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ABSTRACT

This report describes a design study for a mechanically
scanned offset fed parabolic torus reflector antenna having
a 4m x 2m aperture for simultaneous use at eleven frequency
channels from UHF to m11limeter wavelengths A design
for the atenna 1s presented utilizing dipole and horn
feeds at the Tow frequencies and a Gregorian aberration
correcting subreflector system for feeding the torus at
the high frequencies The results and details of a
theoretical study based on geometrical optics performed to
evaluate the high frequency design and the results of an
experimental study involving a one-tenth scale model for
evaluation of the low-frequency behavior are given Beam
efficiencies, antenna patterns, beamwidths and cross
polarization Tevels are presented and these results
demonstrate that the antenna concept 1s viable for the
Shuttle Imaging Microwave System requirement
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1 0 SUMMARY AND INTRODUCTION

11 Purpose and Scope

This report describes the results of a three-man month study
undertaken to obtain design for an offset fed reflector scanning
system which will meet the electrical requirements of the Shuttle
Imaging Microwave System {SIMS) Basically, the SIMS antenna system
requires a high efficiency, dual polarized, wide angle scanning
antenna, operating simultaneously at eleven frequencies distributed
over the entire microwave spectrum The significant electrical
performance requirements and size limitations for the SIMS antenna
are summarized 1n Table I

TABLE I
SIMS Antenna Requirements

Polarization Dual Orthogonal Linear

Beam Efficiency 2 90%

Radrating Aperture Diameter ~ 2m

Scan Range + 60° from Nadir 1in cross-track plane
Size dm x 3m x 3m

Frequencies and Bandwidths

Frequency (GHZ) Bandwidth (MHZ)

118 7 700
g4 0 2000
h3 0 500
37 0 2000
22 2 1000
20 0 1000
10 69 300
66 300

2 695 10

T 413 25
610 8



A mechanically scanned antenna system consisting of a parabolic
torus peflector offset fed by a large number of feeds mounted on a
rotating feed wheel was suggested for the SIMS requirement 1n a
previous study (1) This antenna scheme 15 the object of this report
and 1s 11Tustrated 1n Fig 1 As seen in the figure, as the feed
support wheel turns various feeds move around the reflector feed
locus producing multipie synchronus scanning beams

At about 10 69 GHz and above the 11luminated portion of the torus
reflector deviates sufficiently from a true parabola so that a feed
system must be employed which can correct the aberrations produced
by the torus At Tower frequencies the aberration 1s relatively un-
important or easily corrected and simple radiators suitable for the
11Tumnation of parabolic reflectors can be positioned to give
acceptable performance

Two typical feeds are shown 1n Fig 1, a dipole array suitable
for generating the reflector 11lumination at the Towest frequencies
and a Gregorian subreflector system, which 1s capable of feeding the
reflector properly at the highest freguencies where aberration corrections
are required These two feeds are representative of all the feeds
required to generate the eleven SIMS frequencies and therefore the
design and performance of the antenna with these two feed systems was

the major objective of this study
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12 Study Description

1 21 High Frequency Performance

The high frequency antenna design and performance evaiuation was
accomplished by a theoretical computation based on geometriczl optics
A computer program was written to determine the coordinates of the
Gregorian subreflector for a given choice of feed and subreflector
position The antenna aperture distribution was then computed on the
basis of geometrical optics and an assumed typical Gausstanh beam shape
from the feed horn which 11luminates the subreflector The cross
polarized aperture 11lumination was also calculated by taking into account
the physical optics current tnduced on the curved torus reflector and
Gregorian subreflector By comparing the total amount of cross polarized
power crossing the antenna aperture to the power crossing the aperture 1in
the principal polarization, the cross polarization level of the antenna
was determined The far field antenna patterns were then computed from
the calculated aperture distribution for the principal polarization and
the patterns numerically integrated to y1eld the antenna beam efficiency
By 1ts very nature the geometrical optics analysis did not treat the
effects of spillover past the region of reflector 11tumination

By making repeated use of this computer program an antenna design
study was performed to simultaneously optimize the antenna beam efficiency,
cross polarization, beamwidths and subreflector size, and spillover by

determining the best choice for the following antenna desigh parameters

1) Subreflector Position

2) Feed Position



3) Feed Beamwidths
4) Feed Pointing Angle

5) Region of Reflector I1lumination

The high frequency study 1s described 1n detail 1n Section 2 0 of this

report

1 22 Low Frequency Performance

At the very Tow frequencies of operation 1t 1s difficult to
make a meaningful calculation of the antenna performance 1nasmuch
as the reflector 1s only a few wavelengths 1n height and such
effects as feed backlobes, spiilover and blockage produced by the
projection of the feed wheel are not directly tractable An experi-
mental study was therefore performed to predict the antenna performance
at 610 GHz A nearly one-tenth scale model of the antenna was designad,
fabricated and measured at 6 52 GHz The model utilized a four dipole
array feed and antenna patterns were measured 1n the two principal
planes and the diagonal plane The patterns were integrated to give
values for beam efficiency and cross polarization

Some additional engineering estimates of the low frequency
antenna performance were also obtained by calculating the path Tength
phase error which results when a simple point source feed 15 placed at
certain optimum positions around the torus feed Tocus Cross polarization
levels due to reflector curvature were also estimated for the low frequency
case

The Tow frequency study 15 contained 1n Section 3 0



13 Summary of Results

A quantitative summary of the electrical performance of the
antenna system at the highest and lowest frequencies of operation as
predicted by the theoretical and experimental work described 1n
deta1l in the remainder of this report 1s presented in Table I-A
These results generally indicate that the offset parabolic torus
antenna scheme 15 a viable and sound method for satisfying the SIMS
requirements The table shows the required high beam efficiencies
along with beamwidths consistent with a reasonable use of a 2m diameter
aperture The table aiso 1indicates that the total amount of received
cross polarized power due to reflector curvature effects 1s 1n the
order of a few percent The circular symmetry of the geometry ensures
satisfactory operation over the required scan range

The engineering estimates of Section 3 0 show that any simple
radiator such as a horn or dipole array with a circular beam having a
3 dB width of 45° can be used to satisfactorily 11luminate the torus
at the Tow frequencies up to and mcluding 2 695 GHz The use of such
radiators results 1n a beam squint up from the plane of the feed wheel
of about 5° At 6 6 GHz some aberration correction of the stmple feed
may be required

At 10 69 GHz the subreflector has a minimum dimension of 10 wave-
lengths Thus, the subreflectors should be useable at thi1s frequency
and above The subreflectors are of such a dimension that eight of
them can be placed around the periphery of the feed wheel 1n addition
to the feeds required for the low frequencies By utilizing multiple

frequency clustered horns to feed the subreflectors, the system has a



TABLE TI-A

Electrical Performance Summary - 4m Diameter Torus

Frequency 118.7 GHz 610 GHz

Evaluation Method Geometrical Optics 6 5 GHz Scale
Analysis Model Measurements

Feed Type Gregorian Subreflector 4 Dipoie Array
Simple Horn

Feed Dimensions 3lem x b6em 54cm x 54cm

Beam Efficiency 91% 95%

{Excluding Cross Polarization)

Track Plane 3 dB Beamwidth 110° 19°

Scan Plane 3 dB Beamwidth 103° 16°

Diagonal Plane 3 dB Beamwidth 101° 18°

Integrated Fractional Cross
Polarized Power

Vertically Polarized Feed 3 2% 3 8%
Horizontally Polarized Feed 1 8% 43
{computed)



channel capability greatly exceeding the requirements of Table I 1n
both number and bandwidth The total antenna volume w11l be

approximately 4m x 2 5m x 3m, satisfying the s1ze allocation requirement



20 HIGH FREQUENCY STUDY

21 Antenna Design Procedure

In this section the procedure utilized for obtaining a specific
high frequency subreflector-feed design 1s described The torus
reflector and subreflector feed system exhibits primarily two effects
detrimental to the generation of a high beam efficiency antenna
pattern The first effect i1s the generation of cross polarization
due to the curvature of the reflector surfaces Certain regions
of the torus are exceedingly curved and their 11lumination results in
severe cross polarization The second undesireable effect 1s due to
the fact that in those regions where the torus begins to deviate
appreciably from a true parabola, the ray bundles from the reflector
begin to diverge drastically This happens 1r such a way that a given
increment of area on the aperture plane 1s 11luminated by a disproportun-
ately large area of the subreflector The large subreflector area
collects more than 1ts share of energy from the feed horn and thus
there 1s a tendency of the feed horn energy to be focussed into “hot
spots" at the edges of the aperture where the aberration 1s greatest
This energy transformation effect prevents the establishment of a
smoothly tapered amplitude distribution This effect and the effect
of cross polarization generation must be minimized by the appropriate
choice of subreflector-feed horn design as will now be discussed

Due to the transcendental nature of the required analysis the
antenna design study was performed by a purely numericail technigue
A computer program was written to predict the subreflector shape and
aperture fields for a given choice of subreflector position and feed
characteristics The details of the analysis and definmitions of the

9



des1gn parameters are presented 1n the geometirical optics analysis of
Section 4 T The resulting FORTRAN computer code 15 1nciuded 1n
Appendix A labeled as program MAIN The radiating aperture plane

was taken to be the X-Z plane with the Z-axis corresponding to the
ax1s of the wheel and the X-axis perpendicular to the antenna beam
pointing direction The first quadrant of the aperture plane was
covered by a grid of 66 points as shown 1n Fig 2 Program MAIN was
then used to calculate the antenna characteristics for rays passing
through each of the grid points Maps of the aperture characteristics
were then made at the grid points and the maps were used to determine
which regions of the torus reflectcr were the most suitable for
11Tumination The antenna exhibits a symmetry about the Z-ax1s so
only the first quadrant of the X-Z plane was i1nvestigated The mapping

techniques are discussed 1n the following sections

2 1.1 Energy Transformation Mapping

F1g 3 1llustrates how the energy from the feed 15 transformed
to the antenna aperture A bundle of rays terminating at an area element,
So at the point X,Z 1n the antenna aperture originate from an area
T§i(x,z) on the subreflector If RR(X.Z) 1s the vector from the feed-horn
to’?} then, noting that the feed power falls off as |RR| 72, the relative
power density at SO 1s then

P{X,Z) = T(X,Z) &{RR)

where G(RR) 1s the gain of the feed in the direction of RR and the enerqgy

transformation T 1s

b

10
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The transformation T then determines how the feed pattern is amplified into
the antenna aperture Fig. 4 shows a typical T map of the aperture as
calculated from program MAIN The grid spacing 1s 0 1, normalized to the
radius of the base of the torus The transformation has been normalized

to umty at the center of the region of Teast aberration, 1,e , X = 0,

Z =0 It 15 seen that T becomes very large 1n the upper right hand corner
and along the Tine X =05 A value of T = 10, for example, would 1mply
that a -10 dB feed 11Tumination of the subreflector would exhibit itself

as a 0 dB 1Tlumination in the aperture plane Clearly these regions are

unacceptable for use in this high beam efficiency application

212 Cross Polarization Mapping

The compuzer program MAIN calculates the ratio of cross polarized
f1eld to principally polarized field in the antenna aperture This
cross polarization ratio 1s labeled as CPRY for a vertically polarized
feed and CPRH for a horizontally polarized feed The calculation assumes
a physical optics bheavior for the reflector currents and a feed horn
magnetic f1eld 1n the same direction as the magnetic field of an elementary
linearly polarized current element A typical aperture map of the cross
potarization ratio CPRY 1s shown in Fig 5 It can be seen that the
cross polarization 1s extremely Targe at the top of the reflector Thus,
some care must be taken 1in the selection of the height of the 117uminated

region of the reflector

13
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2 2 Final Antenna Design and Evaluation

In addition to the aperture maps previously discussed the program
MAIN was used to generate the principally polarized aperture fields and
these fields were numerically integrated to generate far field antenna
patterns The total cross polarized power crossing the antenna aperture
was also obtained by numerical intergration and compared to the total
principally polarized power After a thorough comparison of the aperture
maps, cross polarization levels, and secondary patterns for about 20
choices of feed position and subreflector placement, a final antenna
design was selected which appeared to give the best all around
optimization of the antenna characteristics In terns of the design
parameters defined 1n Table 1I of Section 4 1 the optimum parameter

choice occurred for

H = 0813
F = 5625
S = 40

= 0
AZBW = 60
ELBW = 30

The study was made for subreflector positions within a tenth of the
torus radius from the paraxial focus and feed depressions up to one-

tenth the torus radious, 1 e ,

o~
IA
w
IA
13,



The restrictions on the maximum value of S and H were necessary to

Timt the size of the subreflector to a reasonable value The

feed displacement toward the subreflector strongly 1nfluenced the

angles which the subreflector subtends at the feed Feed positions

were chosen such as to 1mmit the 3 dB widths of the feed to the

range of 20° to 70° so that simple horn 11lumnators could be used

This restricted the range of feed displacements to roughly 55 £ F < 60
The antenna design and calculated performance will now be

described The selected portion of the reflector most suitable for

11lumination is the region within the dashed Tines shown in Fig 6

Noting that the grid spacing 1s 0 1, normalized to the radius of the

base of the torus 1t can be seen that the 11Tuminated region has a

width and height of 80% of the torus radious This reasonably small

reduction of the available aperture 1s the compromise required to ensure

high beam effictency and Tow cross polarization at the higher frequencies

Because the torus reflector curves inward, the maximum dimepsion of the

antenna will be Tess than twice the torus radius, 2R, For the

11luminated region of Fig 6, and & 120° total scan range, an examination

of the geometry reveals that the torus diameter 1s 2 5% greater than the

maximum dimension of the antenna thus effectively making the 20% aperture

reduction only 17 5%. Furthermore, 1f the elimination of a very small

area 1n the Tower right hand corner of the 11luminated region of Fig 6

can be tolerated at the limits of the range of scan, a 10% 1ncrease 1n

resolution should easily be possible A reduction 1n the scan range would

also allow an increase 1n 2R0 for a fixed antenna dimension

17
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The narrowest secondary beams consistent with acceptable subreflector
spiliover Tevels occur when the feed horn has elevation and azimuth 3 dB
beamwidths of 30° and 60°, respectively For this feed choice the sub-
reflector spi1liover which will be absorbed by absorbing material around
the subreflector periphery 1s less than 0 5 dB. The principally
polarized aperture field distribution which results from thi1s feed pattern
15 also shown at the grid points in Fig 6. The 11Tumination decreases
smoothly from the center of the aperture to an average edge taper of
about 10 dB

The subreflector and horn geometry for this design 1s shown 1n the
scale drawing of Fig 7 along with their positions relative to the
paraxial focal point at 0, 5, 0 The subreflector has a dimension of
roughly 2'by 1' Approximately ten such subreflectors could be put
around the feed wheel periphery The coordipates of the subreflector

are calculated by program MAIN 1n Appendix A

2 21 Calculated Electrical Performance

By integrating the square of the computed aperture fields over
the aperture, the total cross polarized power crossing the aperture was
calculated as a fraction of the total principally polarized power
This ratio was found to be 3 2% for a vertically polarized feed, and
1 9% for a horizontally polarized feed

The calculated secondary patterns for the antenna for the principal
and diagonal planes are shown 1n Figs 8, 9 and 10 The angylar scales

on these patterns are not labeled as only the shape of the patterns

19
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are of mmportance. The calculated 3 dB beamwidths for a 2 meter
torus radius at 118 7 GHz are shown on the figures and 1t 1s seen that
these beamwidths are 1n the order of a tenth of a degree For a

general choice of wavelength and torus radius the beamwidths are given

by
Scan Plane* 0 = 807A
Ra
Diagonal Plane- 9 = 8222
Ry
Track Plane 6 = 8°A
Ro

where 6 1s the full 3 dB beamwidth and Rj 1s the radius of the base
of the torus

Antenna patterns were calculated at cut planes every 22.5° around
the main beam These patterns were then integrated numerically to
obtatn a value for the antenna beam efficiency It was determined
that for the 30°-60° feed beamwidth choice, 91% of the principally
polarized power was contained within a region of full angular width
205°A/R0 The well-defined nulls of the antenna pattern in the scan
plane fall at the edges of this region A reduction of the feed-
horn beamwidths would result in a higher efficiency pattern with less
supreflector spillover but at a cost of wider beamwidths and decreased

resolution.

24



30 |.OW FREQUENCY STUDY

31 Engineering Performance Estimates

The parabolic torus can be fed with simple point source radiators
when the frequency 1s low enough so that the aberration from the torus
1s negiigible. In this section the aperture phase error and cross

polarization resulting from the use of such a feed 15 discussed

3711 Path Length Error

In the analysis of Section 4.2 an expression 1s deveioped for
the optical path length error PLE(X,Z) at a point X,Z in the aperture
plane This error is representative of the phase error expected at
X,Z for a certain point source feed location The error 1s expressed
as a propagation length normailized to Ry» the radius of the base of
the torus Fig 11 shows an aperture map of the type described 1in
Section 2 1 The actual value of the path length error in inches 1s
shown for the case of a point source feed placed directly at the paraxial
focal point a distance RO/Z from the base of the torus when R0 = 80 1nches
The grid spacing 1s {0 1)R0 and the dashed circle 1s the desired 2m
dimaeter radiating aperture It 1s seen thatthe phase length error
creases monotonically to a maximum value of about 4 3 inches at the
upper right edge of the region Lo be 1tlumnated. At the Towest
frequency of opration, 610 GHz, this would give a maximum phase error
estimate of 222 wavelengths at the aperture edge  Such an error
would result in quite a smgll effect on the beam efficiency since the
error 1s relatively small and Tocalized 1n a region of tapered 117umination.

Do to the large size of the low frequency feed required at 610 GHz,

2b
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placing the feed at the paraxial focal point results in undesireable
blockage By depressing the feed point a distance R0/8 below the
paraxial focus, the feed 1s completely removed f}om the radiating
aperture  This depression results 1n an 1nconsequential 5° squint of
the beam up from the plane of the feed wheel

Actually the paraxial focal point 1s not the optimum feed
position for the minimization of the reflector aberration The aberration
occurs do to the fact that the circular shape of the reflector in one
plane has too much curvature By pushing the feed foward of the paraxial
focus the electrical length to the center of the 11Tuminated region 1s
reduced faster than the electrical Tength to the edges of the 11luminated
region  This operation has the twofold effect of correcting the
aberration and 1ntroducing a squint of the antenna beam up from the feed
wheel  F1g 12 shows a map of the path length phase error mn inches
taking 1nto account a 5 7° beam squint for the case where the feed 1s
located 7 6 1nches forward of the paraxial focus and Ro 1s 80 nches
Over the entire 1lluminated region, with the exception of a very small
area near the upper right hand edge, the phase error 1s well under one
inch and generalily much Tess than 0 5 inches From this figure 1t can be
inferred that allowing for the small sgquint angle a simple point source
feed such as a horn or dipole array can be used at least up to 2 695 GHz
where the wavelength 1s 4 38 1inches with 11ttle regard for the reflector
aberration At 6 6 GHz some feed correction by means of a Tens or a

polyrod may be reguired for optimum performance
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312 Cross Polartzation

In the analysis of Section 4 2 an expression 1s developed for the
principal and cross polarized aperture fields at a point X,Z 1n the
aperture plane By integrating the square of these fields over the aperture
plane, the ratio of total cross polarized power crossing the aperture to
the total principally polarized power crossing the aperture was computed
The computations were made for a feed positioned R0/8 below the paraxial
focus and pointed up at a 45° angle Feed 3 dB beamwidths of 45" were assumed
1n both planes This arrangement more or less corresponds to the model
configuration and the 610 GHz feed configuration 1n the full size antenna,
The integrated total cross polarized power ratios were found to be 2 6%
for a vertically polarized feed and 4 3% for a horizontally polarized

feed

32 Scale Model

321 Model Description

In order to determine the low frequency behavior of the offset re-
flector system a working scale model of the antenna was constructed The
model 1s shown 1n Fig 13  For ease of fabrication the diameter of the
torus was chosen to be 16 1n This choice ytelded a scale factor of
10 688 for a full s1ze torus radius of 2 174m so that a measurement of
the model performance at 6 52 GHz would be representative of the full size
antenna at 610 GHz  The height of the model torus 1s 7 642 1n so that
the 1nclusion of a 282 1n thick slab of absorber could be used to cover
the top end plate of the antenna to catch feed spillover This absorber
would then reduce the torus height to 7 360 1n which scales to the

required 2m height 1n the full size antenna
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Figure 13.
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The reflector was fabricated from a salad bowl shaped aluminum
sand casting, cast from a wooden pattern The casting was machined on a
tracer lathe from a template which was cut on a m1l with a digital
positioning system The template had an error less than 004 in rms
and measurements of the diameters at either end of the reflector 1ndicate
that the reflector 1s also within these tolerance Timits  After
machining the casting had a minimum wall thickness of 0 2 1n and was
cut 1n half to provide the required reflector sector Before cutting
two accurately spaced tooling holes were provided at the reflector edges
near the cut Tines After cutting, these holes were then pinned into
accurately spaced holes machined intc the feed wheel support beam to
eliminate the tendency of the cut casting to spring 1nward at the edges
of the cut

The wooden structure which can be seen in Fig 13, attached to the
feed support wheel 1s a facsimly of a feed calibration enclosure provided
for conceptual purposes This structure was not present during the

model measurements

322 Model Feed

The feed for the model antenna can be seen in Fig 13 This feed
consists of an equally spaced array of four dipole radiators The array
elements are half wave spaced at 6 52 GHz with a spacthg of 900 1n.

The ground plane 1s 2 1n square and the length of the dipoles is 850 1n
The dipoles are fed by the common spiit balun arrangement which can be seen
1n the figure The dipoles were designed with circular bases which fit
1nto circular holes in the ground plane with set screws so that the

radiating elements can be turned 90° to provide either polarization The
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1nput to each dipole consists of an OSM connector and a four-way power
divider was used to feed the array with equal Tline length flexible cable
interconnections  For the model measurements described 1n this report
the feed was positioned such that the center of the ground plane was at
a 4-1n radius from the wheel center and depressed from the Tower edge

of the torus a distance of 1 1in The feed was pointed up at an angle of

48°

3 2 3 Model Measurements

Patterns of the model antenna and feed were measured 1n a 40 ft
anechoi1c chamber at JPL  The antenna was mounted and the feed wheel
turned so that the feed pointed out away from the torus reflector The
radiation patterns of the feed were then measured while 1t was mounted
on the antenna 1n this fashion These feed patterns are shown 1in
Fig 14 and 15 The patterns are not completely smooth, but contain
some small ripple structure due to reflections from the torus, supports
and antenna mount In spite of these anomalies 1t can be seen that the
feed patterns are well shaped with an E-plane 10 dB beamwidth of 83°, and an
H-plane 10 dB beamwidth of 92°

The secondary patterns of the antenna were measured for the case of
vertical polarization {polarization paralilel to the axis of the feed wheel
and with the feed 11iuminating the central portion of the refiector The
end plate of the antenna was covered with absorber as well as the region
directly below the feed wheel in order to catch the feed spi11lover
Removal of the absorbing material fromthe antenna increased the spurious
energy siightly in the E-plane at regions near 60° of the main beam axis

at levels greater than 25 dB down
32
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The antenna secondary pattern for the principal and diragonal
planes are shown in Figs 16, 17 and 18 The dashed patterns are
those of the cross polarized energy As can be seen from the figures
the principally polarized antenna patterns are excellent with very Tittie
energy excluded from the main beam region. The measured antenna 3 dB
widths are 16° for the H-plane, 18° for the diagonal plane and 19° for
the E-plane cut The cross polarization levels are generally 20 dB
down with the exception of a narrow -14 dB lobe in the plane of the feed
wheel The antenna patterns were integrated numerically and averaged
so as to give an estimate of the total antenna beam efficiency. The
percentage of the total principally polarized power contained with & of
the main beam axis thus obtained 1s shown as a function of € wn Fig 19.
From the figure 1t 1s seen that 95% of the power 1s contained with 22°
of the main beam axis It should be pointed out that the nulls of the
main beam occur at 22° off axis 1n the diragonal plane where the beam
1s the narrowest Also, a reasonably tapered circular aperture with a
full 3 dB beamwidth of 18° w11l have nulls positioned at angles equal
to or greater than 22° off axis

The cross-polarized antenna patterns were also 1ntegrated and the
total cross polarized power was found to be 3 8% of the total principally
polarized power The majority of cross polarized power is alsc contatined
within 22° of the main beam axi1s  Including the cross polarization loss
of approximately 4%, and the principally polarized beam efficiency of 95%,
1t 1s seen that 91% of the total radiated power 1s contained within 22°

of the main beam axis
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40 ANALYSES

4.1 Geometrical Optics Analysis

In th1s section the analysis leading to the computer program
describing the high frequency antenna performance 1s developed The
geometry of the torus, subreflector and feed horn are shown 1n Fig 20,

To smmpiify the analysis all distances are normalized to the radius of
the bottom of the torus reflector as shown. The analysis 1s performed
with the final objective of a FORTRAN computer program and therefore,
an extensive use of FORTRAN type variable names are introduced directly
into the algebra of the analysis

As seen 1n Fig. 20, the top of the subreflector 1s Tocated a
distance S from the Z-axis which is also the axi1s of the feed wheel
The X-Z plane 1s the radiating aperture plane of the antenna The feed
horn 15 located at the focus of the subreflector a distance F from the Z-
axis and a distance H below the top of the subreflector and the bottom
of the torus The paraxial focus of the torus 1s located a distance
0 5 from the Z-ax1s A second coordinate system XX,YY,ZZ 1s arranged at
the subreflector focus in order to describe the coordinates of the sub-
reflector The obgective of the analysis 1s as follows given a point X,Z
1n the antenna aperture piane, and a specification of the design parameters

of Table II,
TABLE 11
Antenna Destign Parameters

Distance of feed horn from wheel axis
Distance of feed horn from bottom of torus

i}

Distance of subreflector top from wheel axis
Feed pointing angle (acute) up from XX-YY plane (degrees)

> »n I M
il
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A7BW = Azimuth 3 dB beamwidth of feed {degrees)

ELBW

Elevation 3 dB beamwidth of feed (degrees)

determine the characteristic quantities listed in Table III  Again,

all distances are normalized to the radius of the bottom of the torus

TABLE I1I

Determined Antenna Characteristics

XX,YY,ZZ = Coordinates of the point on the subreflector
relative to the feed horn on which the ray
passing through X,Z Impinges

Y = Coordinate of the point on the torus on which
the ray passing hrough X,Z 1mpinges

G = Gain of the feed 1n the direction of the ray from
the feed horn to XX,YY,ZZ normalized to umty at
the peak of the feed pattern

T = The ratio of the power per unit solid angle incident
at XX,YY,ZZ from an 1sotropic radiator at the feed
position to the power per unit area transported to

X,Z

EHC = Cross polarized aperture field at X,Z for a hori-
zontally polarized feed

EHP = Principally polarized aperture field at X,Z for
a horizontally polarized feed

EVC = Principally polarized aperture field at X,Z for a
vertically polarized feed

EVP = Principally polarized aperture field at X,Z for a
vertically polarized feed

CPRH= EHC/EHP = Cross polarization ratio for a horizontaily
polarized feed

CPRYV = EVC/EVP = Cross polarization rati1o for a vertically polarized
feed
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The quantities 1n Table IIT will now be determined with sufficient
deta1l to allow their direct 1mplementation 1n a FORTRAN computer

program

TORUS COORDINATES

For a point X and Z 1n the antenna aperture the projected point

on the parabolic torus has a Y-coordiante given by

v=\/|(1--§i)2~x2! (1)

SURFACE NORMAL

The parabolic torus 1s defined by the equation

FINLY,Z) = X2 +v: o+ 5~ =1

The surface normal 1s 1n the direction of the negative gradient of this

function or

RO ——e
= 2 2 -~ 2 N 7 =
-grad f = -X \/& +Y ay —Y/\/& + Y ay Z a,

The magnitude of this vector 1s

|grad f| =1/1 + 272

Thus, the three components of the surface normal are

NX = -X/\/(1+22)(X2+Y2) (2)
NY = -v/\/(1+zz)(xzw2) (3)
NI = -1/ \/(1+zz) (4)
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REFLECTED RAY

Upon reftection the component of the 1ncident ray in the
direction of the surface normal 1s reversed Thus, for an mncident
ray tn the direction &, the direction of the ray scattered from the

Y
reflector 1s given by

M o= &, -  2NY*N
M ay NY*N

The three components of the ray from the reflector are then given by

MX = -2NY*NX {(5)
MY = 1 - 2NY2 (6)
MZ = -2NY*NZ (7)

SUBREFLECTOR COORDINATES

The vector extending from the subreflector feed to the 11Tuminated
point on the torus 1s given by

— —
a

RF = X

x *OO-F) A+ (Z#) & (8)

The vector from the feed to the 1TTuminated point on the subreflector

1S given by

R = -X¢3, - W3, + 223 (9)

From the geometry 1t 1s clear that
RR = RF + W c(Xx.z) (10)
For phase coherence the scalar function C{X,Z) must be such that

Y + C + |RR| = constant = K (11)
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where K 1s the total path length from the feed to the X-Z plane
K =\JL2 +{F-S)*> + 2 -5 (12}

From Egs (10) and (11),

z
S
)

(K-Y}% -2C {K-Y) + C?

iy

|RF|2 +2c W-RF  + c2

=
~
I

which can be solved to yteld

(K-Y)2 - X®2 - (Y-F)* -~ (Z+H)?

CZ) = SR =7+ WX = IR (V=F) + WZF ()]

and the reflector coordinates are then given by Eqs (10), (12) and (13)

as follows
XX = =X - C*MX (14)
YY = F - Y - C*MY (15)
ZL = I+ H+ C*MZ (16)

FEED RAY UNIT VECTOR

The unmit vector extending from the feed to the 11luminated

point on the subreflector 1s given by

AR = RR/|RR| = RR/(K - C - Y)

Thus, the three components of thi1s vector are

ARX = -XX/(K-C-Y) (17)
ARY = -YY/(K-C-Y) (18)
ARZ = ZZ/(K-C-Y) (19)
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COORDINATE DERIVATIVES

It 15 necessary to compute the following partial derivatives

T - R (20)
X
T - R
S (21)
This 1s accomplished by the following INITIAL procedure
Replace X by X + 01 X=X+ 0]
Compute RR and store 1n B BX = -XX
BY = -YY
BZ = 77
Return X to 1ts first value X = X- 0l
Replace Z by Z + 0] Z = Z4+ 0]
Compute RR and store 1n D DX = -XX
DY = -~YY
DZ = ZI
Return Z to 1ts first value Z = Z~- 0
Compute RR then the components of B and D are given by
BX = 100%(BX + XX) (22)
BY = 100%(BY + YY) (23)
BZ = 100*{BZ - ZZ) (24)
DX = 100%{DX + XX) (25)
DY = 100%{DY + YY) (26)
DZ = 100%{DZ - ZZ) (27)
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CROSS POLARIZATION RATIO

The subrefiector surface normal at the illuminated point 1s

proportional to the vector

— —

U = M + AR

which has components

UX = MX + ARX {28)
Ur = MY + ARY (29)
Uz = MZ + ARZ (30)

For horizontal polarization the magnetic field from the feed 1s 1n

the direction of the vector

P = R x 3
= X

which has components

PY
Pz

[

ARZ (31)
-ARY (32)

n

For vertical polarizaticn the magnetic field from the feed 15 in the

direction of the vector

T = AR x (@, cos A + '3} stn A)

where A 1s the angle at which the feed 1s tilted up from the horizontal

Thts vector has components

QX = ARYcosA -~ ARZsinA (33)
QY = -ARXcosA (34)
QZ = ARXstnA (35)

For horizontal polarization the induced subrefipctor current
1s then proportional to
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=
x
o

B =

which has components

JPX =  UY*PZ - UZ*PY (36)
JPY = - UX*PZ (37)
JPZ =  UX*PY (38)

For vertical polarization the current 1s proportional to

g = T x 71

which has components
JOX = UY*QZ - UZ*QY (39)
JQY = UZ*QX - UX*QZ (40)
JQZ = UX*QY - UY*QX (41)

for horizontal polarization the magnetic field 1ncident on the torus

1s then proportional to

— —

BH = M x Jp

which has components

HHX = MY*JPZ - MZ*JPY (42)
HHY = MZ*JPX - MX*JPL (43)
HHZ = MX*JPY - MY*JPX (44)

For vertical polarization the magnetic field incident on the
torus 1s then proportional to
W o= W x

which has components

HVYX = MY*JQZ - MZ*2QY (45)
HYY = MZ*J0X - MX*JQZ (46)
HVZ = MX*JQY - MY*JQX (47)
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For horizontal polarization the ratio of cross polarized

torus current to principally polarized current 1s

s i = e — -

CPRH = {N x H)-az/(N X HH)-aX
which 1s given by
CPRH = (NX*HHY - NY*HHX)/{NY*HHZ - NZ*HHY)
For vertical polarization the cross polarizetion ratio 1s

CPRY = (N x F{:‘F)-ﬁ’;/(ﬁx W)-‘a‘;_

which 1s given by

CPRY = (NY*HVZ - NZ*HVY)/(NX*HVY - NY*HVX)

PRIMARY FEED PATTERN

The component of AR along the vertical axis of the feed

aperture 1s

Eﬁ(‘a;cosA - &, sin A)

y

The component of AR along the horizontal axis of the feed aperture 1is

—_— ey

AR a,
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Assuming a Gaussian feed pattern, the feed gain 1n the direction of AR

1S given by

G =exp -(&n 2} ( ( ARX/sin (AZBW/2)} )% +
{ (ARZcosA + ARYstnA/sin (ELBW/2) )2 ) (50)

where AZBW and FLBW are the respective azimuth and elevation full 3 dB
beamwidths of the feed

POWER DENSITY TRANSFORMATION

The amount of power crossing an area element dX dZ of the radiating

aperture 15 given by

dP = G T dX dZ (51)

where G 15 the gain of the feed pattern in the direction of AR and T

1s the aperture power density per power density per umit solid angle of

feed radiation and 1is given by

—
n

(B x D AR)/|RR|2 (52)

where B and D are the partial derivatives of RR with respect to X and Z,

respectively This transformation 1s given by

T = (|ARX(BY*DZ-BZ*DY) + ARY(BZ*DX-BX*DZ)
+ ARZ(BX*DY-BY*DX) |)/(K-C-Y)? (53)
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APERTURE FIELDS

For horizontal polarization the total power contained 1n the
principle polarization aperture field EHP and the cross polarized

aperture field EHC 1s given by

EHP2 + EHC® = EHP2(1 + CPRH2) = GT
so that
EHP = \/G*T/(HCPRH”—) (54)
EHC = CPRH*EHP (55)
Similarly for vertical polarization
EVP = \%E*T/ (1+CPRY2)
EVC = CPRV*EVP (57)

4 2 Low Frequency Analysis

In th1s section the analysi1s describing the engineering estimates
of the Tow frequency antenna characteristics will be given For the
sake of convenience the geometry will be chosen 1dentical to that of
the high freguency analysis as 11lustrated 1n Fig 20 In this case
the feed 1s st111 located at the point O,F,-H, but 1s turned around so
that 1t 11Tuminates the reflector directiy and of course the subreflector
15 removed Again, the feed points up through an acute angle A from the
X-Y plane All distances are again normalized to the torus radius The
quantities F,H,A,AZBW,EL.BW,EHC ,EHP ,EVC,EVP,CPRH and CPRV remain as

defined 1n Tables II and III  The objective of the low frequency
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analysis 1s as follows Given a point X,Z 1n the antenna aperture

plane and a specification of F,H and A determine the principally
polarized aperture fields EHP, EVP, cross polarization ratios CPRH, CPRY
and the path length error PLE PLE 1s the path Tength along a ray
extending from the feed to the point X,Y,Z on the reflector and then to
the point X,Z 1n the aperture plane minus the value of a similar path
length for the ray extending from the feed to the point 0,1,0 on the re-
flector and then to the point 0,0 1n the aperture plane PLE 15 a
measure of the phase error occurring at X,Z do to the aberrations
experienced by a point source feed The error defined 1n this way 1s

normalized to zero at the point 0,0 i1n the aperture

PATH LENGTH ERROR

The path length from the feed to the point X,Y,Z on the reflector

1s stmply

\J&Y-F)Z + (Z+H)2 + X2
where Y 1s given by (7)

The path length from the point X,Y,Z to the point X,Z 1n the aperture

plane 15 Y and therfore

PLE =\04Y—F)2 + (Z+H)2 + X2 + Y
- [\/Q}-F)z + H2 + 1] (58}

CROSS POLARIZATION

Let the vector extending from the feed at 0,F,-H to the point
X,Y,Z be T
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T=X3T, + (Y-F)

a,

y + (74H) ﬁ} (59)

For horizontal polarization the incident magnetic field mmpinging on
X.Y,Z 15 1n the d1rect1on'ffx'€; and thus the surface current density

w1ll be proportional to

T (X.Y,Z) = Nx (‘L‘xé;)

where N 1s the surface normal given by (3), (4) and (5) Assuming the
aperture fields are proportional to the projection of the surface

current the cross polarization ratio 1s then

J
CPRH = & = -X_(Z+H) (60)
X Y(Y-F) + Z(Z+H)q [X23Y2
For vertical polarization the magnetic field from the feed 1s
n the direction of the vector
Q = L x ( —ay stn A + a, cos A)
and the induced surface current is proportional to
T = NxQq
The ecross polarizationratio 1s then given by
J
CPRV = % =
z
X (=Y s1n A + ZVYX3+¥2 cos A)
Y(Z+H) sin A+ XZ%cos A + Y{(Y-F) cos A (61)
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APERTURE FIELDS

The unit vector AL pointing from the feed point 0,F,-H to the

11tuminated point at X,Y.,Z 1s

L = /0] = AXx®, + AYE + ALZTE

For a feed pointing up at an angle A from the horizontal the component

of AL along the vertical axis of the feed 1s then

AL (a, cos A - 3, S1nA)

The component of AL along the horizontal axis of the feed 1s

i —_
L*a
X

Assuming a Gaussian feed pattern, the feed gain 1n the direction of AL 1s

given by
Gf(t3 = exp -(#n 2)( { ALX/sin (AZBW/2) )?

+ { (ALZcosA - ALYsinA}/sin (ELBW/2) )2 ) (62)

Since the energy 1s collimated as 1t leaves the reflector the energy
density 1n the aperture 1s identical to the energy 1ncident at X,Y,Z
Taking 1nto account the [:]_2 space attenuation and the fraction of the
power appearing as cross polarization, the principally pclarized fields at

X,Z 1n the aperture are preportional to

EHP = \Jé(;j/(1+CPRH2]-fETZ (63)
and
EVP = \/E(f)/(1+CPRv2)-ﬁj2 (64)
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The cross polarized fields ar X,Z are given by

EHC CPRH-EHP (65)

and

EVP CPRV.EVP (66)
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50 CONCLUSIONS AND RECOMMENDATIONS

In view of the study results summarized 1n Section 1 3 1t 15
concluded that the offset fed parabolic torus 1s a viable solution
to the problem of meeting the SIMS antenna requirements The work
described 1n this report verifies that acceptable antenna performance
1s possible at the high and low ends of the reguired frequency range

It 1s recommended that further study be performed 1n the middle
frequency range at 6 6 and 10 69 GHz, where the low freguency feeds
begin to require aberration correction and the high frequency optical
analyses begin to fai1l The objectives of this work would be to determine
how low 1n frequency the subreflectors are useable and the design of an
aberration corrector for use with the point source feeds 1n this transition
region

It 15 also recommended that the behavior of the antenna near the
limits of the range of scan be 1nvestigated in order to determire the

optimum choice for the torus radius as discussed 1n Section 2 2

6 0 NEW TECHNOLOGY

No reportable 1tems of new technology have been 1dentified 1n

the work described 1n this report
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8.0 APPENDIX A

PROGRAM MalN

NMAMELIST/DATA/HesF 95 3A2ALBwIELSW
NAMELIST/DATAZ/ XX YYsZZ Y s0sTaCPRHICPRVIEHP sELHCsEVP sEVCa X2
REAL NXsNYsNZsMXsuY aMZ an s JPAsJPY s JPZ s JRA 0 GY s Jll

DESIGN PARAMETERS OF TaplLb 11 AFE READ IN AT THIS POINT

WITA ThE NANELIST FORMAT LABELED DATL
READ(5sDATA)

INPUT PARAMETErRS FRONM TABLE [I1 ARE WRITTEN SUT AT THIS PCINT

WITH NAMELIST FO=YAT LACELED DATA
WRITE(6sDATA)

SPECIFY THE APERTURE COCRDIMNATES X AND Z AT TrIS POINT

x=
2=
L= wu
X=X+eul
Gv Tu 2
BA= —XX
oY = =YY
BZ = 44
L = -1
X = X — 01
Z = Z + +01
GO TG 2
Dx= =XX
DY = -Yy
Dé = £2
L= 1
L = Z — 01
= SwurTiAvs| (le~e¥¥2/2a)%a2 — K5z} )
NZ = SURT(lat+e*%2)
NY = SWRT(X##Z2 + Yiwgz)
NA = =X/ {INZ#NY) -
NY = =Y/ {NZixNY)
NZ = —=Z/N2Z
MX = ~2«*NYHNX
MY = le —=Ze®NYH®ENY
MZ = —Ze*xNY®NZ

K = 2o =5 + SQRT{AY¥Z + (F=S)rnz
Z @DF (K=Y ) e 2= X¥ET 2= (Y -F oo — 1 L+01)° 214
BOAR=Y+ X X+MY c((=F,Hdrie+1)

XX = =X — (#9X

YY = F - ¥ - Cxmy
ZZ = 2 + n + C¥MZ
IF {L) 244395

BX = 1o0e*x{5A + XX\
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C OUTPUT PAPAMETERS FROM TARLE

C

BY
BZ
DX
DY
Dz
ARX
ARY
ARZ
ARX
Ux
uy
Uz
Py
PZ
ax
QY
W2
JPX
JPY
JPZ
JuX
JuY
JGZ
HRX
HHY
HHZ
HVX
HvY
HvZ
CPR

CPRV =

n b mwuu

({1 I £ { O Y (I

h

100.%(BY
100e*(BZ
10U e* (DX
10 «*¥(DY
100 e*{D2Z
K=(C=-Y
-YY/ARX
ZZ/ARX
—XX/ARX
MX + ARX
MY + ARY
MZ + ARZ
ARZ
-ARY

ARY#*COS1A/57e3)
—ARX#¥COS(A/5743)
ARAXSIN(A/ST#3)
JY¥PZ - JZXPY

~UX*PZ
UAKPY

MY#®JPZ
MLFIPK -
AXRIPY -~
MY®*JQZ -
MZ#JQX -
MX*JQYy -

| TN T+ S I T N (TR ¥ I VI S 1

T

YY)
22
XX)
YY)
2Z)

UYRGZ - UZ#®GY
LLRQAX = Ur=QL
UX*QY ~UY#RGA
PZ%JrE o
MXXaPZ
MY ®EJIP X
MZ¥Jay
MX*JQZ
MY *JOX

- ARZESIN(A/DT.3)

= (NX¥HHY-NY*HHAX} / {NY*HRHZ ~NZ*¥HHY )

{NY*®HVZ~-NZ¥HVY) / (NX#HYY-NY#HVX)

G= EXP(—(ALCG 24 ) )% { {ARX/SIN(AZBW/1 1446} ) %+%2+

* ( (ARZ*COS(A/5T7431+ARY%®SIN(A/S5T3)

T=

EHP
ERHC
FVP
EvC

A

Yy/SIN(ELEBW/11446) ) t%2

}

}

BS{ ARX*(BY*D/Z-BZ¥DY )} +AaR(* (BZ¥DX~-BA*¥DZ ) +ARZ*# (SX*¥DY~-BY*DX)
¥ ) K-C-Y)#%2

CPRH*EHP

n o i

CPRV#EYP

WITH MAYELIST FCORMAT
WRITE{6,D0ATY2)

~
57C

END

SORTH G¥T/(Ll.+CPRH¥*¥Z) )

SQRT( GET/(1e+CPRV®%Z) )

I1T ARE

LABELED DATAZ2
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WRPITTEN OUT AT

THIS PQIMT



