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S—-BAND OMNIDIRECTIONAL ANTENNA FOR THE
SERT-C SATELLITE

Harold L. Bassett, James W. Cofer, Jr., Richard R. Sheppard
and Michael J. Sinclair

Engineering Experiment Station
Georgia Institute of Technology

SUMMARY

This report details the program to design an S-band omnidirectional
antenna system for the SERT-C spacecraft. The program involved the tasks
of antenna analyses by computer techniques, scale model radiation pattern
measurements of a number of antenna systems, full-scale RF measurements,
and the recommended design, including detailed drawings. A number of
antenna elements were considered; the cavity-backed spiral, quadrifilar
helix, and crossed-dipoles were chosen for in-depth studies. The final
design consisted of a two-element array of cavity-backed spirals mounted
on opposite sides of the spacecraft and fed in-phase through a hybrid junction.
This antenna system meets the coverage requirement of having a gain of at
least -10 dBi over 50 pecent of a 4m steradian sphere with the solar
panels in operation. This coverage level is significantly increased if
the ground station has the capability to change polarizationmn.



I. INTRODUCTION

A. Background

The analyses and test results for an S-band omnidirectional antenna
system for the SERT-C spacecraft are presented in this report. The SERT-C
spacecraft will provide a practical demonstration of the use of ion engines
to propel a spacecraft from a low parking orbit to synchronous orbit. The
spacecraft will also demonstrate precise station keeping, attitude con-
trol, and rendezvous capability at synchronous altitude.

The spacecraft will be launched from ETR by a McDonnell-Douglas
Delta 2910 launch vehicle and placed in a parking orbit of 3150 km altitude.
After orientation, the spacecraft will be separated from the launch vehicle,
the solar arrays will be deployed, and a checkout of the spacecraft systems
will be performed by means of telemetry and command. Two of the 30-cm ion
engines will then be started, and the spacecraft will describe a spiral
ascent trajectory until synchronous altitude is attained. The omnidirec-
tional S-band antenna system will be utilized for telemetry and command dur-
ing the ascent period. At synchronous altitude, the spacecraft will be
rotated until the high gain antenna is pointed at the earth, and demonstra-
tions of attitude control, station keeping, and rendezvous capability will

be performed.

B. Summary of Tasks

The S-band telemetry and command antenna used during the ascent stage
is the subject of this report. The work period was from 24 June 1974
through 24 February 1975. The program was divided into five tasks. The
first task was entitled "Analysis and Preliminary Design," and was a sixty-
day effort. This particular task centered on the analysis of a number of
different type antenna systems and the selection of three candidate omnidirec-
tional antennas for evaluation. Representatives from NASA LeRC and Georgia
Tech were to choose the appropriate antenna system from the three candidates.

The particular area of emphasis was in the determination of the shadowing



of the antemnma by the rotating solar panels. Calculations were to be per-
formed to show the estimated percent coverage of the antenna system with
the solar panel shadowing included.

In addition to the computer amalyses of the antenna system, the advis-
ability of scale model testing was determined in Task I. The appropriate
scaling factors, test facility, and test methods were also presented at
the conclusion of the initial sixty-day effort. Detailed discussions of
the antenna analyses and the scale model factors are presented in Section
I1 of this report.

Upon approval of the preliminary design, the engineering model of the
antenna was to be designed. This effort was designated Task II. The
finalization of this particular task depended on the results of Task IV,
"Scale Model Testing.'" The three antenna systems recommended at the
conclusion of Task I were an array of quadrifilar helices, an array of
cavity-backed spirals, and an array of crossed-dipoles. It was recommended
at the conclusion of Task I that scale model testing on each of these
systems be done prior to choosing the final system. A detailed discussion
of the scale model testing and rationale for choosing an array of two cavity-
backed spiral antennas is presented in Section II.C.

The Task III effort was designated as '"Fabrication of the Antenna."

As it turned out, the fabrication effort consisted in main of a scale model
satellite and scale model antennas. Since the final choice of the antenna
system was cavity-backed spirals, it was felt that it would be cost-effective
to purchase the antennas. This particular task is discussed further in
Section II.E. The recommended antenna configuration is presented in a
separate chapter, Section III.

The testing of the engineering model was done under Task IV. As a
minimum, the tests would include amplitude pattern tests, polarization test,
maximum power gain test, input impedance test, and a power handling test.
The amplitude pattern tests were made with the use of a scale model and
are discussed in Section II.C. The remainder of the tests were performed on
a full-scale model of the SERT-C satellite and these results are presented

in Section I1I.D.



The fifth task was designated "Reporting" and this included monthly
progress reports including financial and performance analysis reports. A
presentation was made at the conclusion of the sixty-day analysis effort to
appropriate personnel at NASA LeRC. Task V also included the writing of
this final report and a final presentation of results at NASA LeRC.

The following is a summary of the research and development program
on the SERT-C S-Band omnidirectional antenna system:

(1) Evaluation of candidate antennas.

(2) Reduction of candidate list to three antenna types using analytical
techniques and a tradeoff study.

(3) Preliminary scale model testing and a recommendation of crossed-
dipoles, quadrifilar helices, or cavity-backed spirals based on
patterns alone.

(4) Scale model testing utilizing both the quadrifilar helix
and cavity-backed spiral as antenna elements. The patterns
of two element and four element arrays were measured.

Both radiation contour plots and polar plots were recorded.

(5) Performance of VSWR tests. It was found that the quadrifilar
helix was marginal when considering RF design specifications.
Thus, the cavity-backed spiral was the final choice for the antenna
element. Two of these mounted on opposite sides of the space-
craft met all specifications.

(6) Perform power handling test on the two-element spiral array.

C. Antenna Specifications

(1) Coverage and Gain

The antenna shall provide a minimum gain of 10 dB below isotropic
in all areas of a 47 steradian sphere that are not shadowed by

the spacecraft body or the solar arrays. Before the solar arrays
are deployed the coverage of a sphere shall be at least 65 percent.
After the solar arrays are deployed the coverage of a sphere shall
be at least 50 percent.

(2) Polarization

The antenna shall provide right hand circular polarization along
the positive roll axis during the orbit raising phase of the
mission.

(3) Frequency Bands

The command carrier frequency will be 2.069673 GHz. The telemetry
carrier frequency will be 2.2475 GHz.



(4) Power

The antenna system shall operate continuously with a power input
of 20 watts at any carrier frequency in the telemetry band.

(5) Antenna Connector

A single coaxial RF connector shall be used to connect the antenna
to the spacecraft S-band transponder. This connector shall be
either the TNC or miniature types such as the OSM series.

(6) Impedance

a. In a band of 20 MHz, centered at the command frequency
specified in above paragraph C.3, the antenna shall have an
impedance of 50 ohms, at a VSWR of 1.5:1 or lower.

b. In a band of 20 MHz, centered at the telemetry frequency
specified in above paragraph C.3, the antenna shall have an
impedance of 50 ohms, at a VSWR of 1.5:1 or lower.

Thermal Specifications

(1) Louver Constraint

The north and south faces of the spacecraft contain louvers
which act as temperature control devices. These louvered faces
shall not be used as antenna mounting surfaces.

(2) Temperature Cycle

Due to rotation of the spacecraft body about the axis of the solar
arrays, the exposure of the spacecraft faces to solar flux will
cycle periodically. The minimum period of this cycle will be 2.5
hours. The maximum period will be 24 hours.

(3) Thermal Isolation

The antenna shall be designed so that it is thermally isolated
from the spacecraft.

(4) Eclipse Survival

The antenna shall be capable of surviving a 72 minute eclipse
(no solar illumination) once per day.

(5) Sunlight Survival

The antenna shall be capable of surviving exposure to full sun-
light (one solar constant) from any angle, using a spacecraft
blockage factor appropriate to the installation.



(6) Solar Array Constraint

The antenna shall not interfere with the solar illumination of
the solar array.

E. Weight

The omnidirectional antenna weight goal shall be 3.63 kg (8 pounds)
or less.



II. TECHNICAL APPROACH

This section of the report is an elaboration of the program followed by
Georgia Tech in the determination of the S-band ommidirectional antenna
design. It includes the candidate antennas, the theoretical modeling of
certain antenna types located on the spacecraft, the rationale for the choice
of the final antenna, the scale model testing, the full-scale model antenna

measurements, and the mechanical design aspects.

A. Candidate Antennas

A number of antenna types were evaluated as possible candidates for the
SERT-C spacecraft omnidirectional directional antenna elements. The element

requirements were:

(1) circular polarization (RHC)
(2) handle 20 watts CW power

(3) broadband (2.0 GHz to 2.3 GHz)
(4) 1lightweight.

A listing of the candidate antennas that evolved is:

(1) slots in a ground plane

(2) crossed~dipoles

(3) quadrifilar helix (Volute) [1,2,3]
(4) wraparound [4]

(5) 1loops

(6) spirals

(7) 1log conical

(8) monopole arrays

(9) regular helix.

Some of these are similar type antennas and were categorized as follows

and further studied:

(1) slots and wraparound
(2) crossed-dipoles, monopole arrays, and loops
(3) quadrifilar helix and regular helix

(4) spiral and log conical.
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The wraparound antenna types were felt to be too complex for this appli-
cation. Since the slots and crossed dipoles are complementary elements
and because considerable success [5] has been found with dipoles, it was
decided to consider the crossed-dipoles as one of the three candidates.

The quadrifilar helix had excellent potential and it was felt that
it should be given due consideration as an antenna element. The cavity-
backed spiral antenna had the desired element radiation pattern character-
istics and it is a broadband device. Normally, these spirals are used in
the receive mode only, but there are high power designs available. Since
these three element designs when used in an array had the potential to
meet all the performance requirements, were simple in design, lightweight,
normally possess circular polarization characteristics, and were also
simple to model, the crossed-dipoles, quadrifilar helix, and cavity-backed
spiral were chosen for further evaluation.

The crossed-dipole array, the quadrifilar helix array, and the cavity-
backed spiral array were presented as candidate antennas to NASA LeRC at
the sixty-day review meeting. Also presented were the computer computa-
tions of estimated coverage for a number of antenna array configuratiomns.

These data are presented in Section II.C, '"Theoretical Modeling'".

B. S-Band Antenna Systems

It seems appropriate, in this discussion, to consider antenna systems
in general. In principle, it is impossible to achieve isotropic coverage
for a singly polarized antenna system. A null-free pattern will consist
of different polarizations. To obtain an S-band antenna system with near
isotropic coverage is very difficult for structures large compared to the
wavelength. It is possible to obtain near null-free coverage if the ground
station has polarization diversity. In the days of VHF TM systems, antennas
were mounted on vehicles whose diameters might be on the order of a couple
of wavelengths. Thus, one or two of these antennas gave excellent ground
station coverage with the exception of nose-on or tail-on look angles. When
the TM frequencies were changed to S-band, the wavelength decreased by a

factor of ten. This meant that two antennas would, in general, produce



scalloped patterns in the azimuth plane of a vehicle with many deep nulls.
These effects are caused by interference and shadowing. Normally, it took
an array of S-band antennas to provide adequate coverage. We have seen
a number of these array designs in the literature [5,6,7]. Another approach
has been to extend an antenna away from the structure so that the structure
becomes negligible [8].

Instead of the closely spaced multi-element array or the extended
antennas, a theoretical analysis of the two-element and four-element
arrays was performed. This approach was taken for three reasons:

(1) only two faces of the spacecraft were available for mounting
antennas

(2) simplicity and

(3) weight.
Many of these configurations are presented in Section II.C. A near-
omnidirectional pattern in the equatorial plane was desired, where nulls
near the poles were acceptable. It was anticipated that either a two-element
or four-element array would meet the coverage factor. This factor indicates
the percent of the total space angle, 4w steradians, for which a certain
gain will be exceeded. There is no doubt that these arrays will provide
much more than adequate coverage if the ground station utilizes
polarization diversity.

There is good reasoning for considering the two-element and four-
element arrays based on the experiences of other spacecraft antenna
systems. Two excérpts from the literature are included as Appendix I

of this report.

These excerpts are typical of comments that were found in most of the
literature. In general, the majority of the past and current spacecraft
communications systems which require near-omnidirectional antenna coverage
rely in main on either the space and/or polarization diversity of the
ground stations. The aspect of space and/or polarization diversity has
become more popular since systems engineers have become more familiar
with the propagation characteristics of the earth's atmosphere. Typical
characteristics that cause an apparent attenuation of signal are:

atmospheric water vapor, clouds and fog, rainfall and hail, refraction,

11
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reflection and scattering, decorrelation, polarization rotation, and Doppler
frequency shift. These are all frequency dependent and, fortunately,

S-Band systems are not affected as much as systems in other frequency bands.
These effects, coupled with both the deep nulls in the spacecraft antenna
pattern coverage and the changes of polarization of the spacecraft antenna
with respect to aspect angle, require that ground stations possess, at

least, polarization diversity.

C. Theoretical Modeling

In order to evaluate the performance of an antenna system such as
that required for the present satellite application, the percentage of a
47 steradian sphere over which the gain level is greater than or equal
to a specified level must be known. A typical plot of one such power
distribution for an unknown antenna system is shown in Figure 1. In this
plot, the percentage of the sphere over which the gain level is less than
the power level shown (abscissa) is plotted as a function of the abscissa.
This type of plot resembles in form the familiar probability distribution
function. For example in Figure 1, one can tell that the peak of the power
pattern has a gain of +5 dBi, since the gain is less than (or equal) to
this value 1007% of the time. Likewise, the gain is less than -1.7 dBi
over 35% of the sphere, or in the context of this application is greater
than or equal to -1.7 dBi over 65% (100%-35%) of an arbitrary far-field
spherical surface. Thus, the total electric field (and therefore the
power pattern) must be calculated (or measured) as a vector summation of
the contributions from all radiating structures in the system for a large
number of points (R, ©, &) on an arbitrary far-field sphere. The points
are then treated as samples from a random process and a probability
distribution found. It is important to note that the number of spherical
points having a given gain level are not merely counted but the areas
(i.e., R2 sin® A9 A®) having a given gain are summed.

Several techniques are available for calculation of the far-field
pattern depending on the particular geometry involved and/or the level
of rigor deemed necessary. Three such techniques commonly used are the
geometrical theory of diffraction (GTD), moment methods, and scalar array

calculations.
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The method of GTD is useful when it is desired to calculate the field
in a shadow region behind an obstacle. For this particular application,
the electric field intensity in the far-field of the vehicle may be cal-
culated theoretically (using GTID) from the equation

N M '
- T - -jBR T _ ~3Bey
E(6,¢) = An(5,¢)e + / B _(6,¢9)e (D
m
n=1 m=1
where
Z£(6,¢) = the radiation pattern (including polarization) of the

nth element,
N = total number of elements,

B = propagation constant,

2

R = /(x2 - xm)z + (¥, - Yin)2 + 2y - 2,)

in
(X, , Y, , Z, ) = coordinates of element location on vehicle,

(Xz, YZ’ Zz) = coordinates of far-field point

= (Ro sin 0 cos ¢, R0 sin 6 sin ¢, Ro cos 8),

|
B
~
- D
-
-
N
I

= the field scattered by the edges of the box-shaped
vehicle in the direction 6,¢,

_ [ 2 T o2 2
0 -/(X2 U+ (¥, - VT + (2, - W)

coordinates of the mth edge point from which
scattered fields originate,

~
e}
<3
=
~—
L}

M = total number of edge scattering points.

In antenna systems having highly directive elements or very few obstacles in

the near vicinity, the second part of Equation (1) containing the scattered

fields can be ignored. Scattered fields arise when a ray leaving the element

strikes an edge of the vehicle instead of radiating directly away. This
ray then scatters into a cone of rays whose cone half-angle depends on the
angle between the edge and the incident ray. If the cone from a particular
point (Um, Vm’ Wm) passes along the direction 6,¢, that point is considered
to be a scattering point for the direction 6,¢. Therefore, the number of

scattering points (M) could be much larger or much smaller (possibly zero)



than the number of elements (N). Multiple scattered fields (from one edge
to another and then to the far-field) are considered second order effects
and usually are not included in the analysis.

The moment method technique takes into account the effect of the vehicle
by calculating the currents which are induced on its surface and the
radiated electric field corresponding to those currents. A moment method
evaluation of the wire radiating and scattering geometries has been
formulated by Professors D. C. Kuo and B. J. Strait of Syracuse University
[9]. A listing of this program was obtained and coded for the Univac
U-1108 computer at Georgia Tech. Input and output data have been compared
with those of Professor Strait and identical results were obtained.

The moment method computer program operates in the following fashion.
First, the vehicle is considered to be made up of a large number of wire
segments instead of continuous smooth surfaces. A wire geometry is
specified in terms of the location and size of the wire elements. Next,
the mutual impedances between the various portions of the wires are cal-
culated in terms of an impedance matrix; then the impedance matrix is in-
verted to obtain the admittance matrix between the various portions of the
wires. Specified input voltages are applied to those wires which are
desired as radiators (i.e., the antenna elements), and then the currents
induced in these wire elements as well as those incuded in the rest of the
structure are calculated. Using these currents the far-field pattern
obtained from the composite structure is calculated. Due to the nature of
the computational‘technique, the antennas on the vehicle are modeled as
wire radiators (e.g., an electrically small loop). These radiators are
placed at predetermined points around the vehicle and the far-field pattern
from the composite structure is calculated.

The third and simplest computational technique, termed the scalar
method, results when the polarization of the far-field pattern is assumed
to be the same as that of the element, and the scattered field (second term
in Equation (1)) is neglected. This method is by far the simplest to
model; however, the results do not carry as much credibility as those of the

other two methods. A modified version of this approach was used on this contract

15
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since (1) a knowledge of the lower portion of the gain distribution was not
desired (i.e., lowest specification was for 35%), and (2) the extremely
large size in wavelengths of the vehicle would have consumed an excessive
amount of computer time. A concerted effort was made to verify the scalar
calculations by applying the method of moments to some of the antenna con-
figurations. It became immediately obvious that the solar panels could not
be handled since they required admittance matrices with element numbers
much greater than the storage capacity of the Georgia Tech Univac 1108 com~-
puter. Even with the neglecting of the panels and half of the vehicle,
the required storage was on the order of four times that available. It
was felt that to further approximate the vehicle would yield unrealistic
results; consequently, this approach was abandoned. The method of GID is
also very time consuming since for each point in the far-field (e.g.,
increments of 1° each in 6 and ¢ yields 64,800 points), all edges of the
vehicle must be searched iteratively to determine the origin, phase, and
amplitude of energy which scatters to that point. Consequently, the method
of moments and GTD were abandoned in favor of a scalar method which takes
into account the loss of coverage due to shadowing by the solar panels.
This shadowing effect was handled by calculating the pattern using the
first term of Equation (1) and replacing the field in the shadow region
by zero. A common shadow region was derived for all elements by placing
one element on top (i.e., location of the engines) and calculating the out-
line of the panels in the 6-3 domain. A plot of these points is shown in

Figure 2. The contour is very nearly approximated by the equation
° ° . 0.8
86(3) > 90° + 45 l51n @[ (2)

where the coordinate system used is shown in Figure 3. The element pattern

An(e,é) in Equation (1) was assumed to vary according to the equation

p
A (8,8) = {[l + cos (8-6 )] [1 + cos (e~§n)]} (3)

where (en,én) specify the angular pointing direction of the nth element,
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Figure 2. Rectangular plot of the 6 - & domain showing region blocked

by the solar panels.
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Figure 3 . Geometry of the SERT-C satellite used to calculate optical
blockage (as a function of 6 and &) by the solar panels for
an element located at the origin.
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and p is a measure of the directivity of the element pattern (e.g., highly
directive for large p). One method for choosing p is by calculating the
value required to cause the element pattern to decrease by a specified
number of dB at (G-Gm, ¢—¢n) either equal to (0°, 90°) or (90°, 0°)
(horizon taper) as this connotes the type of element used. For example,
the values of p used to calculate patterns under this contract are listed

below along with their horizon tapers (+ 90° edge taper):

0.00 (0 dB)
0.83 (-5 dB)
1.66 (-10 dB)
3.32 (-20 dB)

Lo B - B - I
]

Patterns were calculated for several combinations of element numbers
and locations and with element patterns described by Equation (3) and the
values of p above. These patterns are portrayed as three-dimensional
functions (power) of the spherical angles 6 and §. Such a plot for one
particular case is shown in Figure 4. This particular case is that of two
elements with 5-dB horizon tapers and located at the top center edges of
the sides not containing the solar panels [coordinates = (0,27,0) and
(0,-27,0)]1 and pointing along opposite directions. The two relatively
flat plateau regions in the pattern correspond to the pointing directions
of the individual elements where that element is dominant, while the rapidly
fluctuating areas correspond to regions of cancellation and reinforcement
by the two elements. The effect of making the elements more directive by
assigning horizon tapers of 10 and 20 dB may be observed from Figures 5
and 6, respectively. A more directive element broadens the "quiet region"
in front of each element and decreases the interaction region; however, the
percent coverage may also decrease due to the low power areas between the
peaks.

A large number of patterns were also calculated for four-element arrays.
Pairs of elements were placed at the top corner edges [coordinates = (19.8,
27,0), (-19.8,27,0), (-19.8,-27,0), and (19.8,-27,0) inches] of the two

previously described sides of the vehicle. The element pointing directions

19
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Figure 5.
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were equally spaced in ¢ (i.e., & = 450, 1350, 2250, 3150), and various

combinations of B-pointing directions such as (450, 450, 450, 450), (900,
90°, 90°, 90%), (90°, 459 90°, 45%), (120°, 45°, 120°, 45°), etc., were
investigated. The calculated results for such a four-element array having
10-dB horizon tapers is shown in Figure 7 (no solar panel blockage). The
entire 41 spherical region is one of strong interaction with little or

no plateau area present. The effect of increasing the horizon taper to

20 dB (shown in Figure 8) is to reduce the element interaction and to
produce a corresponding low power region between the element pointing
directions.

The effect of considering the solar panels (blockage) may be accounted
for by neglecting any signal which would pass into the shadow region of
Figure 6. This is a worst case assumption since some of the field will
diffract into this region from the panél edges. The effect of this
blockage on the calculated pattern of Figure 5 may be observed in Figure 9,
where the field in the subject region has been constrained to be zero.

The percent coverage functions for the blocked and unblocked configurations
may be compared in Figure 10. These coverage functions are obtained by
normalizing the peak value of the calculated field to 0 dB, grouping
the spherical areas which have power levels within a given range (e.g.,
-20 dB + 0.5 dB), adding a calculated directivity to each level of the
coverage function and subtracting any known losses. The ideal directivity
is the ratio of the maximum radiation intensity (Pm) to the average
radiation intensity (Pa).
P (0,9%

- B | @

The average intensity is simply the total power radiated (Pt) divided by

the area of the particular spherical surface being investigated.

t
a 2 (3

P =
4TR

Pt is then the total power contained in the calculated pattern P(§,0) and

is given by
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10 dB taper 90  away from boresight. The elements have
8 - & pointing directions of (120, 45), (45, 135),
(120, 225), and (45, 315). Solar panel blockage was
not included.
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P, =] [ P(0,0) R" sino dé d¢ . (6)
o o0

The directivity expression of Equation (4) then reduces to

4 P _(0,¢) :
D = o . %))
m 21
| [ P(8,¢) sinb do d¢
(o] (o]

For the present situation where P(06,¢) is known as a discrete set of cal-

culated points, and df and d¢ are non-zero constants, Equation (7) becomes

4w P_(8,¢)
D = L . (8)
A8 A E sin6 [§ P(aif¢j)]

A summary of certain key coverage levels for several of the arrays
investigated is given in Tables I (no blockage considered) and II (blockage).
The three-dimensional power patterns and coverage functions corresponding
to these cases are included in Appendix II.

It is apparent from these two tables that most of the candidates
appear acceptable when looking strictiy at the coverage numbers. Other
factors warrant consideration however, when selecting the optimum antenna
configuration. For example, four-element arrays have an inherent 6-dB
power splitter loss while two-element arrays suffer only a 3-dB loss (neither
loss is reflected in Tables I and II). Also, the four element arrays pro-.
ducéd radiation patterns which fluctuated significantly (e.g., see Figure
7) throughout the entire range of 6 and &. Additionally, it is known from
the antenna element survey that the candidates which are commensurate with
5-10 dB horizon tapers (e.g., quadrifilar helix) are too narrowband to
cover both of the frequencies of interest, while the spiral with a 10-20 dB
horizon taper can handle both frequencies efficiently. The conclusions thus
drawn from this theoretical modeling section are that two elements are
probably more desirable than four elements, and that the broadband spiral can

provide coverage levels almost as high as the narrowband quadrifilar. Both



CALCULATED PERCENT COVERAGE LEVELS (USING SCALAR METHOD)

Table T

FOR DIFFERENT NUMBERS OF ELEMENTS PLACED ON THE SERT-C
SOLAR PANEL BLOCKAGE WAS NOT INCLUDED.

SATELLITE.

Numbet of 90° Edge

Elements

Taper

<]

) )

$

Peak

50%

Directivity Level

35%
Level

20%
Level

1
1
2

10
20
10

20

10

10

10

10

20

{Spirals)

10

20

10

20

dB
dB
dB

dB

dB

dB

dB

dB

dB

dB

dB

dB

dB

dB
dB

dB

dB

dB

90
90

90
90

90
90

45
45

0
0

90
90
90
90

45
45
45
45

45
45
45
45
90
45
90
45

90
45
90
45

90

120
45

120
45
120
45

90

90
90

90
90
90
90

45
45
45
45

90
45
45

120

120
45

90
90

90
270

90
270

90
270

90
270

45
135
225
315

45
135
225
315

45
135
225
315

45
135
225
315

45
135
225
315

45
135
225
315

45
135
225
315

90

90
270

45
135
225
315

45
135
225
315

45
135
225
315

45
135
225
315

6.65
8.99
3.64

5.98

6.02

4.89

5.32

5.18

-5.3
-15.0
~-0.4

-2.7

~0.6

-0.5

~-1.5

~13.8

-6.7

-2.7

~-2.7

-13.7

-5.8

-7.5

-14.2 -16.0

-8.7 ~11.5

-13.2 -16.3

-21.6 -35.0

~-8.4 -11.2

-11.3 -15.3

-7.2 -10.0

-9.5 -12.8

-10.4 -14.4

-11.6 -15.5

-9.6 -12.6

-8.5 -11.7
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CALCULATED PERCENT COVERAGE LEVELS (USING SCALAR METHOD)

Table 11

FOR DIFFERENT NUMBERS OF ELEMENTS PLACED ON THE SERT~C
SATELLITE.

SOLAR PANEL BLOCKAGE WAS INCLUDED.

Number of 90° Edge
Elements

Taper

6
)

4

)

Peak
Directivity Level

50%

35%

Level Level Level Level

20%

107

5%

N R

5
10
20

5

10

20

10

20

10

20

10

20

10

20

10

20

dB
dB
dB
dB

dB

dB

dB

dB

dB

dB

dB

dB

dB

dB

dB

dB

dB

dB

4B

dB

90
90
90

90
90

90
90

90
90

45
45

45
45

45
45

90
90
90
90

90
90
90
90

90
90
90
90

45
45
45
45

45
45
45
45

45
45
45
45

90
45
90
45

90
45
90
45

90
45
90
45

120
45
120
45

120
45
120
45

120
45
120
45

90
90
90

90
270

30
270

90
270

90
270

90
270

90
270

45
135
225
315

45
135
225
315

45
135
225
315

45
135
225
315

45
135
225
315

45
135
225
315

45
135
225
315

43
135
225
315

45
135
225
315

45
135
225
315

45
135
225
315

45
135
225
315

5.18

6.70

6.25

5.97

6.26

5.49

4.98

5.22

5.33

~2.2

-2.0

-2.3

~7.4

~7.5

-6.7



of these two candidates were investigated on the antenna range by recording

radiation distribution plots and making a decision based on those results.

D. Scale Model Measurements

Two sets of scale model measurements were made. The first set
consisted of measurements of the principal plane patterns only of the
three recommended antenna types: crossed-dipole, quadrifilar helix, and
spiral. The second set of scale model measurements included the quadrifilar
helix and the cavity-backed spiral as antenna elements and consisted of

complete conical pattern measurements.

1. Preliminary Scale Model Measurements

Dimensions of the scale model of the SERT-C spacecraft utilized
in the antenna radiation pattern measurements are presented in Figure 11.
The model was scaled by a factor of 4.1:1 in frequency or 1:4.1 in size.
The appropriate drawings received from NASA LeRC were used in determining
the_dimensions of the scale model.

The preliminary scale model pattern measurements were performed
for two reasons: (1) to determine if, in fact, these three antenna elements
had principal plane radiation patterns similar to the radiation patterns
used in the theoretical model, and (2) to determine which of the three
element types should be further evaluated. As a result of these
tests it was confirmed that these antenna elements did possess similar
radiation pattern characteristics as we had anticipated, and only one
of the three element types was eliminated as a further candidate, this
being the crossed-dipole element. The circular polarization property of
the crossed-dipole element deteriorates to linear polarization on the
horizon, whereas the quadrifilar helix and the spiral elements maintain
good circularity.

As previously stated, the three antenna types for the preliminary scale
model measurement program were the crossed-dipoles, quadrifilar helix, and
the cavity-backed spiral. The principal plane radiation patterns of five
configurations of each antenna type were measured:

(1) one element mounted on one side of the spacecraft and perpendicu-
lar to the skin,

(2) two elements mounted on opposite sldes and perpendicular
to the spacecraft skin,
31



Scale Model Frame Dimensions in Inches.

Figure 11.
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(3) four elements mounted perpendicular to the spacecraft skinoand
positioned at approximately the azimuth angles of 45°, 135,
225° and 315°,

(4) four elements mounted at 45° with respect to the spacecraft skin,
positioned as in (3), and facing toward the solar arrays (the
solar arrays were not mounted during this preliminary test
phase), and

(5) four antenna elements mounted in pairs on opposite sides of the
spacecraft near the center and positioned at 45° with respect
to the skin.

Principal plane radiation patterns at four different polarizations
(vertical, horizontal, LHC and RHC) were measured. These patterns
indicated that the four quadrifilar elements mounted at 45° with respect to the
spacecraft skin as in (4) above and the two quadrifilars mounted as in
(2) above give the best principal plane coverage. In addition, the two
cavity-backed spirals mounted as in (2) above gave adequate coverage. The
quadrifilar element and the cavity-backed spiral gave consistently better
pattern coverage than did the crossed-dipoles. Based on these data, it was
decided to continue measurements on the scale model using the quadrifilar
element and the éavity~backed spiral. It was noted during these measurements
that nulls for RHCP tended to be filled in when the polarization was
changed to LHCP. Also, the nulls in LHCP patterns are located in
different spatial positions than those of RHCP. Photographs of the

elements are shown in Figure 12.

2. Radiatioﬁ Distribution Pattern Measurements on 1:4.1 Scale
Model SERT-C Spacecraft

The antemna range at Lockheed-~Georgia was utilized for further
pattern measurements. This range was equipped with the necessary equipment
for obtaining radiation pattern contour plots as the polar radiation patterns
were being plotted. The scale frequency was 9.2 GHz. The patterns were
measured utilizing first RHC polarization and then LHC polarization. The
circularity of the illuminating horn is presented in Figures 13 and 14.
Pattern measurements were performed on the scale model both with and
without the solar panels attached. Tabulated in Table III are the different

configurations of antennas and the patterns that were measured.
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Table II1

SCALE MODEL ANTENNA PATTERN MEASUREMENTS

Element Type
and Number

Location

Type Patterns
and Polarization

Solar Panels

2 Spirals

Same
Same

Same

2 Quadrifilars

Same

Same

4 Spirals

4 Quadrifilars

4 Quadrifilars

Opposite Sides
of Spacecraft

Same
Same

Same

Opposite Sides
of Spacecraft

Same

Same

45° with respect
to spacecraft;
approx. 90°
separation in
azimuth between
antenna elements

Same

45° with respect
to spacecraft;
closely spaced
pairs placed on
opposite sides of
spacecraft

Polar Plots, RHC, LHC
Contour Plots, RHC

Same

Same

Principal Plane

RHC

Polar Plots, RHC, LHC
Contour Plots, RHC
Same

Principal Plane

RHC

Polar Plots, RHC

Contour Plots, RHC

Polar Plots
Contour Plots, RHC

None

00
45°

90°

None
0° and 45°

90°

None

None

None
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After analyzing all the contour plots of data without solar panels
it was decided that the two-element arrays, either cavity-backed spirals
or quadrifilars, gave sufficient radiation pattern coverage. The four-
element arrays produced scalloped radiation patterns due to the interference
between antenna elements. The final choice of antenna type was the cavity-
backed spiral based on bandwidth and pattern coverage requirements.

The radiation contour plots that were made at the Lockheed-Georgia
outdoor test range are shown in Figure 15 through Figure 22. The results
of the two-spiral array are plotted in Figure 23 for the case of no panels.
Compare this with Figures 24 and 25 for the two-spiral array with solar
panels at 0° and 45°, respectively. The contours of the ''mo solar panel
case are much smoother than the contour plots with solar panels. This is
also observed in the polar plots found in Appendix III. The solar panels
cause a scalloping effect of the radiation pattern, but the overall
coverage level is not decreased much by the solar panels.

The data from Figures 23, 24, and 25 were fed into a computer program
to determine actual percentage coverage for the three cases of the two-
spiral arrays with no solar panels, with solar panels at 00, and with
solar panels at 45°. The calculated probability based on measured data
that the gain level is above -10 dBi for the worst case with solar panels
was about 50 percent. This compares with 68 percent with no solar panels.
Thus, the solar panels cause diffraction effects but do not necessarily
block out large sectors of the antenna radiation pattern. This 50 percent
actual coverage agrees well with the predicted coverage level. It should
be pointed out that this actual coverage increases substantially if the
ground station antenna polarization can be changed.

The four-element array radiation contour plots of Figures 15 through
17 are included to show that the deep nulls are more numerous than for the
two-element array. The computer percentage coverage levels for the four-
element arrays based only on the theoretical analysis indicated better
coverage than was actually obtained by the model measurements. From Table
I it is indicated that a four-element array of spirals would provide a
65 percent probability of coverage above -10 dBi. As indicated in Figures

15, 16 and 17 the area of -10 dBi coverage is small.
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Figure 15. RDP plot - 4 quads - inboard ports - bent 459, (Level
marked 2 is -3 dBi gain).
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Figure 16. RDP plot - 4 quads - outboard ports - bent 45°. (Level
marked 2 is -3 dBi gain).
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RDP plot - 4 quads - outboard port - normal to skin.
(Level marked 1 is -3 dBi gain).

Figure 17.
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Figure 18. RDP plot - 2 spirals - center ports - normal to skin -
no solar panels. (Level marked 2 is O dBi gain)
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Figure 19. RDP plot - 2 spirals - center ports, solar panels 0°.
(Level marked 1 is O dBi gain)
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Figure 20. RDP plot - 2 spirals - center ports - solar panels hSO.
(Level marked 1 is O dBi gain)
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Figure 21. RDP plot - 2 quads - center ports - solar panels at 0°.
(Levels marked 2 are + 2 dBi gain)
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Figure 22. RDP plot - 2 gquads - center ports - solar panels at hSO.
(Levels marked 1 are + 2 dBi gain) ‘
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Figure 23. Partial RDP Contour Plot - 2 Spirals - No Solar Panels.
(Crosshatched area is beamed toward earth in orbit
raising phase.)
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At this point it should be noted that the approach taken by Georgia
Tech on this program was to meet the antenna radiation pattern coverage
levels with the simplest spacecraft antenna system possible. Since the
computer analysis early in the program showed that either a two-element or
four-element array would meet the design goals, we felt that the scale
model measurements would corroborate this. There are orientations of the
spacecraft where deep nulls occur and communication would probably be lost
with a single ground station. But is is unlikely that communications would
be totally lost if more than one ground station is involved. Also the
coverage level increases significantly if the ground station antenna
polarization can be changed from RHCP to LHCP or to elliptical polarization.

The remaining contour plots are included for completeness, i.e., all

the conditions that were run on the pattern range have been included. The

maximum gain levels that are shown on the four-element spiral array patterns

correspond to an antenna system gain of -3 dBi, whereas the maximum level
on the two-element spiral array contours refer to a gain of 0O dBi.

The two plots of Figures 26 and 27 were computed from the scale model
measurement data. As indicated in Figure 26 the solar panels block a
significant amount of the coverage of two quadrifilar helices. The two-
element array of spirals was not affected as much by the solar panels as

shown in Figure 27.

3. Coordinate System

In the orbit raising phase the three 30-cm ion thrusters are
directed west with the high gain antenna and TV camera directed east. The
face of the spacecraft directed toward the earth has the single 8-cm ion
thruster. The face directed away from the earth is the side of the space-
craft where the 8-cm thruster and the radar antenna are mounted. With
respect to the coordinate system (Figure 28) used in the scale model
radiation pattern measurements, the spacecraft look angle toward the
earth at an elevation angle of 6 = 90° and an azimuth angle of 9 near
90° (see Figure 23). The S-band antennas are mounted on the spacecraft
in locations where one of the antennas has a low gain beam pointed
toward the earth in the orbit raising phase. The other antenna is
pointed in the direction 8,% of 90°, 270°.
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The three 30-cm ion thrusters of our scale model were directed along the
6 = 180° coordinate in the scale model measurements. The solar panels were
located at 8, ¢ of 900, (Oo, 1800). Scale model patterns were run with
the solar panels oriented at 00, 45° and 90°. The 0° solar panel orienta-
tion had the panels in parallel with the long dimension of the spacecraft

body. See Figure 28 for an explanation of coordinate system.

4. Scale Model and Antenna Elements
The scale model was a replica of the SERT-C to the following

degree:

(a) The rectangular portion of the satellite was duplicated utilizing

drawings CR635333 and CR635334 provided by NASA LeRC.
(b) The 30-cm ion engines located on bottom of craft were simulated
by cylindrical sections of the metal (Figures 30 and 39).

(c) A conical metal section attachment plate was included on the
scale model as indicated in Figures 31 and 33.

(d) The solar panels were made of screen wire and aluminum tubing
(Figure 37).

Shop drawings of the scale model are presented in Figures 29 through
41. The dimensions noted on the drawings are in inches. Photographs of
the scale model are shown in Figures 42 and 43. The conical attachment
plate and 30-cm ion engine replication are shown in Figure 42.

The model is shown as it was mounted on the outdoor range tower in
Figure 43. Due to the wind velocity additional wooden supports were used;
mainly to protect the gears in the tower drive system. A number of
antenna radiation patterns were run with and without wooden supports to
determine adverse effects of supports. Fortunately the interference was
so small that it could be neglected.

The scaled antenna elements are shown in Figures 12 and 44. The
quadrifilar helix was wound at Georgia Tech. Element patterns indicated
that the quadrifilar did possess a broad radiation pattern and was circularly
polarized. The circular polarization characteristic was obtained by the
length and diameter of the individual elements [3]. The crossed-dipole

element is shown in Figure 12 and was constructed from a copper-clad fiber
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Solar Panel Mounting Bracket, Scale Model.
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Figure L2.

Scale model of SERT-C 30-cm
antenna test model.

ion engines mounted on
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Figure 43.
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Scale model of SERT-C mounted on test range.



0L

Figure Lk,
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board and utilized a flat reflector of copper. Good crossed-dipole
pattern, impedance, and polarization characteristics were obtained by
empirical methods.

The scale model spiral antennas were items that were a part of our
inventory. The spiral is shown mounted to the satellite model in Figure
44. This particular spiral has excellent RF characteristics from 8 GHz
to 18 GHz. Our scaled operating frequency was 9.2 GHz.

After tests were completed on the scale model, two spirals were
fabricated in our shop and mounted to the model. These antennas will remain

attached to the scale model for demonstration activities.

5. Scale Model Electrical Considerations

To obtain contour and polar pattern plots of the omnidirectional
array which include the effects of the solar array, it was necessary to
model the system. The theoretical basis for the proposed modeling approach
was based on the principle of electrodynamic similitude developed by
Stratton [10]. In free-space, the principle states that if the linear
dimensions of an antenna and the operating wavelength are reduced in a
1:1 ratio, the basic electrical characteristics of the antenna remain

unchanged. In summary, an appropriate modeling approach is the following

scaling:
ﬂé - ﬁo/n Eo = full scale dimension, n = scaling
' factor
fé = nf_ £ = frequency
cé = 10 o, = conductivity
Weo— B W = complex permeability
eé - €, = complex permittivity

where the primed values are the scaled parameters. The physical dimensions
of the full-scale antenna were scaled down by a factor n; frequency and ¢
were scaled up by the factor n; while €, and Mo of the model remained
unchanged .

The scaling factor n must be properly chosen in order to accommodate

the following:
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* reasonable model dimensions for duplicating antenna elements

* reasonable model dimensions for radiation pattern measurements

* practical instrumentation and measurement techniques

A major intent of modeling is to obtain a replica of the full-scale
situation in a small, manageable form factor. The ﬁodel must be amenable
to relatively easy fabrication and handling. A scale frequency of 9.2 GHz
was used, i.e., the scaling factor, n, equaled 4:1. A scale frequency of
9.2 GHz allows the use of coaxial components and permitted the scale model
spacecraft with solar panels to be tested on the radiation pattern
measurement ranges. The radiation patterns of each single scale model
element were compared with those of a full scale antenna element prior to

any array testing.

E. Full Scale Antenna Measurements

The S-band cavity-backed spiral antennas were mounted on a full-scale
model of the SERT-C spacecraft for VSWR measurements, gain measurements, and
power handling capability measurements. The full-scale spacecraft model
consisted of the rectangular frame fabricated from aluminum sheets (Figure
45). The solar panels were not included in these measurements.

The two antennas were Transco Products, Inc. Model 9C1800 high power
cavity-backed spirals mounted on opposite faces of the spacecraft ground
plane. The location of the antennas is presented in Figure 46. One view
of the antenna is shown in Figure 47. The antennas were connected through
equal length coaxial cables to the sum port of a Technical Research and
Manufacturing 4-port 0° and 180° hybrid junction, Model HS-506. The

difference port of the hybrid junction was terminated with a 50-ohm load.

1. VSWR and Impedance Measurements

The impedance and VSWR of the antenna system were determined from
discrete frequency measurements from 2.0 GHz to 2.35 GHz. The antenna
system (two antennas plus 2 coaxial cables and hybrid junction) VSWR is
tabulated in Table IV as a function of frequency. These data are plotted
in Figure 48. The specification for maximum VSWR was 1.5:1. As noted in

Table IV, the antenna system just does fall within specifications.



Figure L5.

Full Scale S-Band Antenna Mounted
on Aluminum Frame.
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Side view of S-Band cavity-backed spiral antenna.

Figure u47.
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TABLE IV

VSWR vs. FREQUENCY FOR S-BAND
CAVITY-BACKED SPIRALS

Frequency Both Spirals Plus Hybrid Junction Single Spiral

VSWR VSWR

2.0 1.43 1.55

2.05 1.4 1.57

2.1 1.42 1.6

2.15 1.32 1.5

2.2 1.23 1.37

2.25 1.53 1.64

2.3 1.5 1.72

2.35 1.52 1.7
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Individual antenna measurement data indicate a VSWR greater than 1.5:1
over most of the frequency range of concern (see Table IV). The
reduction in VSWR of the two is due to the power divider which has some
loss and to the interaction between elements. ‘

The impedance of the antenna system is plotted on the Smith Chart
of Figure 49. This is a typical impedance plot for two parallel-fed
spiral antennas. It was noted during the scale model measurements that
the solar panels had little, if any, effect on the VSWR or impedance of
the antenna system.

A block diagram of the impedance and VSWR measurement equipment is
shown in Figure 50. The data of Figure 49 and the data of Table IV are
the impedance and VSWR data, respectively, of the input to the four-
port hybrid junction.

2. Gain Measurements

The standard gain horn technique [1l] of determining the maximum
gain of the antenna system was used. The antenna system of the full-scale
model of the SERT-C satellite was illuminated by a circularly polarized
source antenna. The power level at the output of the four-port hybrid
junction was measured. The full-scale model was replaced by a standard
gain horn of known gain vs. frequency characteristics. The power level
at the output of the standard gain horn was noted. The difference in
measured power levels was an indication of the gain of the antenna system.
The system gain including the losses in the coaxial cables and the four-
port hybrid was measured to be -3.0 dB with respect to a linear isotropic
radiator. Since the polar plots of Appendix III and the contour plots of
Figures 23 and 24 are for circular polarization, the maximum gain level

is 0 dB as indicated in the figures.

3. Power Handling Measurements

The antenna system was subjected to 20 watts of CW power at a fre-
quency of 2.47 GHz to determine if any adverse effects occurred. The block
diagram of this measurement set-up is shown in Figure 51. An AIL High

Power Oscillator was used in generating the RF signal. The signal from the
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high power source was connected to the input of the four-port hybrid and
the incident and reflected powers to the hybrid-antenna system were recorded.
The incident power was increased slowly from zero power to 20 watts.
The power handling measurements were performed with the antennas
mounted on the full-scale model and the sequence was as follows:
a. Measured incident and reflected power of a high power 50 ohm
termination - CW.
b. Measured incident and reflected power of a high power 50 ohm
termination - 30 kHz FM.
Measured incident and reflected power of a single spiral - CW.
Measured incident and reflected power of a single spiral -
30 kHz FM.
e. Measured incident and reflected power of hybrid - 2 elemeﬁt
spiral configuration - CW.
f. Measured incident and reflected power of hybrid - 2 element
spiral configuration - 30 kHz FM.
These data were plotted and are presented in Figures 52 through 57.
No adverse effects were noted as the power level was increased to at least
20 watts. This was expected since the hybrid junction and antennas were

designed to handle much higher power levels.

F. Mechanical Considerations

The mechanical design effort was performed to insure that the transmitting

spiral antennas chosen for use on the SERT-C satellite will perform properly
in the space environment. The antennas procured for this purpose meet A
the microwave performance requirements and surpass the enviromment specifi-
cations of MIL-E-5400. The mounting arrangement for the antennas must
have the inherent capability of meeting the physical constraints imposed
by the satellite environment with adequate strength and without excessive
weight or manufacturing cost. Of course, the antenna mount must not
inhibit the transmitting capability of the antennas.

A cross-sectional drawing of the antenna mounting arrangement appears
in Figure 58. This design provides access to the antennas from the exterior

of the satellite. Effective electrical isolation is provided by use of a
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nylon mounting adapter. An aluminum wall doubler stiffens the meteoroid
shield in the area of the antenna and provides the necessary attachment
surfaces.

The estimated weight of the antenna and mount are as follows:

Spiral antenna 0.227 kg (0.50 1bs.)
Mount Adapter (nylon) 0.154 kg (0.34 1bs.)
Wall Doubler (aluminum) 0.409 kg (0.90 1bs.)
Screws (stainless steel) © 0.018 kg (0.04 1bs.)
Rivets (aluminum) : 0.005 kg (0.01 1bs.)
Total 0.813 kg (1.79 1bs.)

The two spiral antennas will add approximately 1.625 kg (3.6 lbs.) to the
weight of the satellite. The hybrid junction and cabling will add 0.23
kg (0.5 1bs.) to the weight for a total system weight of 1.855 kg (4.1 1bs.).

The structural design of satellite hardware is governed by such
factors as accelerations, thermal stability, vibrations, materials, com-
patibility, and shock. The primary loads experienced by the antenna are
the vibratory and static accelerations from the launching engines.
Secondary loadings arise from stage separating, engine acoustic pressures
and maneuvers. The acceleration loading provided by the booster rarely
exceeds 20g and lateral thrust rarely more than a one g peak. Design
levels of 30g and 3g laterally are used. For shock, it is believed that
the amplitude rarely exceeds 40g, or the duration more than 20 msec.

This max-max combination almost never occurs [12].

Taking a maximum load of 40g the rivets must sustain a force of 1.79
1bs x 40g = 71.6 lbs. The 5/32 diameter rivets used can withstand a load
of 750 pounds each. Eight rivets are used to insure that the assembly
does not translate or vibrate independently of the SERT-C meteoroid shield.

The thermal environment seen by the antenna system orbiting about the
earth is determined mainly by (1) the direct solar radiation (442 BTU/hr.ftZ);
(2) the reflected solar radiation or albedo, of the earth (172 BTU/hr.ftz);
(3) the emitted radiation of the earth (65 BTU/hr.ftz); (4) R.F. heat
generation within the antennas and (5) conduction heat transfer paths to

the satellite [13]. The relative magnitude of the various heat transfer



Vmecﬁanisms determines the cyclic temperature variation of the antennas.
For design purposes an extreme range of -200°F to +200°F is used.

The fact fhat different materials expand or contract at different
rates with temperature change will create problems in the antennas and
their mountings. The significant material property to be considered is
the coefficient of thermal expansion, . The coefficient related expansion

to temperature change by the relation:

§ = ALAT,
where
& = thermal expansion (in.)
= coefficient of thermal expansion (in/in-°F)
= original length (in.)
AT = temperature change (OF).

For the materials being used
4.5 x 10-5 for type 6/6 nylon

12.8 x 10”6 for aluminum

o

1]

o

Nylon expands 3-1/2 times as much as aluminum. The antenna is aluminum, the
mounting adapter is nylon. If the temperature drops from 70°F to -200°F

the antenna diameter will decrease to
3in+6=3in+12.8 x 10°° (3 in.)(-270°F) = 2.99 in.

For the same temperature change the diameter of the nylon mount will

decrease to
3din+ 6 =3 in. + 4.5 x 107> (3 in)(~270°) = 2.96 in.

There is an interference of 2.99 in. - 2.96 in. = 0.03 in. The hole in the
nylon mount adapter is therefore machined to a diameter of 3.030 to avoid
compressive stresses in the antemna. For the nylon adapter mounted in the
aluminum wall doubler, the 3.5 in. diameter requires a hole of 3.0l4 in.

for a temperature rise of 130°F. Likewise the three antenna mounting
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holes are machined 0.004 in. oversize to avoid bending stresses in the
antenna mounting legs.

The properties of type 6/6 nylon are:

Dielectric constant, 60 Hz 4.2
Tensile strength 11,800 psi
Specific gravity 1.14
Specific heat .72 BTU/1b.

Linear coefficient of thermal -5 o
expansion 4.5 x 10 © in/in-'F
Thermal conductivity 1.7 BTU in/hr.-ftz-oF
Melting point 490°F
Water absorption, 24 hr. 1.5%

Prolonged exposure to solar ultraviolet and X-ray radiation can cause
embrittlement, softening, and changes in electrical properties of plastics.
Also to be considered are the effects of Van Allen and Solar Wind proton,
electron, and alpha particle impingement and rocket exhaust plume contami-
nants. Nylon has been recommended for use as machined forms for spacecraft
antennas. It has a radiation damage threshold of 5 x 107 rads. 1Its

ultraviolet and vacuum stability is fair.



I1I. RECOMMENDED CONFIGURATION

The antenna design has been previously described in Section II; thus
this Section will serve as a summary of the design. Two high-power cavity-
backed spiral antemnnas fed in-phase through a four-port hybrid device are
proposed as the telemetry and command antenna system for the SERT-C space-
craft. This system meets all design specifications. The VSWR of the
system is somewhat higher than desired but is typical of spiral antemnmnas.
The two-element antenna system provides fifty percent coverage of a 41

steradian angle with a gain level greater than -10 dBi. This can be enhanced

by having the ground station change antenna polarization.

A photograph of the cavity-backed spiral antenna is presented in Figure
47. A drawing of the nylon mounting structure and antenna is shown in
Figure 58. The antenna is 7.6 cm (3 inches) in diameter and weighs
approximately 8 ounces. The weight of the antennas, mounting jackets, and
hybrid junction is approximately 1.855 kg (4.1 1bs).

» Each antenna is placed into the nylon jacket and the jacket is mounted
to the spacecraft. A circular hole with sufficient clearance for the nylon
mounting ring will need to be cut into the satellite skin (see Figure 58).
The drawing of the nylon mounting jacket is shown in Figure 59.

The gain of the RHC polarization antenna system is -3 dB with respect
to a linearly polarized radiator. Contour plots of the antenna system
radiation patterns were presented in Figures 19 and 20. For comparison
observe Figure 22 which is a contour plot for the two-element quadrifilar
helix array. The coverages are very similar for the two antenna systems.
The polar plots of the antenna system radiation patterns are presented in
Appendix III. An analysis of the polar plots and/or the radiation pattern
contour plots indicates deep nulls occurring at the angles shown in Table V.

At first glance it would seem that this is relatively poor coverage,
but if you consider the case of opposite polarization, LHC, then these nulls
are filled in and the percent coverage is increased significantly. Com-
parisons of the polar plots of Appendix III lead to this conclusion.

The scale model measured results compared favorably with the predicted

pattern data, although the solar panels did shadow the signal more than
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TABLE V

LOCATION OF NULLS IN RADIATION PATTERNS OF

TWO-ELEMENT SPIRAL ARRAY (RHC)

8 (deg) ¢ (deg)

10 25

25 10, 22

30 185

50 180

75 194, 352

80 195, 352
105 188, 346
*120 192, 342
145 348
160 172, 185
170 165, 355
178 52, 206
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anticipated for the two-element quadrifilar array. The panels caused a
scalloping effect on the radiation patterns. Based on measured data there
is a 50 percent probability that the gain is greater than -10 dBi over a
4m steradian angle for the two-element array of cavity-backed spirals.

The antenna element can be painted with a non-metallic paint that
will reflect a major portion of the incident rays of the sun and, thus, the
temperature cycling effects are minimized. Also, the antenna element will
withstand 100 watts of CW power, which is a good indication that it will
withstand fairly high temperatures. The antenna mounting bracket is fabri-
cated from nylon, which is an excellent material for use on exterior

surfaces of spacecraft (see Section II.F.)



IV. CONCLUSIONS

A number of general conclusions can be drawn from the results of this

program:

(1) The scalar technique of computing radiation patterns proved a
useful method for large beamwidth antennas mounted on large
structures. (The scalar technique is a low cost computation
method as compared to the moment method and the geometrical
theory of diffraction (GTD) technique).

(2) Two-element arrays of cavity-backed spirals meet the radiation
pattern coverage considerations, whereas, the solar panels
reduced the coverage of the two-element quadrifilar helix to an
unacceptable level. The quadrifilar helix has a 5-10 dB pattern
taper whereas the spiral has a 10-20 dB taper. The spiral array
provides a gain greater than -10 dBi over 50 percent of a 4m
steradian angle.

(3) The coverage is increased significantly if the ground station

has the capability to change polarization from RHC to LHC or

to elliptical polarization (polarization diversity).
(4) The quadrifilar helix element had a bandwidth (VSWR < 1.5:1),

less than 10 percent. The cavity-backed spiral bandwidth is

much greater although the VSWR is near 1.5:1. The two-element
array of cavity-backed spirals was chosen because of its bandwidth
and its radiation pattern characteristics.

(5) The solar panels produce more diffraction effects than shadowing
effects. The overall radiation pattern coverage of the two-
element spiral array was not decreased significantly by the
solar panels. The solar panels do not affect system VSWR.

(6) Scale model techniques have proved to be an effective method
of obtaining radiation pattern data from antennas mounted on
large bodies.

(7) 1t is recommended that at least two ground stations maintain

communications with the satellite during its orbit raising
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(8)

&)

period. It is strongly recommended that the ground stations
possess the capability to change polarizations.

The antennas are essentially flush-mounted and thus the 30-cm
ion engine exhausts should not affect antenna operation.

The antennas are mounted so that the connecting cables are

accessible external to the spacecraft.



APPENDIX I

Athena H and Apollo S-Band
Omnidirectional Antenna Systems
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S-BAND ANTENNA SYSTEMS

A number of pertinent published articles are listed in the

Bibliography, Section VI. As a sampling of these, consider the following
past efforts to provide omnidirectional coverage at S~Band frequencies
[ref. 5].

"The following paragraphs, narrating the history of the antenna systenm
for the Athena H are presented to illustrate the moral that when
numbers of antennas are discussed, 'more is not necessarily better.'

In March 1969, Granger Associates, then Dorne and Margolin, Inc.,
submitted a proposal to Atlantic Research Corporation outlining a
design for the S-band antenna system for the Athena H Missile.

A set of six slanted monopoleelements arrayed circumferentially

around the missile was proposed. The diameter of the missile in the
area available for antenna mounting was 40", or 7.6A. The elements
would be fed to produce a phase rotation which would result in right
hand circular polarization in the direction of vehicle travel, and
left hand circular in the opposite direction. It was thought, at the
time, that three of the six elements would be fed at a reduced power
level 1in an attempt to lessen the effect of complete cancellation in
certain directions. It was predicted, however, that sectors would remain,
both fore and aft, in which the amplitude and phase summation would
result in circular polarization of the sense opposite to that desired,
and so a polarization diversity system at the ground receiving station
was suggested. '

The six-element S~band system produced a multilobed pattern, as ex-
pected. The attempt to reduce null depth by feeding alternate elements
with reduced power produced inconclusive results, however, mainly
because the changes in the patterns were slight and difficult to
analyze as relative power levels were changed. It was then decided to
try a three-element array, with the surprising result that the null
structure with only three antennas was better than with six. Coverage
from the statistical or percentage-area point of view, was also
improved.

The coverage of the three-element system was very good. The patterns
showed somewhat the same gain in the forward direction as in the aft
direction with the major nulls located in the roll plane between 0 =
80° to 8= 100°. The critical area where more coverage is preferred
is in the forward cone, 8= 0° to ©= 60° where the vehicle is acquired
by the down range receiving station as the vehicle comes over the
horizon.



from

The possibility of obtaining adequate pattern coverage with half the
originally contemplated number of antenna elements was very attractive,
for this approach permitted two three-element antemna systems to be
installed allowing 100 percent redundancy of S-band telemetry with the
use of two transmitters and without the need for a diplexer. (It is

of interest to note that three antennas and associated cables and power
divider weigh less, and cost less, than a diplexer.) Additional
patterns were run for the R and D telemetry antenna system, which is
located forward where the diameter of the vehicle is 24". The inves-
tigation here started with a three-element array and ended with a two-
element array. The two-element array provided sufficient coverage

and was thus chosen. Thus, 'more is not necessarily better'."

Also, consider the Apollo S-band omnidirectional antenna system as taken

Reference 6:

"Patterns of the Apollo S-band omnidirectional antenna system were taken
at the NASA Manned Spacecraft Center to help establish the signal
strength margins between the Apollo spacecraft and the Manned Space
Flight Network ground stations. The function of the antenna is to
provide two-way Doppler tracking, and pseudorandom-noise ranging; up-link
voice and up-data on the spacecraft receive frequency of 2106.4

MHz; and down-link voice, telemetry, and data information on the space-
craft transmit frequency of 2287.5 MHz.

Patterns of a full-scale model were taken to achieve greater accuracy
and higher reliability. The four ommidirectional antennas are flush
mounted on the side of the command module, which is covered with
ablation material to keep the interior of the vehicle cool enough so
that the three astronauts will survive the heat of reentry. When
patterns were first taken using a 1/3-scale model, the ablation
material that consisted of plastics and resins could not be reliably
scaled with respect to the loss tangent and dielectric constant. In
addition, the difficulty in obtaining mechanical tolerances resulted in
significant pattern errors. Full-scale data were measured with abla-
tion material in the uncharred and charred conditions, since communica-
tion is required both before and after reentry.

The following spacecraft configurations were
tested:

(1) Command module (CM)

(2) Command and service module (CSM)

(3) cCSM/lunar module (IM) ascent stage only (docked)
(4) CMS and LM (docked)

The four antennas which were tested are quartz-embedded, cavity-backed
helices manufactured by Amecom, Inc., Division of Litton Industries.
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The antenna is covered with ablative material 0.7 inches thick.

The four antennas are located at the maximum radius point of the CM at
station X = 20.766 inches for roll position of ¢ = 45°, ¢ = 135°, ¢ =
225° and ¢= 315°. The recessed or hot-side antennas are located at

¢ = 135° and ¢ = 225°, near the positive Z-axis of the spacecraft.

The cold-side antennas are flush mounted with the surface of the ablator
and are located at ¢ = 45° and 9= 315°. To simulate the dielectric
effects of the ablator, a speclal cork material was used. The dielectric
properties of the heat shield at S-band are § = 1.85 and tan § = 0.022.
The entire CM, except for a 7.5-inch radius cYrcle around each of the
two hot-side antennas, is covered with a conductive coating. Aluminum
foil was used to simulate the conductive coating on the CM.

In measuring the radiation patterns for various spacecraft orientationms,
conical patterns were obtained by rolling the spacecraft about the X-
axis (¢—variation) for fixed aximuth values of 6. The results of

the measurements for the CSM configuration are shown in the partial
contour pattern of Figure 60. The contour levels on the pattern
enclose an area which has an absolute gain equal to or greater than

the contour level specified referenced to a right-circularly polarized
isotropic source. From the pattern, it is noted that the main beam
occurs near the axis of the antemna around the &= 90° and ¢ = 135° area
and where the gain is 3.6 to 6.6 decibels. The approximate coverage
from this antenna is in the second quadrant and ranges from ¢= 90°

to ¢ = 180°. 1In this region, the worst-case level in the nose region

is near the positive X-axis and is seen to be -6.4 decibels. In the
tail region near the negative X-~axis, the worst case gain is -16.4
decibels. The patterns for the other configurations tested are similar
to the one in Figure 60, except that the gains in the nose and tail
regions are affected by the changes in module shadowing. For example,
with the complete IM attached to the nose of the CM, the lowest level
near the positive X-axis is reduced to -21 decibels.

The attachment of the SM to the CM causes a reduction of 12.4 decibels
in the level near the negative X-axis (tail) from -4 decibels without
the SM to -16.4 decibels with the SM.''(The effects of vehicle shadowing
to the gains are given in Table VI.)

After a review of other reports similar to the Athena H antenna and the

Apollo antenna, it was decided that it would be appropriate to investigate

a number of two-element and four-element arrays for the SERT-C satellite.



Table VI

SUMMARY OF MEASURED GAINS
FOR ANTENNA LOCATED AT ¢ = 135°

[Spacecraft Transmit Frequency = 2287.5 MHz]

CSM/1M
ascent
a cM stage
Gain ONLY SCM only CSM/LM
Maximum—
main beam 6.0 6.6 6.4 6.0
Worst case - nose
(positive X-axis) -5.0 -6.4 -9.6 =21
Worst case - tail
(negative X-axis) -4.0 -16.4 -16.6 -16

4The gains are in decibels and are referenced to a perfect right-
circularly polarized isotropic level.

¢ — Degrees
80 120 160 200
Y Apollo
‘ RCP

Response
| Absolute

1 cain In

O - Degrees

1 Decibels

Figure 60. Representative CSM Pattern.

103



APPENDIX II

Calculated Radiation Pattern Coverage
for 2-and 4-Element Arrays With/Without Solar Panels
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Calculated radiation pattern from a 1 element array
located on the SgRI-C satellite. The elements have
a 20 dB taper 90 away from boresight. The elements
have 6 - & pointing directions of (90, 90). Solar
panel blockage was not included.
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Figure 62. Calculated radiation pattern from a 1 element array
located on the SERT-C satellite. The elements have
a 20 dB taper 90° away from boresight. The elements
have 6 - ¢ pointing directions of (90,90). Solar
panel blockage was included.
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Figure 63,
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Calculated radiation pattern from a 2 element array
located on the SERT-C satellite, The elements have a
5 dB taper 90 away from boresight., The elements have
® - & pointing directions of (90, 90) aad (90, 270).
Solar panel blockage was not included.
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Figure 64. Calculated radiation pattern from a 2 element array
located on the SERT-C satellite, The elements have a
5 dB taper 90 away from boresight. The elements have
© - & pointing directions of (90, 90) and (90, 270).
Solar panel blockage was included.
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Figure 65.
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Calculated radiation pattern from a 2 element array
located on the SERT-C satellite. The elements have

a 20 dB taper 90 away from boresight. The elements
have 6 - & pointing directions of (90, 90) and (90, 270).
Solar panel blockage was included.
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Figure 67.
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Calculated radiation pattern from a 4 element array

located on the SERT-C satellite. The elements have a

5 dB taper 90° away from boresight. The elements have

8 - & pointing directions of (90, 45), (45, 135), (90, 225),
and (45, 315). Solar panel blockage was included.
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Calculated radiation pattern from a 4 element array
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located on thg SERT~C satellite.
5 dB taper %0 away from boresight.

Figure 68,
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Figure 69.
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Calculated radiation pattern from a 4 element array
located on the SERT-C satellite. The elements have

a 5 dB taper 90° away from boresight. The elements
have 6 - ¢ pointing directions of (90, 45), (90, 135),
(90, 225), and (90, 315). Solar panel blockage was
included.
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0,45), (45, 135),

The elements
Solar panel blockage was

The elements have a

Calculated radiation pattern from a 4 element array

located on the SERT-C satellite.
have © - & pointing directions of (12

(120, 225), and (45, 315).

5 dB taper 90° away from boresight.
not included.

Figure 70.
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Figure 71.
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Calculated radiation pattern from a 4 element array
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Figure 72. Calculated radiation pattern from a 4 element array
located on theoSERI-C satellite. The elements have a
10 dB taper 90 away from boresight. The elements have
8 - & pointing directions of (90, 45), (45, 135),
(90, 225), and (45, 315). Solar panel blockage was
not included.
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Figure 73. Calculated radiation pattern from a 4 element array
located on the SgRT-C satellite. The elements have
a 10 dB taper 90 away from boresight. The elements
have 6 - & pointing directions of (90, 45), (45, 135),
(90, 225), and (45, 315). Solar panel blockage was
included.
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Figure 74.
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Calculated radiation pattern from a 4 element array

located on the SERT-C satellite. The elements have a
10 dB taper 90 away from boresight. The elements have
€ - % pointing directions of (45, 45), (45, 135), (45, 225),
and (45, 375). Solar panel blockage was not included.
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Figure 75. Calculated radiation pattern from a 4 element array
' located on the SERT-C satellite. The elements have a
10 dB taper 90 away from boresight. The elements
have 6 - & pointing directions of (5, 45), (45, 135),
(45, 225), and (45, 315). Solar panel blockage was
included.
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Figure 76.

Calculated radiation pattern fram a 4 element array
located on the SERT-C satellite, The elements have a
10 dB taper 90° away from boresight. The elements have
© - ¢ pointing directions of (90, 45), (90, 135),

(90, 225), and (90, 315). Solar panel blockage was not
included.
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Figure 77.
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Calculated radiation pattern from a 4 element array
located on the SERT-C satellite. The elements have a
10 dB taper 90 away from boresight. The elements have
8 - & pointing directions of (90, 45), (90, 135),

(90, 225), and (90, 315). Solar panel blockage was
included.
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Figure 78, Calculated radiation pattern from a 4 element array
located on the SERT-C satellite. The elements have
a 10 dB taper 90° away from boresight. The elements
have 6 - & pointing directions of (120, 45), (45, 135)

(120, 225), and (45, 315). Solar panel blockage was
included.
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Figure 79.
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Calculated radiation pattern from a 4 element array
located on theOSERI-C satellite. The elements have a
20 dB taper 90 away from boresight. The elements have
8 - @ pointing directions of (90, 45), (45, 135),

(90, 225), and (45, 315). Solar panel blockage was

not included.
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Calculated radiation pattern from a 4 element array

located on the SERT-C satellite. The elements have a

20 dB taper 90  away from boresight. The elements have

© - ¢ pointing directions of (90, 45), (45, 135), (90, 225),
and (45, 315). Solar panel blockage was included.
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APPENDIX III

Polar Plots of 2 Spiral Array Radiation Patterns
With/Without Solar Panels, RHCP and LHCP.
Patterns Made with SERT-C Scale Model
(Full-Scale Dimensions Reduced by Factor of 4.1:1;
Test Frequency = 9.2 GHz).
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