAL RESULTS

A. Observations

It will be shown, through experimental results reported
in this chapter, that spatial oscillations of the "on-axis"
rf field with changes in the feed horn-subdish spacing point
to the existence of standing waves in the feed horn-subdish
region. Several important effects, which might contribute to
these observations have also been examined in the present
study. Among these are the following:

1. Side lobes in the radiation pattern of Cassegrain an-
tennas are principally associated with forward spill-
over of the primary feed pattern (i.e., the portion of
the primary feed pattern not intercepted by the subdish).
The wide-angle radiation produced by these side lobes
may, under certain circumstances, create significant
oscillations in the amplitude of the received signal
when the distance between the transmitting and receiv-
ing antennas is changed; a phenomena frequently refer-
red to as "multipath effect."

2. Rearward spillover results from incomplete interception
by the parabolic main dish of the energy reflected from
the hyperbolic subdish. This energy radiates behind
the parabola and is particularly undesirable in low-
noise receiving applications (e.g., in deep-space probe
tracking and radio astronomy antennas) where the often
high ambient noise-level signals reflected from the
ground may fall upon the hyperbolic subdish and thereby
enter the receiving system; with a consequent degrada-
tion of the received-signai sigral-' - 9ie~ ra.’
Furthermore, the configuration of the surfaces behind
the Cassegrain antenna can, in certain circumstances,
reflect the rearward spillover energy in the forward
direction and contribute to multipath effect (because




of interference between the direct and background-
reflected signals) when the spacing between the trans-
mitting and receiving antennas is changed. An extreme
example of this situation might be that existing when
a large, perfectly-conducting reflecting sheet is ver-
tically situated behind either the transmitting or re-
ceiving antenna, or both.

Calculations show that the hyperbolic subdish lies in
the near field of the primary feed horn, and converse-
ly; and, the hyperbolic subdish lies in the near field
of the main dish, and conversely. Therefore, as a di-
rect result of this "folded telescope" configuration

of the elements making up the Cassegrain antenna, a
spatial resonator is formed in the "on-axis" direction
of the horn-subdish region; and a second such resonator
is formed in the "on-axis" direction of the subdish-
main-dish region. A change in the horn-subdish spacing
results in significant oscillations in the received sig-
nal, as experimental results confirm. Similar oscilla-
tions should be expected when the subdish is moved rela-
tive to the main dish, but experiments of this type

have not been attempted because of the severe defocus-
ing of the entire system which would result whenever

the subdish is improperly located.

Detailed measurements conducted in the Microwave Labo-
ratory have demonstrated that the vertical and horizon-
tal primary feed horn radiation patterns undergo sig-
nificant changes when: (a) the horn is completely re-
moved from the parabolic main reflector; (b) the horn
is fully back against the inside surface of the para-
bolic main reflector; (c) the horn is fully forward
along the axis of the parabolic main reflector (i.e.,
farthest from the inside surface of the parabola, along
the parabolic axis); and (d) the horn is midway between
the extremes of (b) and (c), above. Experimental ob-
servations of on-axis oscillations of the radiation
pattern, as the horn is slid along the parabolic axis
of the main reflector with the subdish removed, cannot
be fully teken into accounc without iv-~luding thk

cnange of the primary feed horn radiation pattern with
position along the parabolic axis.
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5. On-axis oscillations of the radiation pattern, as the
feed horn-subdish distance is changed, may also result,
in part, from interaction (i.e., multiple reflections
and re-reflections of the radiated signal) between the
transmitting and receiving antenna. This effect may
become significant when a large aperture receiving an-
tenna is used for measurements made in the Fresnel re-
gion of either or both antennas 12
In addition to these considerations, the Cassegrain

system under study is excited by an exponentially-tapered
rectangular feed horn which transforms a TEjg waveguide mode
into a radiation field that illuminates the hyperbolic sub-
dish. Thus, the entire Cassegrain antenna system is initial-
ly excited by a vertically-polarized wave (the horn can be
rotated 90° to produce horizontally-polarized wave, if de-
sired), which is not only not circularly symmetric but, more-
over, the vertical and horizontal planes passing through the
center of the parabola do not have the same amplitude distri-
bution (i.e., the same "illumination taper") because the phy-
sical aperture in the vertical and horizontal directions are
not the same for the feed horn; that is, the height divided
by the width is not unity. This condition of "asymmetric
illumination" of the hyperbolic subdish and, subsequently,

the main parabola itself must be taken into account when

properly interpreting the results observed.

1"".' ’i -
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In order to assure the highest degree of frequercv sta-
bility, the klystron was operated in a thermally-isolated
waveguide mount with an electronically-regulated power supply.
To minimize the possibility of frequency pulling, two load
isolators (each of 20 db return loss) were connected in cas-
cade between the klystron signal source and the waveguide

feed to the antenna.

B. Equipment and Environment

A block diagram of the equipment used in experimental

work is shown in Fig. 3.1, and an equipment list is shown in

Table 3.1.
Model Serial

Component Manufacturer Number Number

i e . 2K25/ =
Reflex Klystron JYestern Flectric 733478 #7599438
Power Supply FIT EE Dept. N/A #008076
X-Band Load PRD Electronics 1203 #2348
Isolators #2349
Wavemeter F-R Machine Works X 410A #147
Standing Wave Hewlett-Packard 4158 #007996
Indicator

Table 3.1. Equipment List
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The reflex klystron used is tunable between 8.4 GHz and

9.5 GHz, and has an output of 30 mw. The receiving antenna
is a dipole driven paraboloid with the same diameter as the
Cassegrain.

Measurements were taken in three separate locations,
each of which had distinct features. The first series of
measurements were taken in an aircraft hangar at Patrick Air
Force Base. Although the hangar was quite large, maintenance
equipment permanently mounted or stored therein limited the
available space. In order to insure against undesirable re-
flections, it was necessary to restrict the distance between
antennas to 75 feet (22.86 meters). A cyclic variation in
meter readings was observed during equipment testing. Inves-
tigation intc the cause of the variations determined that the
source of interference was the Airport Surveillance Radar,
and that the disturbance was uniform and occurred instantane-
ously each time the Ground Control Approach radar antenna was
directed toward the hangar. Since the magnitude of the dis-
turbance was constant and cyclical, this interference proved
to be only a minor annoyance, but did not atfect the data
taken in this 1-caticn. The frequency «“ ¢ ~eration, 9.197 €¢7iz
(3.27 cm), assigned by Lhe I'requency Control Officer at Pat -

rick AFB, was chosen to preclude any possibility of inter-
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ference with the GCA radar used for landing aircraft.

Subsequent measurements were taken in the F.I.T. Gym-
nasium and the Microwave Laboratory. The Gymnasium offered
several advantages. While it was necessary to remove the
equipment on a daily basis, the logistical considerations of
such movement was minor compared to the difficulties in mov-
ing two large antennas and the associated equipment to and
from Patrick AFB. Although the actual playing floor of the
Basketball court had to be avoided, the opportunity to move
the antennas about, and to achieve a 36% greater separation
(i.e., 101 feet, 8 inches) were prime considerations in using
that location for those measurements which could not be con-
ducted in the laboratory. The antennas were also raised to
reduce the possibility of multipath.

Close range measurements were made in the microwave
laboratory. This location was ideal for measurement of close
in effects, feed horn radiation patterns, and a design valida-
tion approximation using a Helium-Neon Laser as an excitation

source.
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C. Experimental Technigue

The equipment was assembled and allowed to operate for
a sufficient length of time to insure stability; i.e., to
assure that the system would not undergo significant frequency
drifts. Coarse measurements were then taken, and the equip-
ment moved until the possibility of undesirable reflections
was eliminated. The antennas were separated from reflecting
surfaces, such as walls and equipment not associated with the
experiment, so that rearward spillover would be lost, and not
reflected back into the area between the antennas. This ef-
fectively eliminated a possible source of error.

Once the equipment was in place, and the operating fre-
quency confirmed, on-axis measurements of relative power were
taken at % inch intervals (approximately % wave length in the
X-Band), by moving the position of the feed horn between mea-
surements. Movement of the feed horn in this manner has the
effect of changing the distance between the feed horn and the
subdish in % wavelength increments. At the frequency used
(9.197 GHz; 3.27 cm), the actual quarter wavelength in free
space is 0.32 jnch,

Arter the on-axis data was collected, the feed horn was

returned to its original position and the antenna radiation
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pattern was measured by measuring relative field strength as
% the receiving antenna was moved in 6" increments to the right
and left of the center line, while maintaining a constant an-
tenna separation of seventy-five feet. The radiation pattern
was measured in this manner for each of the eighteen feed 1
horn positions.
In order to determine whether multipath effacts, or the i
reception of one or more reflected signals in addition to the

desired wave, contributes to the fluctuations expected, and

found during the initial experiment, a second set of data was

(9)

collected. Kraus recommends testing antennas on towers or
at the edges of roofs of adjacent buildings to obtain suffi-
cient height to avoid multipath. This approach was found to
! be impractical for the present investigation because it would
require that measurements be taken outdoors, and movement of
the antennas by the wind could cause sufficiently strong vari-
ations in measured data to suppress the expected effects. ‘

The first series of measurements were made at Patrick AFB

with the antenna centers 23.26 wavelengths above the floor. i

For subsequent measurements, the antennas were placed on

stands with their c¢enters approximately 5' 9 waveleng: 1s

above the floor.
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Geometric approximations were made of the effects of
multipath on measured data for each of four "worst case" con-
ditions. Figures 3.2a and b show the multipath possibility
for the forward spillover at the edge of the subdish for an-
tenna separation of 75 feet and 101 feet 8 inches, respective-
ly. In each case, the path of the reflected signal misses
the receiving antenna by several feet (14.56 feet and 16.3
feet respectively). Although it is fully realized that the
wave is not in reality a ray, the distances involved are suf-
ficient to conclude that the signal from this part of the for-
ward spillover is not of significant interest. Calculations
were made to compute the minimum and maximum grazing angles
(B) required for reflected forward spillover to reach the
aperture of the main dish. in all cases, this angle was less
than 16.01° which indicates that any portion of the feed sig-
nal which could be reflected to the receiving antenna would
be intercepted by the main dish. Therefore while forward
spillover contributes to the side lobes, it cannot be con-
sidered to be significant in the multipath case.

Figures 3.2c and d show the multipath condition as ap-
plied to the maxim'm side lobe. 1In the r -= ,f antenr . se'
ration of 101 feet 8 inches (Fig. 3.2d), thce side lobe passas

under the antenna, missing it by 2 feet. In the case of an-
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tenna separation of 75 feet, however, the signal could re-
flect into the receiving antenna. To carry the "worst case"
condition forward we will assume that the receiving antenna
is 100% efficient, and absorbs all radiation striking the
main dish (this, of course, is not the case).

The relative db gain is given by(ll) s

=10 log (%) , (3.1)

from which,

E
6-20 log (—E—BD) (3.2)

can be derived, where Pp is the reflected power, Ep is the
reflected electric field, Pp is the direct power, and Ep is
the direct electric field at the receiving antenna. The side

lobe level is -10.1 db. Substitution into Eq.(3.2) yields:

——=0.3126. (3.3)

Since it is known that the electric field intensity varies
proportionately to the inverse of the path length between
antennas (range), the relative field strengths at the receiv-

ing antenna is:

E = n X —-;:— (3.4)




where rp and rp are the lengths of the direct and reflected

paths respectively. Over the paths described in Fig. 3.2c,
rp = 900 inches; rp = 901.45", {3.5)

which results in

e
0.3131

D (3.6)

The path lengths given above result in the reflected
wave lagging the direct wave by 47.93°. Again assuming the
worst case, we will take the signals to be either in phase,
or 180° out of phase, we can (ind by phasor addition that

the maximum gain difference between the two cases would be:

G =2010g 0 1fH (3.7)
10

Ep - Eg

which yields
G = 5.6280 db, (3.8)

This would be the difference between the maximum and
minimum in one cycle in Fig. 3.3. This difference was mea-
sured, and found to be 0.6 db. If the phase difference is
taken intn account and we assume antarna ~<fi ‘ency; of 5%,

the variation is still on the order of 2.0154 db.

L
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The results of the foregoing calculations are shown in
Table 3.2. The argument could be carried further to include
tracing of multipath in the case of the main beam, but com-
parison between the value of one-half the beam width, and
the minimum and maximum grazing angles shown in Table 3.2
shows that multipath cannot occur in those cases. Evaluation
of the above results shows that multipath effects cannot con-

tribute to the observed oscillations.

Table 3.2. Multipath Factors

(-

Antenna Separation i
75 feet 101 ft. 8 in4
Minimum Grazing Angle (g) 3.01° 5.159 i
Maximum Grazing Angle (B8) 4.66° 7.38° {
Distance between antenna and path:
Forward Spillover 14.56 ft. 16.30 ft.
Side Lobes N/A 2.01 £t.
Phase Difference in Received
Signal -47.93° N/A
Magnitude of Oscillations 2.0154 db N/A

In addition to the measurements described above, the
subdish was removed from the Cassegrain antenna, therebv re-
;erting .. a standard horn antenna with a background para-

bolic reflector. Similar measurements were made with this
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configuration at two different antenna separation distances.
All subsequent measurements were taken in the Microwave
Laboratory. The feed horn was removed from the system, and
the radiation pattern was measured at five degree intervals
at a distance of 12% inches. The horn was then replaced in
the paraboloid and the radiation pattern was measured with
the feed horn in the design position, extended half way, and
fully extended. Finally, the .ubdish was replaced, and on-
axis measurements taken at eight feet and eleven feet antenna

separation.

D. Experimental Results

The on-axis data taken in the initial experiment was
plotted, and an approximating smooth curve was drawn through
the data points. The resulting graph of On-Axis Relative
Power (db) versus Feed Horn to Subdish Separation (wave-
lengths) is shown as Fig. 3.3. The expected oscillations
are clearly evident, with peaks occurring at, »r very near
to, half-wavelengths, and negative extremes occcurring in the
vicinity of half-wavelength plus one-quarter-wavelength
points, especially in the mid-range (5.5, 6.0 and 6.5).

This behavior clearly indicates the presence of standing

waves.
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It may at first appear that the oscillations are the
result of "defocusing the system" by moving the feed horn,
but since the subdish is maintained in a fixed position, the
virtual feed is stationary, and the Cassegrain geometry pre-
vails. If the subdish had been moved, the system geonctry
would have been disturbed, and a degradation of the average
signal strength (dotted line in Fig. 3.3) could be expected.
It is obvious from examination of Fig. 3.3 that exactly the
opposite case applies, resulting in signal strength ciobance-
ment as the distancc between the feed horn and the subdish
is reduced. Careful measurements were made of the relative
forward spillover of the subdish, and a plot of data appears
as Fig. 3.4. It is apparent that spillover decreases as the

feed horn to subdish separation is decreased, resulting in

increased power being reflected into the main dish, and hence.

the general rise in average power in Fig. 3.3.

The oscillations evident in Fig. 3.3 were originally
thought to be solely the result of the effects of a spatial
filter similar to a Fabry-Perot resonator existing in the
interval between the feed horn and the subdish(z). Further
measurements tend to confirm the evi:itcencn ¢~ such a o lterc
but also indicated the necessity of considering the effects

of the possible contributing factom described in the first

section of this chapter.
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The on-axis data recorded during the second and third
experimental sessions were plotted, and are shown as Figs.,
3.5a, b and c. Examination of Fig. 3.5a, and comparison with
Fig. 3.3 reveals that the general waveshape is identical, but
that a slight shift in phase occurs, reaching one-half-wave-
length as the minimum separation is reached. The general re-
duction in average signal strength can be expected as a re-
sult of the 36% increase in antenna separation with no off-
setting increase in transmitted power.

The antennas were brought into close proximity in the
laboratory, and on-axis data taken and plotted in Fig. 3.5b
and c. The variations in relative amplitude and period seen
in these two cases are the result of interaction between the
two antennas. As the wave arrives at the receiving antenna,
part of its power is absorbed by the antenna, and the remain-
der is scattered. A portion of the scattered power is re-
flected back toward the transmitting antenna, and when the
antennas are sufficiently close, is reflected again, etc.(l3)
A similar phenomenon is common in optics in the case of inter-
ference between two reflectors(l4).

In order to ¢void arteane inter-:tiov “asuTewe: s
should be taken in the Fraunhofer region, or the far field,

if possible. Separation of the antennas will eliminate the

ik
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possibility of interaction between antennas as a possible
. causative factor. The approximate Fresnel-Fraunhofer Boundary

is computed(lz) from the relation:

n;"‘—?i (3.9)

For the antenna under study, the diameter is 121.92 cm, and

the wavelength for 9.197 GHz is 3.27 cm, yielding:

R, ~91.23m (300ft), (3.10)

Considering the entire frequency range of the equipment, 8.2

GHz to 12.4 GHz, the Fresnel-Fraunhofer Region may vary from
266.95 to 403.69 feet. The above distances consider the use
of approximately equal aperture transmitting and receiving
antennas, and may be reduced by using an antenna with a small-
er aperture for measurements. In either case, an equipment
modi fication would be required. A power amplifier would be
required to increase the signal level sufficiently so that it
may be detected at these distances.

The radiation pattern measured in each portion of the
experimental work was plotted on polar coordinate graph paper.

These plots are shceyn in iiys5. 3.fa ttrough ar. ws@ Jrgan-

ized as follows:
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a. Feed horn pattern, vertical polarization.
= b. Feed horn pattern, horizontal polarization.

c. Total feed pattern, vertical polarization, with
feed horn in design position.

d. Total feed pattern, horizontal polarization, with
feed horn in design position.

e. Cassegrain antenna pattern, vertical polarization,
feed horn in design position.

f. Total feed pattern, vertical polarization, with
feed horn displaced 2% inches forward.

g. Total feed pattern, horizontal polarizatiecn, ith
feed horn displaced 2% inches forward.

h. Cassegrain antenna pattern, vertical polarization,
feed horn displaced 2% inches forward.

i. Total feed pattern, vertical polarization, with
feed horn displaced 4% inches forward.

j. Total feed pattern, horizontal polarization, with
feed horn displaced 4% inches forward.

k. Cassegrain antenna paf:tern, vertical polarization,
feed horn displaced 4% inches forward.

1. Cassegrain antenna pattern, horizontal polarization,
feed horn displaced 4% inches forward.

Examination of the radiation patterns in Fig. 3.6a

through 1 illustrates the effect of changes in the feed horn

to subdish separation. I'icures 3.6c, f and i show the ampli-
fication and shypipT 0F tr: vartieally polar. '« 1 «.sa Lozn
pattern, while Figs. 3.6d, g and j illustrate the sa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>