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SUMMARY

The purpose of this research effort is to determine a

feed design and reflector geometry for an ultra-low sidelobe

offset fed 1.22 meter antenna suitable for use in the 12 GHz

Broadcasting Satellite Service. A particular set of arbitrary

constraints was used to evaluate the relative merits of the

feed horns and range of f/D geometries. These constraints

are= Minimum efficiency of 55 %, - 30 dB first sidelobe level
(relative to on -axis gain ) ., a 0 dBi plateau beyond the near-in

sidelobe region, and a Chebyshev polynomial -based envelope

(borrowed from filter theory) for the region from the -3 dB

beamwidth poinus to the 0 dBi plateau region. This envelope

is extremely stringent but the results of this research effort

indicate that two types of corrugated feed and a cluster array

of small 1X horns do meet the constraints. If an evaluation

program using these feeds is successful in attaining this

performance, it means that a significant decrease in the

orbital slot spacing between broadcasting satellites (and

Fixed Service satellites) is possible, because of the greatly

increased discrimination in the off-axis .angle region from 10

to 12°.
A set of performance specifications and a mechanical

design suitable for a consumer-oriented market in the

Broadcasting Satellite Service was developed. Costs for

production quantities of 10,000 units per year are estimated

to be around $150, with a sale price in the range of

$400	 $500.
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SYMBOLS and DErXNITTQNS

dB decibel a 10 log .Pi/P2

dBi dB relative to isotropic

f focal length

D diameter of parent parabola

G(6) the Chebyshev envelope

G(0) on-axis gain of antenna

60 h of the full 3 dB beamwidth in degrees

E DO 
R/10  

_lah	, a parameter

R the ripple factor borrowed from filter theory in dB

C n ( kO;Oo) cosh [n cosh - '(Woo)]

n the order of the polynomial, 1, 2,

k the normalizing constant which matches the
envelope to 	 3 dB point at 'the 3 dB beam-p	 n	 mp	 h	 -
width Bo	 cosh	 '_(_11E)

cosh [ n

r
e angle relative to boresight axis of antenna

i
azimuth angle measured from vertical reference
axis on aperture of antenna

wavelength

+	 eP feed angle relative to bor esight axis

.
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1.0	 INTRODUCTION

j!

1.1	 Background

The importance of obtaining lower sidelobe level s from

1
ground station antennas used in the broadcasting satellite

3
service has been described (1).	 The customary method for

describing sidelobe levels is through :he use of an envelope
which starts at some off-axis angle just beyond the main

beam [21.	 The envelope currently adopted by the CCIR for use
i

in international planning and interference analysis results

in 6 0 orbital slot allocations.	 With the results of the WARC-77

requiring the Fixed Satellite Service '(rSS) and the Broadcasting

Satellite Service (BSS) to share the orbital arc as well as some

portions of the 12 GHz band C21, and with a growing demand for

FSS and BSS orbital., ^lots t obtaining improved sidelobe perform-
a

ance and envelopes become even more important.

The new, high performance envelo pe proposed by NASA (3)

is given by a Chebyshev type of equation derived from filter

theory.	 The present CCIR envelope and two Chebyshev envelopes

with n-2 and 3 are given in Figure 1-1, and discussed in sub-

sequent paragraphs.

The reluctance of the CCIR administrations to adopt more

stringent sidelobe envelopes in the past can be traced in part

to a Zack of specific hardware with measured test pattern

results and corresponding high volume for production cost esti-

mates.

1. 2 	 Objective

The purpose of this effort is to remedy this perceived

situation by designing an ultra-low sidelobe antenna suitable

for use in the Broadcast Satellite Service with a Chebyshev

envelope performance.	 The actual design will be fabricated
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The baseline design for a Broadcasting Satellite Service

(BSS) system calls for a 1.22m antenna. Further, it has been
shown in previous theoretical work that, in order to obtain any

significant improvement in sidelobe levels, an unblocked aper-

ture is desirable (CWRU showed it could be done) .

Blockage due to the feed and its supports introduces

increases in both the near-in and fear-out sidelobes clue to

the inverse transform of the blockage, and scattering, respec-

ti:vel,y (1]. Although antennas as small as arcs have met the

CCIB/FCC (32-25 l,og B) sidelobe envelope at 6 Gtlz (D/X = 60,

the Prodeln Co., Hightstown, N.J.) averaging of the sidelobe

levels is usually required and the designs are usually compli-

cated and expensive. This need for an 'unblocked aperture leads
to the requirement for an offset-fed configuration. For simplic-

ity of design and for minimizing the expected manufacturing'cost,
we will address only prime-focus offset-fed antennas.

1.3	 Relevance of Previous Work

In previous work Ell, the ideal illumination function for
an arbitrary far-field pattern was calculated. This far-field
pattern was constrained to fit under an envelope given by a
second or third-order Chebyshev envelope down to a plateau

of 10 0, or -10 dBi. The basic conclusion of that preliminary

theoretical work was that there is a tradeoff available between

sidelobe level and aperture efficiency. Sidelobe levels can bey
made arbitrarily small if efficiency is not constrained to some
peak performance specification like 60 to 70%. This is easily
done by under-illuminating the dish, i.e., by letting the edge
illumination taper increase from a typical -1.0 dB to -20 dB.
Ref. (1) considered only the ideal illumination function and
only for an axi-symmetric parabola. Synthesizing that ideal
primary illumination function for an offset-fed configuration
with a physically realizable feed that also has excellent side-

lobes itself (in order that the feed spillover be low enough to

-3-



meet the plateau-level requirement of -10 dB) is one of the

major requirements addressed in this report.

As a result of using actual feed patterns from physically
realizable horns, the actual efficiency is expected to be slightly

better than was predicted in the previous study. Further improve

ments may be possible through the use of more complicated feeds

such as cluster arrays of 1a horns These possibilities are also

investigated.

1.4	 Approach

We investigated three radically different approaches in

analyzing the basic problem which is that of detev.iining the

best feed for realizing a Chebyshev envelope with a 1.22m

offset-fed antenna.

1.4.1 The Analytic Apnroachc Pure Made Synthesis

The first and most complicated approach as proposed in the

original, work statement is to work backward from the desired far-
field pattern to the aperture illumination function and then to
the far-field feed pattern function or to the focal fields dis-

-	
p.	

ytribution a, the aperture of the feed. This approach s ver.	 i

difficult because of the non-uniqueness of the far- field phase
pattern and the complex nature of the focal field distribution.
On top of that, once the focal field distribution is obtained,	 a

it is extremely difficult to synthesize that exact field distri-

bution by the normal method of superimposing a number of differ-
ent modes in a feed horn. And then there is the added difficulty
of actually physically building a feed that introduces the right
amplitude and phase of the various number of modes required.
Analytically, this is a very tough process and we did not pursue
it to its conclusion,

-4
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We did, however, make a start by dung the transformation
from the desired aperture distribution to the far-field illumina-
tion pattern of the feed horn. We thus have an idea of the
degree of ellipticity that the feed horn must have to produce
a rescribed Jp	 1(u)/u aperture. distribution. We assumed 	 range
of edge illumination tapers so that the relative beamwidth of

the J 1 (u)u function varied accordingly. The extent of the
ellipticity is extremely small for reasonable f/D ratios. The
results of this effort are contained in Appendix 1.

1.4.2 The Experiential Approach:

Use Of A Circular Symmetric Corrugated Horn

A second approach relies on the more familiar techniques
of working forward with a known feed function and examining what
the sidelobe levels are in the far-field. The advantages <,
this'technque are many. In the first place, using a known feed
function guarantees that there will be few surprises when an
actual test is done on a test range. Based on our experience
and thorough literature search, we know that the basic feed
requirements must include the use of a nearly axially symmetric
feed function and that this function in itself must have very low

-sidelobes. This implies immediately the use of a circular corru-
gated horn which produces the hybrid balanced HE 11 mode, (i.e., a

combination of the TE 1 1 and the TM 11 modes). So, by assuming this
type of feed function at first and examining the far field, we can
establish a baseline of performance with which we can compare
other analysis techniques and feed realization techniques.

It is well known that the use of a corrugated horn in a
prime focus antenna produces very low sidelobes because of the
axial symmetry that horn's primary pattern possesses, and
because the corrugated horn itself has very low sidelobes,
usually 30 _ 40 dB below beam center. This is very important

-5-



for the off-axis angles beyond 60° for a center-fed prime focus
antenna because of "spillover". Spillover refers to reception
by the primary feed horn of signals that are incident from other
than the surface of the dish. Typically, angles off the bore-
sight axis from 60° to 90° are the worst cases for spillover
reception. By using a corrugated horn and assuming a very good

feed pattern, we have simplified the range and breadth of the
analysis necessary to determine a reasonable solution. We limit
the variations in feed horn parameters to a range over which

known good performances can be obtained.* We have examined the
case for a 3A and a 4A horn and the results are described in the

next section of this report.

Since the aperture of the feed horn has now been fixed at
31 and 4a, the resulting primary radiation patterns are also

fixed. This leaves only the focal length to diameter ratio (f/D) as
the last variable. By varying the f/D we can effectively change

the edge illumination taper. The essential difference between

this approach and the analytic approach is that we have no axial
asymmetry in the feed pattern as we know we must have from the
initial analytic effort (Appendix 1). Thus, we know that we
haven't provided a perfect match to illuminate the aperture
plane exactly with the type of function described in our previous
work. However, because of the inherently good performance

obtained from a corrugated horn, and since the degree of asymmetry
needed for a practical and efficient design will be small, we have
established a reasonable baseline reference design to which other
approaches can be compared.

1.4.3 The Svnthetic Approach: Use Of A Cluster Array

With this method, we use an entirely different approach

to synthesis. We assume the use of a cluster array of small

diameter (W horns. By assuming a linear 'superposition of

The relative size of the corrugated horn aperture must be at
least 2 wavelengths in diameter in order to properly launch
the hybri<< mode.

-6-
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multiple single point sources, we can calculate; the far field

pattern due to each individual horn. Since each small horn has

an illumination function that is very broad, the resulting far

field pattern may be assumed to look like J 1 (u)/u. This is

the mathematically simple transform of a uniform illumination

pattern. Experimentally, this approximation has been found

to be very useful. We have analyzed and synthesized a seven

element cluster array. Examination of the magnitude and phase

of each individual element of the array reveals the slight

asymmetry postulated earlier as being necessary for perfect

illumination. The results for these two cases are summarized

in a subsequent section.

Finally, if we wish to revisit the possibility of using

a multimode horn to synthesize the far field pattern, we must

determine the focal field distribution in more detail than is

possible with a seven element approximation. Based on the

experience obtained from the array analysis, we have expanded

the number of elements from seven to nineteen. The results of

this analysis permit a more accurate, unique definition of the

focal field strength, and thus provide a way to develop a multi-

mode horn. The design of this type of horn is beyond the scope

of the present effort.

1.5	 Far Field Analysis Procedure

We have used a far field pattern analysis procedure based

on the result of Mentzer, et al., and described in their report

entitled "Pattern Analysis of an Offset-Fed Parabolic Reflector

Antenna" (4]. The importance of this type of analysis using the

Geometric Theory of Diffraction cannot be over-emphasized in this

type of work with relatively small apertures. Beyond the first

10 sidelobes, the usual Fourier transform theory approach will

not give accurate or useful results; in fact, it will provide

extremely optimistic results which would not be borne out on the

test range. The results of Section .2 for the baseline design

were all determined with this type of program.

I
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1.6	 The Chebyshev Envelope and Specification Limits

1.6.1 The Chebyshev Envelope

The envelopes used to guide our design work are given by

the following equation:

G(k8/9 0 ) = G(0) - 10 loglo (l + E 2 Cn 2 (k6/60 )) dB
where

G( )	 = the Chebyshev envelope

G(0)	 = the on-axis gain of the antenna

60	 = h of the full 3 dB beamwidth in degrees

E	 = {10R/10 - 0 , a parameter
R	 the ripple factor borrowed from filter theory

in dB

Cn (ke/eo) = cosh ((n cosh-1 (ke/eo) )

n	 = the order of the polynomial, 1, 21

D	
k	 = the normalizing constant which matches the

envelope to the 3 dB point at the 3 dB
beamwdth •eo

cosh (cosh- 1(1/E))
n

This equation gives the envelope relative to the peak on

axis gain. Through the constant k we arrange so that the

Chebyshev envelopes are coincident with the'3 dB point at a=6 o.

We have examined a range of ripple factors. For the sake of

argument, we have selected a ripple factor, R, of 0.5 dB. The

ripple factor is useful in adjusting the rate of decay of the

envelope over some small range. The factor n has much greater

influence, largely because of the use of integer values. The

ripple factor has little real relevance to the antenna work

herein because we are not concerned with shaping or specifying

the main beam. For a zero ripple factor, the equations are

slightly different. The main effect of increasing the ripple

factor is to increase the rate of decay, and so could be used to

fine-tune an envelope to match measured results with predicted

and/or desired performance The limits on this range of envelope

parameters are related to other factors as follows.

-g_
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1.6.2 Envelo2e Parameters

For the broadcasting satellite service, a maximum

protection ratio (or discrimination from unwanted signals) of

40 dB is likely to be entirely adequate. This can be inferred

from the CCIR documents*On Protection Ratios among the various

services. Consequently, we have adopted a plateau of 0 dB as a

baseline performance goal. If better performance can be obtained,

this limit may be reconsidered after verification on the test
range.

One of the major ingredients in the realization of very

low sidelobes is the edge taper of the illumination function.

We are interested in severe under-illumination, and so the main
beamwidth and the location of the mulls and near-in sidelobes
will be larger than for the limiting case of uniform illumination.
The choice of envelope parameters must be such that the envelope
is above the main beam. As a result, the order of the C hebyshev

envelope can be no higher than 2 for simple feeds,

1.6.3 Gain and Efficiency

in the previous work (1), it was shown that sidelobes
could be made arbitrarily low at the expense of overall effi-

ciency. To obtain a certain gain level and a specified sidelobe

envelope, the diameter of the reflector would have to increase.

The conclusion of that report argued that for a penalty of about

10% increase in diameter (20% decrease in efficiency), a much

lower sidelobe level could be had. But in the Broadcasting
Satellite Service, overall efficiency is very important because

of the impact on system cost. Larger dishes cost more. There-

fore, we have constrained the efficiency to be no less than the
historically experienced levels of 50	 60%. This is also less

than what is feasible with corrugated feeds today, but the com-
promise is likely to work out well in that much better sidelobes

can be obtained_.

*Subjectively Measured Interference Protection Ratios for
Planning Television Broadcasting Systems, Rep. 634, Vol. XI,
CCIR Documents, XIV Plenary Assembly, 1978,- Kyoto.

-9-



1.6.4 First Sidelobe Level

The first and second sidelobes occur at f2.4 0 and t3.60,
respectively for an under-illuminated system. The contract
specifications require that the first sidelobes be at least 30
dB below the on-axis gain.

1.6.5 Equivalence to Other Envelope Descriptions

The Chebyshev type of envelope can be related to the more

familiar form of specifying the absolute gain according to the
equa.on :

G(6) = a # b log O /® 0 	 (2)

For n=2 and for a nominal gain of 42 dB, the equivalent
expression is:

GM	 39-39.6 log (6/6 0 ) dBi	 (3)

For n=3, it is
GO) = 39-63 log (e/6 0 ) dBi	 (4)

When put in this form it is easy to see why it is so
difficult to use n=3.

1.7	 Implications of the Goals and Constraints

The results of this Set of goals and specifications is
that the only dependent variables available are the f/D ratio

and the feed illumination function. In order to make a start,
we shall fix the illumination functions and examine what occurs
as the f/D ratios vary.
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2.4	 THE BASELINE DESIGN

A CIRCULAR SYMMETRIC CORRUGATED FEED

2.1	 Rationale

The original approach to developing an optimum low

sidelobe design required the determination of a large number

of optimum feed horn illumination functions, i.e., one for

each f/D under consideration. Once this data is obtained,

we could attempt to synthesize the feed horn pattern for

each case, assuming that a number of modes could be excited

in the proper phase and amplitude. An "optimum" design for

this type of approach might be one in which the best fit to

the design feed horn pattern is obtained with the fewest

number of modes. However, any real feed horn would have

some error of fit with respect to our derived optimum, and

so we would want to determine the expected far-fie ld pattern

based on the real feed horn to examine how well the objective

of gain, first sidelobe level, and far-out sidelobes were met.

Tn doing so, we would be using real patterns, with little

regard for our original ideal illumination functions. Accord-

ingly, we altered the original approach.

Instead, we have assumed the use of a corrugated feed

horn which produced excellent primary patterns, as shown by

inspection of the data in Tables 2-1 and 2-2. These horns

both have a flare angle of 30 Q and are 3a and 4a in aperture

width. We used these parameters because we wanted first of

all to get good primary patterns with low sidelobes and

excellent symmetry. Also, this is actual measured data.

The design of the feed to be used in a test antenna is

4r	 described in a subsequent section. Also, it is very diffi-

cult to synthesize a corrugated design with a prescribed beam

width (illumination taper) and with prescribed sidelobe levels.

^.aq
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Table 2-1 -,- FAR FIELD PATTERN FOR

THREE LAMBDA DIAMETER CORRUGATED HORN

INPUT NORMALIZED
PATTERN PATTERN GAIN,

THETA IN DBi dB

0 17.87 0
5.0 17.40 -	 0.47

10.0 15.97 - 1.90
15.0 13.51 -	 4.36
20,30 9.86 -	 8.01
25.0 4.66 -13.21
30.0 -	 3.19 -21.06
35.0 -19.61 -37.48
40.0 -13.08 =30.95
45.0 -10.93 -28.80

50.0 -12.49 -30.36
55.0 -16.25 -34.12
60.0 -22.53 -40.40
65.0 -35.52 -53,39
70.0 -32.73 -50.60
75.0 -27.40 -45.27
80.0 -25.86 -43.73
85.0_ -25.64 -43.51
90.0 -26.13 -44.00
95.0 -27.17 -45.04

100.0 -28.93 -46.30	 t
105.0 -32.05 -49.92
110.0 -39.17 -57.04°	
115.0 -44.17 -62.04
120.0 -32.14 -50.01	 F
125.0 -27.63 -45.50

k	 130.0 -25.78 -43.65
1.35.0 -26.3'1 -44.18
140.0 -30.90 -48.77
145.0 -43.16 -61.03

150.0 -26.16 -44.03
E

-12



Table 2-2 -- FAR FIELD PATTERN FOR

FOUR LAMBDA DIAMETER CORRUGATED HORN

r
INPUT NORMALIZED

PATTERN PATTERN GAIN,

THETA IN dSi dB	 {

0. 20.36 0
5.0 19.53 - 0.83

10.0 16.96 - 3.41
15.0 12.31 - 8.05
20.0 4.50 -15.86
25.0 -12.27 -32.63
30.0 - 8.39 -28.75
35.0 - 9.02 -29.38
40.0 -17.09 -37.45
45.0 -26.61 -46.97

' 50.0 -18.27 -38.63
55.0 -18.57 -38.93
60.0 -22.27 -42.63	 t
65.0 -29.74 -50.11
70.0 -48.51 -68.87
75.0 -33.55 -53.91
50.0 -30.43 -50.79
85.0 -29.74 -50.10	 1

90.0 -30.11 -50.47
95.0 -31.26 -51.62

100.0 -33.50 -53.86
105.0 -38.22 -58.58	 z
11.0.0- -60.34 -80.70

' 115.0 -37.65 --58.01
12-0.0 -31.83 -52.19
125.0 -29.93 -50.29

' 130.0 -31.58 -51.94

-13-
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The utility of this approach is two-fold. First, we

minimize problems due to spillover from horn design. Ulti-

mately, this need for low spillover would fall out of any

analysis which sought to predict the optimum feed function.

By using a good known pattern from the start, we establish

a reference point from which to examine possible improvements.
Second, we eliminate the need to design a large variety of
different feed horns to suit the variations in illumination
function we might encounter as we tried to optimize the feed
pattern over the large range of f/D required.

2.2	 Geometry

The circular aperture offset fed geometry analyzed

herein is described in Figure. 2-1. The range of f/D cover

r 0.15 to 1.30. The corresponding dimensions and angles are
also given in Table 2-3. The f/D ratio is defined in terms
of the parent parabola, and no allowance is made for the
normal la to 2a offset to eliminate any feed blockage effects.
Thus the parent parabola diameter is 2.44m for the 1.22m nominal

r
case of interest. The offset for feed clearance is accounted

'	 for in subsequent sections.

2.3	 Gain and First Sidelobe Levels

Figure 2-2 summarizes the essential tradeoffs between

and efficiencyas a function offirst sidelobe levels 	 f/D ratio

with the horn size as a parameter. Inspection reveals a number
of observations. First, attaining a very low first sidelobe
level in the vicinity of --30 dB (relative to beam center) is a

very sensitive function of f/D ratio for either horn diameter.

-14
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Table 2-3 — REFLECTOR PARAMETERS

DATA
8F,SET t D- ^

A 0.15 0.36 79.60

B 0.30 0.72 45.2 0

C 0.50 1.20 28.10

D 0.70 1.68 20.30

E 0.90 2.16 15.80

F 1.10 2.54 13.00

1.30 3.12 11.00
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Figure 2-2. Relative Gain and First Sidelobe Level as a function of f/D-

ftatio with horn size as a.parameter,
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Second, the smaller aperture horn (3a) attains its mini-
mum sooner than the 4N horn as f/D increases. From a mechanical/
structural design standpoint, this is more desirable since it
means the constraints on the feed horn support mechanism are less
stringent. Also, the gain attains its maximum sooner for the
smaller aperture horn, but the f/D point of maximum gain and
minimum first sidelobe are not the same. The smaller horn
should attain its maximum gain sooner, because its beamwidth is
broader and therefore the illumination function edge taper is
less steep. At the apparent first sidelobe minimum point for
the 3A horn, the gain is in excess of the specified limit, 41 dB.
By contrast, the first sidelobe minimum for the 4.1 horn occurs
at an f/D z 0.65, and the gain is also above our minimum. For

an f/D = 0.5, the 4A horn case has higher sidelobes and less
gain than necessary.

By extension of this analysis, we might infer that a 2X
horn would attain the first sidelobe and gain specifications,

sooner as f/D increases, thereby lessening our mechanical con-
straints even further. However, we have not yet examined the

complete far field data, and so it would be premature to make

this concI sion. Further, the primary pattern of a smaller
horn will have worse sidelobes itself and so the spillover
levels will be worse.

The complete set of far-field patterns are shown in

Figures 2-3A-G and 2-4A-G. For each f/D, there are four 8

patterns corresponding to 	 0 0 , 45 0 , 90 0 and 135 0 about

the boresight axis' (as shown in Figure 2-1) Each pattern has

the n = 2 C hebyshev envelope plotted on it down to a level of

0 dB.
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2. 4	 The 3 a Horn

For f/D > 0.5, the n=2 Chebyshev envelope is a very

tight fit for the first 5 sidelobes down to a region of +10 dBi.

Below this region to 0 dBi, the envelope is met only for f/D's

below 0.5 but larger than 0.3.	 As the f/D decreases, the

edge illumination taper is so severe that the effective aper-

ture area has decreased significantly, thus broadening the main

beam and reducing the gain. Sidelobes beyond 20 0 off-axis are

determined principally by the GTD analysis. In this region,

there is great variation of sidelobe level as a function of 0.

For f/D = 0.7 (2-3D), the patterns are respectable in the

0 = 45 1 , 90', 135° and 270 1 planes, but exceed our 0 dBi refer-

ence level in the 0 0 and 180 0 planes. (Only the 0 0 , 45 0 , 900

and 135° planes are actually calculated; we assume that the

patterns use symmetric about the 0 = 0 1 180° axis.) The pat-

terns are slightly better for f/D 0.5, but even here the

0 dBi plateau is exceeded in the	 = 0, 180° plane.

In terms of adjacent satellite intgrference, this minor

deviation may be entirely acceptable if the 0 = 90 11 , 270 0 plane

is aligned with the plane of the orbital arc. In this case, the

pattern not only meets the n=2 Chebyshev envelope for the near-

in lobes, but also meets a more stringent -10 dBi plateau every-

where (2-3C, 0 = 90 1 1. Thus, a 3X 30 ° flare angle corrugated

horn appears to meet the spirit and the letter of the development

goals in the 0 = 90°-270' plane for an f/D = 0.5.

For f/D's < 0.5, the far-out sidelobes are very close to

the 0 dBi plateau, but the main beam broadening causes the pat-

terns to fail for the near-in sidelobes (8 < 201)



2.5	 The 4X Horn

Because of the superior primary pattern, the far-field
patterns for the 0 horn exhibit much better far-out sidelobe
behavior ('e > 20°). For large f/D, the patterns fail the
envelope in the A = 10° region near the 0 dBi plateau. In
order.to meet the envelope in this region, the f/D must be

less than 0.7. The f/D = 0.7 (2-4D) group meets the main

envelope and the 0 dBi plateau for all 6, and in fact almost
meets a -10 dBi plateau. For f/D = 0.5, the entire envelope
is met easily, but the on-axis gain requirement is about 1 dB
too low.

For lower f/D's, the beam broadening causes the patterns
to exceed the envelope in the a range from 2-20 1 . The far-out
sidelobes are, of course, extremely low.

This data set confirms all the previous work [1) and

graphically demonstrates the well-known principle of under-
illumination to attain a specified sidelobe level. The

important fact to note here is that a very large diameter (41)

horn with an outstanding primary radiation pattern was also
necessary; just under-illuminating the reflector is not a suf-
ficient condition for success.

2.6	 Corrugated Feed Horn Design

The results described above indicate that the least

f/D which meets the sidelobe criteria is in the vicinity of

0.5. For the two horn sizes used, neither quite meets all
three constraints exactly. That is, the 3a horn meets the

gain and near -in sidelobe constraints, but does not meet the
plateau region constraints of 0 dBi in one principal plane

(0, 180 0 )	 The 4a horn meets the sidelobe constraints but

just misses the gain requirements. Examination of a plot
of the two feed horn patterns in the region near the edge

of the reflector (e > 28 1 for f/D = 0.5) indicates the
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L	 reasons. For the 3X horn, edge illumination taper and the far-

'

	

	 out sidelobes are too high; for the 4X horn, the edge taper is

too low, so the gain suffers. Since the spillover is -30 dBi

or better, the far-out sidelobes in the 4a case meet the 0 dBi

plateau.
^t These results indicate that a compromise of a 3.5X horn

might meet all three constraints simultaneously in a reflector

system with an f/D = 0.5. The process of designing an optimum

corrugated feed horn for this symmetric feed pattern case now

could be undertaken. The full scale optimization is beyond

the scope of this current effort, but we will describe the

alternatives and the process for the sake of completeness.

The two basic variables we have at our disposal are the

length of the horn and the flare angle. In the case of the two

t
horns used for the baseline analysis, the flare angle is con=

stant at 30 0 and the length is varied so the aperture size
9

ranges from 3A to 4X. By application of the exact formulas [5)

or the approximate formulas [6) for far-field radiation patterns

of corrugated horns, one may vary the flare angle and the aper -

ture size (or, horn length) and determine the best combination

which meets the nominal 25 dB edge illumination taper and still

maintains the desired wide angle sidelobe levels. As mentioned,

a 3.51 aperture with a 30 0 flare angle is probably adequate.

Other parameters of interest include the corrugation

slot depth and width, and the thickness of a slot wall. Exper -

ience has shown that the number of corrugats,ons should be about

10 per wavelength and that the slot width should be much larger

F

	

	 than the slot wall thickness. In addition, the slot depth

should be about a/4 at the lowest frequency of interest. This

condition is necessary to achieve the anisotropic impedance

boundary necessary to launch the TM 11 wave and establish the

hybrid mode HE 11 of propagation which results in the axially

symmetric far field amplitude and frequency independent taper.

The basis parameters for such a horn are shcwn in Figure 2-6.
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2.7	 Modified,Corruaated Horn

The basic corrugated horn configuration is not die-
tastable because one cannot remove a core from the conical
section. Other types of casting such as investment casting
could be used to fabricate a corrugated horn. However, the

large quantity mass production requirements of 10,000 units

per year demand that the lowest cost fabrication process be

used, and that is die-casting. By making the corrugated
slots or fins parallel to the boresight axis as shown in
Figure 2-7 instead of perpendicular to wall, a die-cast

feed could be obtained. If the average slot depth (as meas-
x	 ured from the midpoint of the slot along the wail) is made to

be X/4, then the same anisotropic impedance boundary will

occur, and the hybrid mode will be launched. The need for
1°-2 1 drat angles in the slots to permit the mold to be
pulled out of the piece may have some effect on the bandwidth.

The entire design requires careful analysis and experimental

verification is necessary for complete validation of the

concepts.
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3.0	 THE SEVEN-HORN CLUSTER ARRAY

	

3.1	 Rationale

It is evident from inspection of Figure 2-2 that the
optimum f/D is in the range of 0.4 - 0.6 for feed horns with
aperture from 3,1 to 4X. We already know from the geometry of
the offset fed configuration that some asymmetry in the illu-
mination function is required to perfectly match for an ideal
far-field pattern. One approach to determining this asymmetry
is to synthesize the feed function with a multi-element clustered

array of small aperture feed horns. In the previous section, the
use of the HE II hybrid mode provided only one real degree of

freedom, i,.e., one 'primary beam shape and a corresponding edge
taper and spillover level. Through the use of a seven-horn
array, we obtain more degrees of freedom and therefore expect
to obtain a better illumination function and a better approxi-
mation to the desired far-field pattern.

3.2	 Geometry and Method

Referring to Figure 3-1, an offset reflector is illuminated

by a cluster array type of feed. Each feed element illuminates
the reflector and generates a component beam in the .far-field

of the reflector. These component beams are displaced by some

small angle [en, On  about the principal axis of the antenna

boresight. If each component beam is assigned with a proper
excitation both in amplitude and phase, the resultant beam,

i.e., the sum of these: component beams, can approximate the
desired Chebyshev pattern. To obtain an optimum set of feeding

coefficients, it may be necessary to iterate the summing process
a few times. It can be axone by least-mean- square method, mini-
max method, or just by cut-and-try.
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To obtain a low sidelobe far-field pattern, an array

feed of 7 horns in a cluster is the simplest form that also
gives good flexibility as shown in Figure 3 -2. The center

horn will radiate the largest percentage of power while the

surrounding six horns will radiate a .low power to shape the

main beam and sidelobe pattern of the center horn. If the

parent reflector has a moderate f/n > 0.4 and the feed horns

are not very large (1.02 x 1.01) ► the seven component beams will
have very similar shapes. Besides, each feed horn will pro-

duce a taper of 3N4 dB at the reflector edge, thus deviating

very slightly from a uniform illumination. For these reasons,

we may assume all the component beams have a far e-field pattern

function of 17 1 (an) /On, where On is the angle measured from the
beam center for each deflected beam, as shown in Figure 3-3.

In this figure, the need for and the definition of the coor-

dinate transformation is described. Thus, the resultant beam

can be expressed as

7	
J1 (en^^}

R ( e , f6 }	 E	 An -------

n=l	 8n

r

	

	 where An I s are the complex weighting factors (feeding coeffi-

cients) for each beam. The only mathematically tedious part

of this process is in determining the beam shifting factors

i

	

	 and in automating the corresponding translations to relate

the off-focus beam shift angle to the on-focus reference sys-

tem. This translation must be made for each of the six off-

focus horns. It involves the calculation of a series of

4

	

	 intermediate transformations described by Rahmat-Samii [9]. The

beam deflection that occurs as the feed element moves has been

derived for an offset fed antenna. We used a beam def lection

factor (BDF)
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w	 which takes account of 6n p0 n the beam deflection factors
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en is the n th feed clement contribution in the 81,^l

dii oction.

Figure 3-3. DESCRIPTION OF THE SUPERPOSITION PROCESS FOR FAR
FIELD SUMMATION SHOWING THE ADDITION OF TWO BEAMS
IN THE'e l ,y l DIRECTION,
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3,3	 The Resultant Pattern and Excitation Coefficients

An optimum design of feed array and their excitation
coefficients are show4 in Figure 3-4. The reason why we use
a IN size square horn is to achieve a VSWR < 1.20. If higher
VSWR is allowed, the feed horn can be made smaller. The

radiation pattern is shown in Figure 3-5. For comparison, an
ideal Chebyshev pattern of order 2 (Ripple x 0.01 dBj half
power angle - 0.7 0 1 is superimposed on this pattern. As can
be seen, this design can approximate the desired Chebyshev
pattern 41,o•30 cIB sidelobe level and beyond.

The feed coefficients can be realized by a feed network

power splitter which provides the required unequal power levels
to the feed horns. There are two kinds of feeding networks
namely, waveguide type and stripline type. Waveguide type
will have low loss while stripline type will have lower cost.
For compromising in loss and cost, air, stripline may be con-

sidered. A scherilati-Le de sign is shown in Figure 3 6. The loss

of this network is estimated at 0.35 dB.

3.4	 Air Stripline Feeding Network

A dielectric supported air stripline is shown in cross

section in Figure 3-6 and consists of two parallel center

conductors attached to a thin dielectric support substrate.

Ground planes, which are of aluminum construction parallel to the

center conductors i complete the balanced transmission line for

the TEM-mode propagation. By makinc.T the dielectric substrate

thickness small with resoect to the stripline height, most of

the fields will be concentrated in the air-filled region,

thereby minimizing the dissipation loss due to the dielectric

material.
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CENTER COND 70R

Figure 3-6.	 Air Stripline Cross Section View.

Gish & Graham [8] had employed a variational method to
calculate the characteristic impedance and phase velocity.from
which the design information using this category of stripline
is derived. Note that only a small portion of the field lines
will pass through the dielectric substrate due to fringing.

Thus, the attenuation in air stripline is due primarily to the

conductor losses. For 50 ohm copper plated ground plane line
the loss is 0.1 dB/ft at 4 GHz and 0.3 dB /ft at 12 GHz.

The next step is to design a 7-way power division network
to properly excite the seven-feed cluster feed array. There are

various kinds of couplers and hybrids which can be used. For

the application, circular ring hybrids and a side coupler hybrid
were selected for simplicity. A model network (scale 3 times)

is shown in Figure 3-7.

Figure 3-8 shows a series of far field patterns in various

planes for the 7'-element cluster array. The n=2 Chebishev
model requires that sidelobes be less than 0 dBi at 6 0 off axis,	 1
and these patterns meet that requirement. This is more clearly 7

illustrated in :dig. -3-9, an expanded scale version of Fig 3-8.	 i

Figure 3-10 shows the calculated far field pattern for the

individual feed elements.

-90





Y

O

VJ
i UJ -i

LLJ Q
a.

C^3 U

LIJcm

%-0 IL

LL1J
m	 J

z
0
m
0 cn.1:
0 c

Li
^i m

«-, r

a.

z Uj
w h-W h
F-- Q

CL
Q
CL wh
h cncct 0-
H-a 0
U

cap

Uj

( sire ma ) g anl T dwd

Figure 3-8A	 Far Field Pattern for 7-Element Array Feed

-9Z-

r.



O

^	
I

U-j -j

1 L cc
LJ

U

LLJ w
C:)

-j 
Ln	 A
N
C14

Z- C:)

CC z
Q

LO
q* cr

Uj

z

z U

Uj

ccCL
m
CL UJ

LO

WCD 0+ CLCl
00 cr 0

a_ U
t7FF -.r 4 M

c	 C	 C CD	 CD I
=3 CD	 C o	 CD	 C) W-0	 N	 m .1w	 LO
.0 UD	 d' C17	 N 0

(eiim3o) ioniiijw u

Figure 3-8B	 Far Field Pattern for 7-Element Array Feed

-93-



O

i
OLLJ

Jr

..._ ^,• I
•

UIj
U

n4

M
r^

d

i

Q C3

O
CO

jj
I

s ccO
Il	 Uj

t7? m...

`I =r°` z

N z ce ,
LLJ

d
r 0 ¢ a.

a`
Ltd Uj

0

0 ¢ r
tier tir ^i.

a o
0

C)O	 o	 O
r00	 O

.-4	 N	 m	 ^r
O 7
LO

tai	 U	 "0,	 CO	 N	 «-i O	 1	 _1	 I	 1

c si3a 1 o3a 3ani z ici

Figure 3-8C	 Far Field Pattern for 7-Element Array Feed

-94-

l



0

f

j:

a;

W
LLJ cr.

M'1

`
C1 ,, z	

I

1^ ri

(it

LLJ •

Ch mz
z
Q

A
Jp ^

Y:)

m w
c

1[ w
m

_r
CL
zz w

W wW H
t- r-

Qa
o.

w
C3 r^

r,
C) 0
o

F- a
Q
CL o0 U

t 1^	 Ut	 t17	 N	 •-r 	 O	 I	 i	 q

t S-38I3^0) 30n1 I idwa
r

Figure 3-8D	 Far Field Pattern for 7-Element Array Feed

-95-

,t.



u	 v	 %-j	 v	 u 1
o	 C) o	 0	 o	 cu m	 LO

U	 u'	 -a	 m	 N	 -•	 o	 i	 i	 i	 i
c s ea i ova	 2an i -ijwd

Figure 3 -9A	 Expanded Far Field Pattern for 7-Element Array Feea`
3

-96-
5



^ J
GLJ

W
w u

LLJ
O CL

D
U.j 

L3

ON	 IN
Z
CC

tz

O

in

{ W
It C^

! (
'-` h

O	 x W

cc
a_

r Q
0_ W

^- 0 ^O

CD
O	 0 C7	 O	 0

y, LO	 %.t 0')	 N	 .-a o	 i r	 1	 1

( 9^^e 1	 o) ganim dwd

Figure 3-9B	 Expanded Far Field Pattern for 7-Element Array Feed

_97_

Y



In

O

LO

1^

S'

(0 i.

LLJ
m

IL

LLJ
UZ

CL

LU o	
j

--1 p	 1
Cb r'
Z N

zd
U?1 p

C; w
cz

11 W
Im

G.:	 ;; 1

Q

.-i Uj

Q
0..

W
G r..,

C~"^ to

LO CL 0r4
w^
M U	 ..

	

%-j	 %-j	 %-j	 %-d	 L„r 1
Q	 O	 i0	 p	 p	 r-+	 N	 m	 d-	 In

1	 U7	 .ct	 m	 fiJ	 O	 I'	 i	 L	 1	 1

(9i9'9 I a) g o I idWd
k

Figure 3-9C	 Expanded Far Field Pattern for 7-Element Array Feed

4	
-9g_



>

Dol-

C)

U*)

7ZI

L LO

ii

UJ
W CC

CL

U

Uj
C:)

06.

cm	 A

Uj U;
j

Lb

z
CC

Q

0

U;
m LO

Q
II W

CL
Z

z w
w LU

Q
m 0 - 
IL

Uj

P"
co 0
+

m r-
a_ 0
C.0 U

I e%

C)	 0	 0	 C)	 C I
CD	 C)	 C)	 0	 0	 0	 N	 m	 qcr	 U-j
W	 U.)	 "Itr	 co	 N	 w--4	 1	 1	 1	 1

(91^GIOIO) 3aniiijw u

Figure 3-9D	 Expanded Far Field Pattern for 7-Element Array Feed

-99-



C)

Figure 3-10A	 Far Field Pattern for Individual Feed Elements.
as shown.
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4.0	 MULTZMODE HORN FEED SYNTHESIS

The concept of pattern synthesis by the introduction of

additional modes in a single horn has been developed (9 1 10, 11

but the problem of matching a given arbitrary pattern with a

number of modes in a single horn is quite difficult. in this

section we present a method for estimating the necessary focal	 k

field distribution based on an extension of the cluster array

method. We then address the possibility of realizing this focal

field distribution with a rectangular corrugated feed.

{	 4.1	 Focal Plane Field Synthesis
I

`

	

	 The objective of this section is to derive a focal, field

distribution corresponding to a desired Chebychev function. In

a strict analytical approach, Bern [12) Valentino and Toulios (131

conducted some analytical work on deriving the focal plane field

of an offset reflector antenna. In their analysis they assumed

an incident field (plane wave) induces a current on the reflector

surface,. This current then produces an electric field in the

focal plane region. Although'this is a straight forward process,	
s

the double integral involves integrating the induced current on
r

	

	 the surface to obtain the focal region field. The process is

extremely lengthy so that the use of numerical techniques to

carry out this integral is beyond reach even with modern high
speed computers. Thus, the following assumptions were generally

made in order to obtain a closed form analytical solution.

(1) The incident plane wave is uniform in amplitude

4	 and phase.

(2) The distances from any point on the reflector
surface to a point on the 'focal plane where the

electric field intensity is calculated are equal. 	 z

106-



i

in the first assumption, if the plane wave has a Chebyshev

pattern instead of a uniform pattern, an analytical closed form

will not be possible even with their (Valentino, Toulios and Bem)

much simplified approach.

In the second assumption, it is only a^	 p	 y	 good approximation

k	 for a long focal Length ( F /D , > 1) and/or a small, size reflector
(D { 10N). Thus, our results will only be approximate, espec-

ially in those regions away from the focus and at a wide scan

angle
Because of the difficulty involved in a strict analytical

technique, we have adopted a "synthesis" approach. In fact,

the process involved in this technique has already been dis-

cussed in the previous section where a seven square waveVuide

feed cluster was proposed as an alternate approach to obtain

log: sidelobes.. For that design we chose the square guide size

OIL 1N (wave length). Since our objective here is to obtain a

focal field distribution corresponding to a Chebyshev far-field
pattern, a 19 element feed array is used. Each element is a

square 0.6X in size. The reason to use a larger array and

smaller feed spacing is to acquire better sampling of a wider

area around the focal plane. 	 j

4.2	 Calculation of Focal Plane Field Using
_	 1

The 19-Element Feed Cluster Concept

Here we show the feeding coefficient of a 19-feed
reflector antenna such that the resulting secondary pattern can

best approximate a given Chebychev pattern. These patterns

were derived in the same way as in the previous section. The

feeding coefficients so obtained are for a truncated focal

field distribution, ora piece-wise linear representation.

The reflector`and -feed array geometry used in this process is

shown in Figure 4-1. The 3 dB beam contour of all the 19 com-

ponent beams are plotted in Figure 4-2. As shown, each component

beam is 3 0 in shape and the beam-to-beam separation is about 1.50.
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Figure 4-2.	 3 dB Contour of 19 Component Beams



one major difference with a nineteen element approxima-

tion is that we can perform the coefficient matching so that

in the region of the main beam we obtain a much narrower beam

width to at least the -30 dB levels and conform to an n = 3

Chebyshev envelope.
The ideal Chebyshev pattern for the ripple size,

R = 0.5 dB, the half power beam width, 90 = l° and order n = 3,
is illustrated in Figure 4-3. Figure 4-3 is the far field

pattern which will be used to compare with the reflector pat-

tern as generated by the 19-element feed.

The feeding coefficients are then changed such that the
far field pattern will best approximate the ideal Chebyshev

pattern as shown in Figure 4--3. The result is shown in

Figure 4-4. The feeding coefficients of the feed array are

shown in Table 4-1, and in Figure 4-5. The elliptical, equal
electric field strength contour which represents the truncated
and best approximated focal field distribution can be construc-

ted from the feeding coefficients.

We do not propose that a nineteen element array actually

be used, because the cost would be prohibitive in this applica-

tion. What is needed is a simple feed which approximates the

elliptical contour of the focal field distribution.
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y'
h Table 4-1.	 FEEDING COEFFICIENTS FOR THE

19-ELEMENT ARRAY

Feed File; a/%	 wx 0,6

Feed Al
x z

1 0 0 0 0 0
2 0 0.6 0 -0.6 0
3 0 -0.6 0 -0.6 0i
4 0.6 0.3 0.5326 -0.3 0,2764

5 0.6 -0.3 0.5326 0-.3 0.2764

l	 6 0.6 0.3 -0.5326 -0.3 -0.2764

7 -0.6 -0.3 -0.532.6 0.3 -0.2764

8 0.6 0.9 0.5326 -0.9 0.2764

0 6 -n= 0.5326 0. 9 0.2764

10 0 1..2 0 -1.2 0

11 0 -1.2 0 1.2 0

12 -0.6 0,9 -0.5326 -0.9 -0.2769

13 -0.6 -0.9 -0.5326 0.9 -0.2764

14 1.2 0.6 1.0651 -0.6 0.5528

15 1.2 0 1,0651 0 0.5528	 {
16 1.2 -0.6 1.0651 0.6 0.5528

17 -1.2 0.6 -1.0651 -0.6 -0.5528

18 -1.2 0 -1.0651 0 -0.5528

19 s-1.2 -0.6 -1..0651 0.6 -0.5526

i
I
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4.3	 Realizing the Focal Field Distribution

With A Rectangularlar Multimode Horn

A multi-element array type feed is more expensive and

probably more lossy than this broadcasting satellite application

warrants. We therefore examine the possibility of using a

single aperture type of feed in a qualitative manner.

Rudge and Adtia C9, 10, 11 1 have proposed the use of

higher order modes in a waveguide to synthesize (or match)

the focal plane field for a uniform incident plane wave.

There are two sets of higher modes employed. One set is used

to shape the principal polarization distribution and the other

set is used to match the cross polarization component. The

higher order modes can be generated and propagated by a dis-

continuity, such as step, iris, etc., in an aver-sized wave-

guide. For a rectangular guide, the incident, dominant mode

(TE 10 mode) is an odd mode. Because we are only interested in

principal polarization, the use of a symmetrical discontinuity

is suffictient	 However, for a multi-mode horn, proper phasing

of all the propagating modes will narrow the bandwidth. A

corrugated structure is much more wideband and therefore is

more desirable. Because the equal power contour of the focal

field distribution's for a Chebyshev far-field pattern exhibits
an elliptical shape, the use of a rectangular corrugated horn

propagating only the dominant hybrid mode (HE 11 ) can produce

the required focal field distribution. A first cut at the

design of such a horn is shown in Figure 4-6. The exact details

of a suitable design are left for future work.
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5.0	 MECHANICAL DESIGN AND BUDGETARY COST ESTIMATE

	5.1	 Objectives

The objectives of this section are to prepare a mechani-
cal design and a budgetary cost analysis for the 1.22m offset-fed
antenna with the geometric parameters developed in Section 2.

We will consider the mechanical and structural requirements

necessary to accommodate the following constraints or goals
for a broadcast satellite -applications.

a. Minimum shipping volume
b. Ease of shipping, assembly, and maximum

live load stability

C.	 Minimum instruction for assembly

d. Ease of adjustability for finding satellite
and adjusting polarization

e. Minimum deflections for maximum signal

integrity	 +

f. Minimum costs

g. Resistance to deleterious environmental effects

The budgetary cost estimates herein are based on amoriza
tion of tooling costs over 10,000 units. It is likely that more

than one supplier would enter the marketplace, and so 10,000

units/year is a conservative, low estimator for production

quantities. Six alternative configurations were developed

and evaluated for cost and performance. The recommended

design has the following features.
a. Shipping Volume/Weight: Rough: container volume is

5 Al t. x 5 ft. x 1 ft. The estimated weight based
on sheetmetal design is approximately 130 lbs. for
a steel dish design, and 90 lbs. for an aluminum
dish design.

b. The design permits assembly without the need for
special, tools or skilled labor. Adjustments for
feed rotation and alignment are straightforward.

C.

	

	 The component surfaces are all galvanized except
for the feed and the dish face which will be
painted to reduce heat reflection.



d.	 Allowable dish surface deviation -

.010 inch RMS design,

.020 inch RMS maximum
'	 e.	 For additional, performance specification, see

Section 6.

5.2	 Summary of Salient Mechanical Parameter Calculations

Wind load is the primary design constraint. We have

assumed a nominal beam deflection of less than 0.15 0 and calcu-

lated the various parameters based on the methods described in

the Andrew Bulletin 1015, "Wind Forces and Loads Produced by

Parabolic Antennas." We have also assumed a maximum wind load

of 80 mph.

Fa = Axial Force

Fs = Force Perpendicular To Axis

M = Twisting Moment

Applicable Formulas:

FaCa AV2

C = Fss
AV2

Cm

	

	 M 2DAV

C = Coefficient

A	 Frontal Area (Ft2)
i.

V	 Wind Velocity (MPH)

D - = Antenna Diameter (ft.

k A = 4 (4 ft) 2	 12.5.7 Ft2 , D	 4 ft., V = 80 MPH

Therefore, Fa = 80448 C a , Fs = 80448 CS

M = 321792 Cm
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Table 5-1. MAXIMUM THRUST DUE TO WIND LOAD
FOR VARIOUS ANGLES OF ATTACK

a = angle measured from boresight axis

Fa	 Fs	 M

	+322#	 0	 0

	

+342{	 +16#	 - 48 Ft-1b

	

+353#	 +40#	 - 71 Ft-lb

	

- 20#	 +68##	 +110 Ft-lb

	

101#	 +97#	 +121'Ft-lb

	

217##	 0	 0

Angle a

0

45
f

56

90
I

125

180

V

80 MPH

80 MPH

80 MPH

80 MPH

80 MPH

80 MPH



,t
Using the Gaussian Model.* for main beam shape and allow-

ing 1.4 dB of loss due to deflection of the antenna at 40 MPH, we
find that940 MPH r 0.153 0 . Over 49 inches that is .128 inches
of deflection. This deflection is for both the dish and the
feed supports.

To maintain signal quality within the allowable tolerance
requires analysis in the following steps:

1. Check deflection in the feed mount beams
i

(item 3, drawing 11401-001) due to wind, ice,

and dead weight loadings.
2. Check the rigidity of the joint of the feed

t
mount beams and the dish ,frame.

3. Check the rigidity of the dish to stay on

target with the satellite when undergoing

dynamic wind loadings. n
The design as it is (see attached drawing package

11401-001 through 012) has addressed checks one and two care-
fully but made more liberal assumptions on the third check

because of the complexity of the analysis (curved plate with

a circumference ring in a twisting mode) and because the mount-
ing requirements are not clearly defined as yet but are critical

in the analysis. it is expected that small changes in the mount-
ing requirements will have no effect on the manufactured cost.
Substantial changes such as a chimney mount, large base plates,

etc., would probably incur additional cost _because of more parts.
Therefore, furthe analysis on the support structure is unwar-
ranted until mountingmethods have been determined.

* Main beam gain	 -12 (6/6 3 dB)2 dB; an approximation good
to 6	 1.5 93 dB' where e3 dB is the full 3 dB beam width.

;.	 -121-



5.3	 Mechanical Design

Figure 5-1 shows an isometric view of the recommended

mechanical design. Structural integrity of the antenna surface

is maintained by the use of the two large but inexpensive chan-

nels. Adjustments can easily be made in aiming the antenna over

a +30 6 range in azimuth and a 10°-70° range in elevation. For

mounting conditions other than on an ideal flat surface, more

complicated mounting equipment is necessary. A chimney mount

is feasible for this size Antenna. The feed polarization may

be easily adjusted by rotation of same in the retaining collar. 	 f 

Assembly is straightforward.

5.4	 Cost Estimates

Table 5-2 summarizes the components in this design, the

unit costs, the tooling costs, and the amortized costs.

"	 A 1.22m offset fed microwave antenna can be designed in

a kit form at a manufactured cost of $130.28/unit based on 	 i

amortizing tooling cost 10,000 units.

Other factors affecting cost and designs are the 	 t

esthetics and type of mount; i.e. 'roof, chimney, ground. How-.	
[^

r	 ever,it can be seen from the estimates that small changes in 	 i

supports or tooling do not add much to the overall cost of the 	 k

antenna. Each additional $10 0 000 of tooling adds only $1.00
5

to the unit; four more adjustment rods adds only $3.24, and one

"

	

	 more base adds only $6..57. These costs arerpr ime costs only. To 	 1

estimate,a sales price, the cost for program management, procure

meht and other manufacturing overhead functions must be included.

Also, the typical markup to cover corporate operation like sales,

marketing, administration, engineering, and. a profit must be

included. A'factor of 3 to 4 times the prime cost is probably
a realistic estimator. Thus, the sale price for an ultra high

performance offset fed 1.22m antenna could be in the range of

$400 to $500 in 1984 dollars,

i
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Table 5-2. 1.22m OFFSET FED ANTENNA MANUFACTURING COSTS

T

Cost/unit

Item/Part Number Description	 wit Too_"	 Ling (w/o toolina)

1 11401-002 Pivot Strap 1 $ 1,500 $ 1.45

2 :11401-003 Anchor angle 1 $ 1,000 $ 0.63

i	

3 11401-004 Beam, feed mount 2 $ 5,000 $ 10.22

4 11401-005 Mounting plate, feed 1 $ 6,800 $ 1.35

5 11401-006 Clamp 1 $ 7,500 $ 0.06

6 11401-007 Adjustment rod 1 $ 0.81

7 11401-008-01 Frame, dish, RF 1 $ 25,000 $ 4.67

8 11401-008-02 Frame, dish, RH 1 $ 25,000 $ 4.67

9 11401-009 Base 1 $ 15,000 $ 6.57

10 11401-010 Feeds horn 1 $ 10,000 $ 7.00

11 11401-011 Feed, transition 1 $ 10,000 $ 3.00

12 11401-012 Antenna dish 1 $ 70,000 $ 40.91
J

13 Feed, electronic 1

14 Bolt, eye,
3/8 x 6-1/2 11 long 1 $ 0.78

15 #2995T16 Turnbuckle 1 $ 0.77

16 Bolt 10 $ 0.15

17 Bolt 2 $ 0.03
r	 18 Nut 12 $ 0.07

19 Washer 12 $ 0.06

Labor-assembly & Packaging $ 12.00
`

Packaging $ 9,000 $ 5.00	 +

Paperwork & Labels, etc; $ 1.00°	 „1

Spotwelding subassembly $ 38,000 $ 2.08

Estimated one-time engineering cost for
r final design, documentation, and vendor $ 30,000

interface

TOTAL $268,800 $103.28

Amortized over 1 year (10,000 units)

Manufactured cost =
800$268	 + $103.28/unit

10,000 units
= $130.16/unit
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60	 SPECIFICATIONS FOR A 1.22m OFFSET-FED ANTENNA

This section describes the specifications developed for

the broadcasting satellite application with consumer-oriented

performance goals.
=y

6.1	 GENERAL

Specifications in Section 2.0 (Environmental) below

shall apply to the antenna reflector, its feed, and mount. Each

item shall be considered under the following conditions;

6.1.1 Kitted, prior to assembly, in storage;

6.1.2 Durtng transportation;

6.1.3 Assembled and operating day or night,

6-.1.4 Assembled and surviving extremes,

6.2	 ENVIRONMENTAL

6.2..1 Wind Operational

With wind loads below 40 mph, signal loss shall not

r	 exceed that of Figure 6-1.

6.2.2` Wine Survival

Reflector shall survive without damage winds to 60 mph

without ice or 60 mph with two inches of radial ice.

6.2.3 Survival Temperature

Reflector shall survive temperatures of -40 0 to +140 0F

6.2.4 Temperature

Reflector shall operate within specification with ambient	 r
temperatures of -40 0 to +110°F.

6.2.5 Icep	 {

Design for h inch _radial ice on nonradiating surfaces

Reflector heatable from rear.



6.2 . 6 Snow

► r Design for six inches of snow on nonradiating surfaces.
A	 6.2.7 Hail

Survive, without damage, hail	 inch in diameter.

Y	
6.2.8 Solar Radiation

Reflector shall survive solar radiation from any angle
E (during assembly and/or storage) and shall operate within r
r

specification under solar radiation from all operational
t angles.
r

6.2.9 Earthquake

No survival requirements.

6.2. 10 Salt

No corrosion after 5 years in non-coastal locations,
3 years in coastal locations.

6i2.11 Fungus

Shall not be a fungus nutrient.g ,

6.3 PHYSICAL REFERENCE

For reference, the following nonenvironmental specifica-

tions apply:

6.3.1 Aperture

1.22m equivalent diameter of projected circular aperture.

6.3.2 F/D Ratio i

Focus distance of the reflector parent parabola shall

be 0.5 times parent parabola diameter.

6.3.3 Azimuth and Elevation

Azimuth adjustment ±30 0 around a nominal azimuth direction.
Elevation adjustment = 5° to 70*.

Resolution of pointing indicator:	 1 1 division.
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6.2.4 Heat Focusing

When aimed at the sun for five minutes, feed temperature

,	 shall not exceed 1504F.

6.3.5 Fire Retardant r

All materials used in significant quantities shall be

fire retardant.

6.3.6 operational Life
i

r
v	 Operational life shall ve five ;rears minimum.

6.3.7 Feed Weight
I

Weight of feed and integrally associated equipment will

not exceed 10 pounds.

c 6. 4 	 ELECTRICAL PERFORMANCE PARAMETERS

6.4.1 Frequency Sand

The receive band shall be 11.7-12 ._2 GHz

6.4 .2 Gain

The gain at 12.0 GH'z shall be a minimum of 41.0 dB

(55% efficiency). As a goal, the actual gain target,

shall be 41.5 dB (,60% overall efficiency)
6.4.3 Near-in Sidelobe Levels

The first and second sidel.obes shall, be 30 dB or more
below the on-axis gain level for at least the plane

through the equatorial arc. As a goal, the first and
second sidelobes for the orthogonal plane shall also be

30 dB or more below the on-axis gain level. The first
and second sidelobe level specification for the plane

orthogonal to the equatorial arc plane shall be at least

25 dB below the on-axis gain level,

r.^
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k 6.4 .4 Sidelobe Level Envelope
k

The sidelobe level envelope for all principal polariza-

tion planes shall be given by the second-order (nm2)

Chebyshev envelope defined by the following equation:

G (k9 /6 0 )	 G (0) - 10 log, 0 (l + E'Cn2 (kQ/Ao )) dB
where

G(8)	 _ the Chebyshev envelope

"	 G(0)	 the on-axis gain of the antenna
j

@a	 h of the full 3 dB beamwidth in degrees

E	 - (10E/14	 1) h , a parameter

R

	

	 the ripple factor borrowed from
filter theory, in dB

Cn(k0/6o)	 cosh (n cosh -1 ( k0 /ep )

n	 the order of the polynomial, 1, 2,

k	 - the normalizing constant which matches
the envelope to the 3 dB point at the
3 dB beamwidth 80

cosh	 cosh 
-i 

(1ZE )
n

`

	

	 This envelope is only significant outside the 3 dB

beamwidth, and is valid only to a level of 0 dB-isotropic.

This envelope covers all effects due to an imperfect

reflector surface, scattering from reflector edge, spill-

over from the feed horn, and so forth.

As a goal, the antenna shall meet a third order envelope

(n=3, Eq.1) in the plane of the equatorial arc to a level

of 0 dBi.
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6.4.5 Polarization

The polarization shall be linear and vertical to the

plane of the equatorial arc.
rr

6.4.6 Crosspolar:ization Isolation

This on-axis crosspolarization isolation shall be 25 dB.

off-axis crosspolarization shall be a minimum of 20 dB.

6.5	 REFERENCE FEED SYSTEM

6.5.1 General

The basic feed system for reference purposes shall consist

of a corrugated horn with a total aperture of 3.5 wave-

lengths.

6.5.2 Far Field Pattern

The feed horn far field pattern shall have at least -25 dB

level relative to the on-axis gain at ± 28 0 off-axis for

all planes; i. e., it shall be axially symmetric to within

±2 dB at the ± 28 0 points for two orthogonal planes.

6.5.3 Polarization Adjustment

The feed system must be capable of adjustment about the

feed horn axis of ±75 from a local vertical sense

6.5.4 Feed Position Adjustment

The feed system must be capable of ±0.5 inch linear adjust- 	 s

ment along the boresight axis of the parent parabola in

order- to guarantee being positioned at the exact focal

point of the reflector system.

t!} 6.5.5 Waveguide Flange Interface;e

The feed system shall have a standard waveguide flange

; commonly used on WR75 waveguide for an interface.

-129

` L=
k

_	 ..,..:	 v	 ...,	 . .......".`_.'_ _:. .. __•-
	

_^. ^. .._.	 ..	 :.. ^.	 T^-m:.:.^:.9t+vtlIrY_._^+'N+:f..ie+.,rr "- 	 i.s



6.5.6 VSWR

The feed system Voltage Standing Wave Ratio (VSWR) shall

be less than 1.25 1 over the receive band.

6.5.7 Sidelobes

The feed sidelobes shall be at least _30 dB below the

on-axis gain.

6.6	 ALTERNATE FEED SYSTEM

6.6.1 7-Element Cluster Array

The alternate feed system shall consist of a 7-element

cluster array of 1N square horns arranged in a pattern

depicted in Figure 6-2.

6.6.2 Far Field Pattern

This feed system shall have an excitation magnitude and

phase given by the table in Figure 6-2. The feed system

shall be driven by power divider network from a common

coaxial input port.
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7.0	 CONCLUSION AND RECOMMENDATIONS

We have analyzed the range of performance available for

the three conflicting parameters of first- sidelobe level, gain,

and far out sidelobe levels using a corrugated feed horn with
an axisymmetric pattern as a baseline point of departure. The

results indicate that the very stringent Chebyshev envelope

with n = 2 can be met with an f/D = 0.5 and a corrugated horn

with flare angle and aperture width of 30 0 and 3.51 respectively.

The analysis of Section 2 indicates that the sidelobe level

design goals can be met in the plane of the equatorial arc,

but the gain is unlikely to exceed 41 dB (55%) without additional

effort in corrugated feed horn design and optimization on a test

range
t!;	 Changing from an analysis to a synthesis procedure, in

a
Section 3 we used a seven-element cluster array of la horns and

determined the optimum set of amplitude and phase coefficients
for obtaining the desired Chebyshev response in the far field.

This approach yielded entirely satisfactory results with

respect to the sidelobe goals, but suffers from a possible
loss in overall efficiency because of feed distribution network

insertion loss. Also, the assumptions made concerning the
f

	

	 individual far-field patterns of each 1X horn require experi-

mental validation before any degree of confidence could be

placed in the approach. This method is likely to add $20 	 $50

to the sale price of the antenna, but it may be worth it in terms

of really obtaining -30 dB first sidelobes and a 0 dBi or better

plateau for the far-out regions. Again, only experimental veri-

fication can provide the level of confidence needed to go for 	 j

ward with a strong statement to the CCIR concerning cost and
performance.

Through an extension of the multiple element cluster

array concept, we approximated the focal field distribution

needed for matching the ideal Chebyshev far-field pattern and

found a nearly symmetric ellipticity was required. This ellip-

ticity can be obtained through the use of a rectangular corru-

gated horn." The parameters for this horn were not derived, but
a

133



since the relative focal field .intensity is now approximately
known, it is possible to pursue this option intelligently.

We designed a low-cost realization of the 1.22m offset
fed antenna according to the assumption of man-producibility
for a consumer- oriented market. The manufacturing cost in ,r
10,000 units/year production quantities is in the range of
$150 per antenna, and a sale price is in the range of $400
$500.

Vie developed a performance specification for this appli-
cation suitable for a procurement and development effort for a
prototype.

Recommendations

We recommend fabrication of an electrical analog version
of the offset fed antenna to be made in fiberglass using hand a

lay up and high precision surface fabrication techniques.

This will permit verification of performance without any large
investment in tooling by NASA, which is inappropriate for a
government agency.

We recommend fabrication of a true corrugated feed for
use in a baseline reference test setup must as was done analyti-
cally in Section 2. We recommend that some additional design and

analysis be done on the rectangular corrugated horn and the
7-element cluster array to further- substantiate their viability
in the present application. After some additional study, the

best ,alternative should be built and tested on a range, just
as the axisymmetric corrugated horn should be tested.

Pending the results of these tests, a decision could be

made regarding the type of horn for use in a mass-producible
model circular corrugated, rectangular corrugated, or a`

cluster array.
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APPENDIX I

DERIVATION OF FAR-FIELD FEED HORN PATTERNS

FROM AN ARBITRARY APERTURE DISTRIBUTION

in previous work (1), a specific aperture distribution in the form of

11 (u)/u was shown to provide a far-field pattern for the main reflector that

met the Chebyshev envelope. in this section, we summarize how we transform

the aperture illumination function into the required feed horn far-field
l	 i

pattern through a geometric mapping. The process is described completely

in the article by Rahmat-Samii [7)	 Figure A-1 shows the definition of the

two coordinate systems we are relating via the transformation. The aperture

coordinate system is a polar coordinate type of system with an origin

eminating from the center of the aperture parallel to the axis of the main

parabola as shown in Figure A-1 with components given by and 0. The feed

horn oriented coordinate system is a spherical system with _principal com-

ponents of QF and F , 6 is measured from the principal axis of the feed

horn and ^ is measured from the vertical reference line so marked in

Figure A-I.

Two intermediate coordinate systems are necessary to complete the

transformation. The second and third coordinate systems are as follows: 	 1
1

We have a coordinate system centered at the focus of the parent parabola

with main axis along the boresight axis of the parabola which is a 	 {

cylindrical system with components z, r, 0. The fourth coordinate system

is one centered in the aperture of the parent parabola which is a
<	

spherical system with components p, 6p and Op. We have kept track of

polarization orientation.

_ The steps in the transformation process take us from the feed horn

centered coordinate system to the parent parabola focus coordinate system

in ep and $p. From there we move to the parent parabola aperture centered

coordinate 'system with components z, r, ^ and now from there we map from

r, ^ and ,z into r, 	 and -z via a translation in the aperture plane.
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APERTURE DISTRIBUTION IN OFFSET SECTION.
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Table A-1	 COORDINATE SXSTDI DEFINITION

I. Feed horn centered 	 Spherical, centered on z  axis

	

coordinate systems	 with components p, F' ^F

II. offset Aperture	 Cylindrical, centered on aperture

r	 coordinate system:	 plane and z axis on reflected ray

for6F 0 (6 angle) with

components z, r,

III'. parent parabola aperture	 Cylindrical, with origin at

	coordinate system:	 aperture center, on axis, with

components z, r a $

IV. Parent parabola focus	 spherical., with origin at focus,

	

coordinate system:	 with components, p, sp, ^p

i

i

I
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SUMMARY OF RESULTS

Let 
r W 

and Yr) be the aperture plane components of

the electric field in polar coordinates centered on the (circular)

aperture with the direction towards the feedhorn being 7r, (-1800),

(zi and E, are the components for the orthonormal basis er, 4, where

and 4 are unit vectors parallel to the r and ^ directions respect-

ively),

The far field of the feedhorn has components E6 and E
F	 ^F

	for the orthonormal basis g^, e-	 a F , The radiation travels in the

direction + e as given by geometrical optics.

k _ +	 e

In terms of the aperture field Er (r,^) and E^ (r,^) (these

are given), we can obtain the feedhorn radiation field by the relation:-

EO	 1 + cc^s0	 A +B	 cos (^-') -sin (^i-')	 Er (r $)

	

B =	 p

r	 B^	
2f	 -B; A	 sin (^-^')	 cos (^- ')	 E (r r )

F

2
	where r	 = (r' + b 2	2br' cos ')#

sin (P _	 sin 0
cos	

r, cos ' - b

r

b	
= 2f sin Oc + b

Z + cos 0
C
	 o }

2f sin 0

1 + cos Op,
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^i

cos 0
p
 , cos 0P cos 0C sin 0 cos 0. sin Oc

sin Op sin g - sin 0p sin -0

sin 
0P 

cos $F - sin OF cos 0 cos Oc + cos 0 	 Oc

and where A and B are given by

sin Op - I co s OpT

A	
sin OF cos OC + cos OF cos Or sin 0c

{.
	 sin Op

B = sin OF sin Oc

sin Op

A and B satisfy A 2 + B~ 1

f is the focal length of the parabolic reflector

O is the inclination angle of the feedhorn (see Figure l)

b  is the offset distance from the point on the aperture plane that

ray traces to ( ,j- F/ OF) b  is > o for offsets in the direction away

from the feedhorn

r	 Far-field feed horn patterns were calculated for a range of aperture

a

	

	 distributions based on the J 1 (u)/u function in which the edge illumination

taper was varied from 15 to 30 dB. Figure A-2 shows the far-field pattern

for two principal planes, the 0 and 90° plane for an ,f/D of the parent

parabola of 0.5 in a 25 dB edge taper. The beam required for perfect

generation of this particular aperture illumination function is elliptical

and narrower in the ^ = 0 and 180 plane than the ±90 0 plane. This is

`

	

	 intuitively obvious from an inspection of the projected cross -section of

a circular aperture onto the focal point of the parent parabole. More

importantly, the extent of the ellipticity is extremely small; at the

edge of the dish, the differential amplitude is approximately 4 dB.
rm
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Table A-2. FAR-FIELD FEED HORN DATA FOR GENERATION 1,

OF A JI (u)/u APERTURE DISTRIBUTION WITH

A 25 dB EDGE ILLUMINATION TAPER

'. Parent Parabola F/D 0.5 A . 3.6

9
i

8F
E6F

E (EOF E	 )
=i4E6F)

tin
F

I 2.000 .000 -.495 .000 -.IOU -89.946
4.000 .000 -.482 .000 -.338 -89.943
6-..000 .000 -.46.0... ..000 -.748 -89.943
8.000 .000 -.429 .000 -1.342 -89.943

10.000 .000 -.392 .000 -2.142 -89.943
12.000 000 -3.175 -89.943
14.000 .000 -.299 .000 -4.483 -$9.943
16.000 .000 -.247 .000 -6.131 -89.943
18.000 .000 -.195 .000 -8.220 -89.943
20.000 .000 -.142 .000 -10.932 -89.943
22.000 .000 ..,.093 .000 -14.645 -$9.943
24.000 .000 -.048 .000 -20.412 -89.943
26.000 .000 .000 .000 -74.000 .000
28.000 .000 .000 .000 -74.000 .000
30.000 000 .000 .000 -74.000 .000
2.000 30.000 -.428 .250 -.100 -59.747
4.000 30.000 -.415 .24.5 -6337 -59.493
6.000 30.000 -.395 .235 -0745 -59.238
8.000 30.000 -.368 .221 -1.336 -58.980r 10.000 30.000 -.335 .204 -2.128 -58.719

12.000 30.000 -.297 .182 -3.150 -58.456
14.000 30.000 -. 255 .158 - 4.441 -58.189
16.000 30.000 -.211 .132 -6.060 -57.919
18.000 30.000 -.167 .105 -8.106 -57.646
20.000 30.000 -.122 .078 -10.746 -57.369
22.000 30.000 -.081 .052 -14.326 -57.089
24.000 30.000 -.043 .028 -19.767 -56.803
26.000 $0.000 .000 .000 -74.000 .000
28.000 30.000 .000 .000 -74.000 .0011
30.000 30.001) .000 .000 -	 .01)0 .0011

2.000 60.000 -.244 .431 -.099 -29.568
4.000 60.000 -.235 .421 -.335 -2.9.131
6.000 60.000 -.221 .404 --.738 -28.692
8.000 60.000 -.204 .379 -1.318 -28.250

10.000 60.000 -.1.84 .348 -2.092 -27.806
12.000 60.000 -.161 .312 -3.084 -27.357
14.000 60.000 -.138 .272 -4.328 -26.906
16.000 60.000 -.113 228 -5.876 -26.450
18-.000 60.000 -.`089 .183 -7.811 -25.991
20.000 60.000 -.066 .139 -10.271 -25.526



TABLE A-2 (continued)

10 log
	 EeF

B
F
	 cog	 EBF'	 E	 (E8>,+ E2 ) tan- Wr)

`22.000 60.000 •.045 .096 -13.529 -25.057
24.000 60.000 -.026 .056. -18.241 -24.583
26.000 60.000 .000 .000 -74.000

4

.000
28.000! 60.000 .000 .000 -74.000 .000
30.000 60.000 .000 .000 -74.000 .000
2.000 90.000 .004 .495 -.099 .501
4.000 90.000 .008 .482 -.333 1.001
6.000 90.000 .012 461 -k129 1.503	 `1
8.000 90.000 .015 .432 -1.295 2.005

10.000 90.000 .017 .396 -2.045 2.509 i'12.000 911.000 .019 .354 -2.998 3.014i	 -	 14.000 90.000 .019 .309 -4.183 3.520
16.000 90.000 .018 .261 -5.642 4.029
18.000 90.000 .017 .212 -7.442 4.540
20.000 90.000 -0*14 .164 -9.690 ' 5.054
22.000 90.0`00 .011 .117 -12.5'7 5.570
24.000 90.000 .008 .074 -16.x68 6.090
26.000 90.000 .004 .035 -22.954 6.614	 P

28.000 90.000 .000 .000 -74.1'. 10 .000
30.000 90.000 .000 .000 -74.11110 .000
2.000 120.000 .251 .427 --1199 30.435
4.000 120.000 .248 .414 -.330 30.,866	 ?'
6.000 120.000 .240 .394 -	 719 31.295
8.000 '120.000 .228 .3b8 -1.273 31.724

10.000 120.000 .21.2 .337 -2.000 F;32.151
r	 12.000 120.000 .193 .302 -2.917 32.578

14.000 120.000 .171 .264' -4.048 33.005
16.000 120.000 .148 .224 -5.427 33.431
1.8.000 120.000 .123 .184 -7.117 33.8581
20.000 120.000 .098 .144 -9.174 34.285
22.000 120.000 .074 .106 -11_.778 34.713
24.000 120.-000 .050' .071 -15.2.21 35.141
26.000 120.000 .028 .040 -20.271 35.571
28.000 120.000 .000 .000 -74.000 .001	 .+

30.000 120.000 .000 .000 -74.000 .000
2.000 150.000 .430 .246 --099 60.247
4.000 150.000' .420 .238 -.328 60.495	 w
6.000 150.000' .403 .226 -.713 60.741
8.000 150.000 .379 .210 -1.257 60.985

10.000 150.000 .350 -.192 -1.968 61.:229
12.000 150.000 4„117 .172 -2.861 61.471
14.000 150.000 .1-80 .151 -3.954 61.713
16.000' 150.000 .241 -;.128 -$.279 61.953'

!	 18.000 150.000 .201 .106 -6.8111 62.193
20.000 150.000 .161 .084 -8.832 62.433
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TABLE	 A-2 (continued)

10 log E

8 F ELF ELF (Eel,+ ESE ) tan 1 (EQF)
^F

22.000 150.000 .122 .063 -11.254 62.672
24.000 150.000 .085 .044 -14.384 62.911

' 26.000 150.000 .052 .026 -18.767 63.150
28.000 150.000 .000 -.000 -74.0110 .000
30.000 150.000 .000 .000 -74.000 .,010
2.000 180.000 .496 .000 - .098 89.943
4.000 180.00.0 .483 .000 -,327 89.943
6. 000 180.000 .462 .000 -.710 89.943
8.000 180.000 . 4 34 .000 - 1.2 51 89.943
10.000 180.000 .400 .000 -1.957 89.943
12.000 180.000 .361 .000 -2.8411 89.943
14.000 180.000 .319 .000 - 3.921 89.943
16. 000 180.000 .275 .000 -5.217 89.943If 18.000 180.000 .229 .000 - 6.802 89.943
20.000 180.000 .184 .000 -8.713 89.943
22.000 180.000 .140 .000 -11.075 89.943

{
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