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K -BAND TRACKING AND DATA RELAY SATELLITE

GROUND ANTENNA STUDY

Leonard F. Deerkoski
Howard Estep
Paul A. Lantz

Nicholas A. Raumann

ABSTRACT

An array of four 42-foot diameter reflector antennas on a single pedestal is
the most attractive ground antenna configuration to provide the 70 db gain re~
quired for the 16 GHz Tracking and Data Relay Satellite (TDRS) to ground com-
* munication link. A continuous uninterljupted communication channel precludes
the use of a radome because of water film losses under precipitation. A-17-foot
diameter acquisition antenna at the center of the array enables the system to
acquire and track the TDRS within a 1/4 degree cone about the boresite axis of
the full array. The acquisition antenna can also be used for command uplink to

the TDRS while simultaneously tracking and receiving with the. full array.
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K,~BAND TRACKING DATA RELAY SATELLITE

GROUND ANTENNA STUDY

1 INTRODUCTION

Several reports have been published on the Tracking and Data Relay Satellit
System (TDRSS). This report is the first stu.dy devoted exclusively to the ground
antenna requirements in support of the TDRSS. The ground antenna requirements
are derived from the overall system goals postulated below.

a. A K,-band downlink carrier

b. A continuous uninterrupted communication channel

c. Minimize impact on the Tracking and Data Relay Satellite (TDRS)

In order to minimize the power and antenna gain requirements of the TDRS
spacecraﬂ:‘, the ground antenna gain should be maximized. There are several
reasons for this approach.

a. A Thor-Delta launch vehicle is currently being considered for the TDRS

and severe weight and power constraints can be expected.

b. A 1-watt transmitter af: K, ~band provides an 8 to 1 advantage in effi-
ciency over a 20-watt transmitter.

c. Reducing spacecraft gain would increase its field of view at the ground
and thereby increase the possibility of simultaneous communication with
two ground stations. For example, a one foot diameter antenna at K -
pand could simultaneously communicate with the Goddard Space Flight
Centér (GSFC) and the Manned Spacecraft Center in Houston.

The communication link between TDRS and ground requires consideration of

propagation also. Propagation characteristics are a function of the environmental



conditions at the ground antenna and are therefore unique for a given location.

In order to realistically consider all the parameters that will affect the com~
munication link and therefore the ground antenna, a specific example was con~
structed and fully evaluated. The location of the ground station was chosen fo be
near GSFC to provide convenient access to its data processing facilities. The
assumed spacecraft parameters are; outlined in Section 2 of this report. Although
gpecific values of spacecraft gain, bandwidth and power are selected, it is only
the spacecraft EIRP (+84.5 dbm) that affects the communication link. Therefore
a new set of spacecraft parameters will require only an adjustment of the resulls
presented in this report.

This report establishes the TDRS ground antenna requirements for this
example and presents the most attraciive alternative for meeting those require~
ments. The feasibility of a radome, the comparison of single aperture versus
multi-aperture arrays both technically and economically, tracking and reliability
are all considered in detail.

The logical organization of the report is given in Figure 1-1. Section 8
briefly summarizes the results of th;a study while Sections 9 and 10 present the
detailed system considerations and costs, respectively, which led to our con-

clusions. It is suggested that sections 4 through 8 be omitted in a first reading
of this report because these sections contain details that are infended to answer

specific questions and necessarily require a more intense review
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2 PROBLEM DEFINITION

The objective of this report is to make a preliminary study of the feasibility
of locating a ground antenna system near GSFC in support of the TDRS downlink
chamnel. The requirements of the ground antenna are determined from the space-

craft parameters listed in Table 2-1. The spacecraft antenna is assumed stable

Table 2-1

TDRS Spacecraft Parameters

Spacecraft Antenna 4 ft. dia. paraboloid
Downlink Frequency 15.7-17.7 GHz
Spacecraft Gain 43.5 db

Bandwidth 2.0 GHz
Transmitter Power 20 watts

Spacecraft Losses 2.0 db

and contin{lously pointing toward GSFC with an angular accuracy of +0.1°, corre-
sponding to less than 0.1 db loss in spacecraft gain due to pointing error.

The number and location of the TDRS spacecraft have not yet been deter-
mined. Propagation effects are, however, a function of elevation angle and a
range of spacecraft positions must be defined. Each TDRS spacecraft is at
synchronous altitude and the elevation of any visible TDRS spacecraft wiil be
defined by its longitude position relative to GSFC as in Figure 2-1. We have
assumed that the TDRS spacecraft is within 60° longitude of GSFC and the mini-
mum elevation angle fo the spacecraft is therefore 15°. The maximum elevation

angle to a TDRS spacecraft will be 45° and will occur when the spacecraft is at
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the same longitude as GSFC. The range of elevation angles that will be
considered in this report is therefore 15° to 45°.

The TDRS spacecraft are at synchronous altitude but they are not stationary.
A synchronous orbit traces out a distorted figure eight in space within a period
of 24 hours. The figure eight itself moves, but the major contrit;ution to space-
craft velocity is its motion along the figure eight path. ATS-1, for example, has
a +2° peak to peak latitude excursion from the equatorial plane. The maximum
angular velocity of this spacecraft is roughly 0.0167°/min. For the pointing’
accuracy required of the TDRS ground antenna, the ground antenna pointing would
need to be updated at least three times per minute to follow an orbit similar to
that of ATS-1. For this reason, tracking is considered a requirement of the

TDRS ground antenna system and will be included in this report.
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3 SUMMARY
3.1 Conclusions

The environmental conditions in the vicinity of GSFC requires a 10 db CNR
margin for the TDRS to ground communication link to guarantee acceptable data
quality. A 70 db gain ground antenna with tracking capability is required to pro-
vide the 30 db minimum CNR at the receiver under favorable weather conditions.
At 16 GHz the 70 db gain can presently be achieved with a 95-foot diameter single
aperture parabolic reflector antenna with o = 0.030 inch rms and 55% efficiency.
However, in corﬂparison with a 4 élement adaptively phased multi-aperture array
on a single pedestal the single aperture antenna is less desirable. Four 42-foot
diameter parabolic reflectors mounted on a common pedestal with a 17~foot
diameter acquisition antenna located at the array center is the most_ attractive
ground antenna configuration. A multi-aperture antenna on separate pedestals
c—a,n provide the required 70 db gain, but the bandwidth limitation of the array
precludes this configuration.

The four element array provides two orthogonal phase monopulse tracking
channels, requiring only listening feeds in each array element. The acquisition
antenna has a 3 db beamwidth (BW) of 0.25°. A tracking feed in the acquisition
antenna provides sufficient pointing accuracy to place the spacecraft within the
2 db BW of the full array which can then accept the tracking function. After the
full array has accepted the tracking function, the acquisition antenna would be
available for command uplink to the TDRS.‘

Enclosing the‘a_utenna within a radome relieves the servo fracking system
of wind errors; however, the 1 db transmission loss of the radome requires a
115-foot diameter antenna (Figure 10-2) to provide the equivalent gain of an
exposed 95-foot diameter reflector. Moderate rainfall and heavy rainfall cause

3-1



a 4 db and 12 db CNR reduction, respectively, due to water accumulation on the
radome surface (Section 9 of this report), This CNR reduction is in addition to
that resulting from propagation through the atmosphere, The communication
performance reliability for an exposed antenna is 2 to 6 times better than that for
a gain equivalent radome enclosed system. The advantages of a radome for im-
proving tracking reliability are not sufficient to justify the corresponding reduction
in communication performance reliability, An exposed ground antenna is

recommended.

An AZ/EL tracking pedestal is structurally.the most attractive mount. The
required tracking accuracy for both the single aperture and multi-aperture
systems makes a hydrostatic bearing on the azimuth axis essential. This re-
quirement exists irrespective of the presence of a radome.

The conclusion of this report is that the TDRS ground antenna should have
the following features:

a. TFour 42-foot diameter reflectors mounted on a common pedestal

b. Surface accuracy, each reflector: o = 0.013"

¢. Listening feeds only in each reflector

d. Adaptively phased tracking receiver’

e. AZ/EL tracking pedestal

f. Center mounted 17' diameter acquisition/command antenna

g. No radome.

The antenna system described above has a 1/4° acquisition cone. The 3 d.b‘
BW of this adaptively phased array is 0.1°.

A four element array on a single pedestal is as cost effective as a gain -

equivalent single aperture antenna. A four element array of 42-foot diameter



reflectors with no radome will provide a minimum CNR of 20 db with 98.7% re-
liability and a2 minimum CNR of 10 db with 99.8% reliability when the TDRS is
located 60° longitude from GSFC. At 53° longitude from GSFC the reliabilities

are 99.5% for 20 db CNR and 99.9% for 10 db CNR.

3.2 Recommendations For Further Study

The most attractive ground antenna configuration, the 4 element array on a
single pedestal, is unconventional and a further study of its more detailed tech~
nical characteristics is required. As a minimum, the following items require
further analysis.

a. Optimum feed/reflector combination. Including as alternatives the con-
ventional Cassegrain, the near field Cassegrain and the dual shaped
reflector feed systems.

b. Tracking capability including error cha.nﬁel slope and sensitivity.

c. Collimation of the array elements.

d. Receiver requirements for phasing and combining.

e. Mutual coupling between array elements.

f. Structural considerations of this unconventional configuration.

g. Command uplink to the TDRS from the acquisition antenna.,

h. Detailed cost analysis of the entire antenna system.

Although the radome was ruled out for this application based upon current
technology, improvements in water repellent surfaces in conjunction with
improved surface design could significantly reduce its disadvantages. How-
ever, until experimental evidence of the improved performance is available,

the use of the radome adds an unnecessary risk factor to the system.



The servo system presented in this report is sufficient to prox;ide an
acceptable total system reliability. However, digital.control systems-could
improve serve performance and reduce wind error which is the greatest tracking-
problem for the system. Computer modeling and simulation.of these more ad-

vanced. servo techniques is desirable.

3-4



4 ANTENNA CONSIDERATIONS

The gain requirement for the TDRS ground anfenna is established as 70-db
in Section 9.3 of this report. However, further analysis may change that re-
quirement and this Section will consider gains ranging from 697to 73 db, which
approaches the gain limitation imposed by reflector surface tolerances. The"
maximum achievable gain occurs atf that wavelength such that the surface foler-

ance [1] is

_ A
¢ 7 1% “-1
as determined from the gain diminution expression
-db = 684(c/\)? {4-2)

That is, for a given surface tolerance the gain of a reflector will increase as D/X
increases until that point is reached where the incremental increase in gain is
just offset by the incremental gain diminution (Eq. 4~2). This may be shown
analytically by normalizing the surface folerance with respect fo the antenna

diameter
o/D = 107¥
The gain of the reflector becomes
G(db) = 10 log7, + 20 logwD/A - 684(107MD/)\)2 (4-3)

Setting dG/d (B/\) = 0 yields the diameter for maximum gain



10]\.1

T

D/A (@-4)

= 1g(M-1.1)

Assuming the antenna efficiency (7,) with no surface errors is 55% the maximum

gain as determined from Egs. 4~3 and 4-4 is

G _ (db) = 20M-19 4-5)

max

and for gains ranging from 69 to 73 db the parameter M must vary from 4.4 to
4.6 (Figures 4-1, 4-2). The parameter M is ultimately determined by thermal

stresses [2] in the reflector.

4.1 Gain-Limited Antennas

The earliest quantitative analysis [3] yields a value of M = 4 (Figure 4-3
taken from Ref. [3]) which is comprised of the effects of gravity, solar heating,
wind and atmospheric turbulence. [The effects of atmospheric turbulence make
it almost impossible to evaluate the performance of a gain-limited antenna on a
conventional test range.] However, the increasing demand for greater gain ap-
pears to have developed the technology to provide it. A literature survey of
precision reflectors is given in Appendix A. The normalized surface tolerances
of these examples are superimposed in Figure 4-3.

Surface tolerances may be routinely measured to 1/20,000 diameters (M =
4.3) and with additional refinement measurements of 1/40,000 diameter (M = 4.6)
may be achieved. Inserting these parameters into Eq. 5 yields maximum gains
of 67 and 73 db respectively. Eg. 4-3 is plotted (Figure 4-4) vs D/ for values

of ¢ = A/12.6, \/20, 107D, 10~*-D together with the measured gains taken

4-2
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Figure 4-1. Moximum Antenna Gain vs M

from the above mentioned examples. The closeness-of-fit of the measured data
with the curve M = 4.6 suggests the measurements were taken immediately after
the surface adjustment was completed, however, two data points ( and J in Ap=
pendix A)-are the resulis after several days of thermal cycling, therefore we

conclude that the required gain (69-73 db) can be achieved.

4.2 Feed Configurations

Cassegrain antennas have demonstrated a superior figure-of-merit {G/T)

and are widely used in communication links with synchronous satellifes. The
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first configuration to be considered is the conventional Cassegrain (Figure-4-5)
with a D/X\ = 8000 (roughly corresponding to a gain of 73 db).

It has been shown [4] that the effects of surface folerances is lessened in
deep dishes. A suitable compromise between.the diffraction effects of high inci-
dence angles (on the subreflector) and a low value for F /D leads to-the.choice
F/D = 0.3. Other objectives in Cassegrain design are to ﬁaintain 1_ow values of
d/D and m while placing the feed.as near the vertex of the main reflector as is
prudent. Also, the feed horn design is made easier when the angle ¢, is ‘made
large. '

The Cassegrain configuration can be completely chafacterized by the triangle
formed by the edge rays and the foci (Figure 4-6), from which we get the relation=
ship

- f .
472 = ot @, t Cot 6, -6)

Introducing the additional relationships

Tan (6,/2)

m = m (magnification) 4-T)
()

D
Tan (90 /2) I (4-8)
we get, after some algebra,
£ d 1{D\?2
FopmtD [“:(ﬁ)] (#-9)

Setting £ /F = 1and §/D = .3 yields



Figure 4-5. Cassegrain Antenna Geomerry



Figure 4-6. Cassegrain Feed Geometry

m = m?+ .307m-.693

alo

or approximately

E]
]
oy

4-10)

A study of noise temperatures of Casseg'ram antennas [5] indicates the figure-~
of-merit is optimum when the subreﬂector edge 111ummat10n is -14 db. This

requires the feed horn to satisfy the relationship _

W/A Sing, = 1.2
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or

1.2)

by ~ m (4-11)
Combining Egs. 4-7, 4-8 and 4-11 yields
12n _ D
W a7 (@-12)
Introducing Eq. 4~10-into Eq. 4-12 yields
L2n _ d
5 4-13)
Next we impose the far-field spacing criterion of the feed horn, i.e.,
oW /N = f (4-14)
or
2.45
on (235) -
whence
_d
w = 2.8 (4-15)
Inserting Eq. (4-15) into Eq. 4-13 yields
d = 3.4V%% (4-16)

With 3/D = 0.3 and D. = 3000 we-get d = 102X, d/D=0.034, m =29.2 and W/A

21.2. The high values of m and W/\ make feed designs very difficult. When D

1500\ the parameters.are: d. = 72\, d/D = .048, m = 20.2 and W/)\ = 15.



In conventional feed horn design the phase error across the aperture is not
permitted to exceed A /16 which determines the relationship between the length

of the horn and the aperture width viz
L/N = 2(W/0)? @-17)

i.e., the length of the horn throat is equal to the far-field spacing of the feed.
With W/N = 15-20 this distance becomes appreciable and it becomes desirable
to permit the feed horn to be placed nearer the subreflector.

With an ¥ /D = 0.3 the dish is very deep and the feed horn still lies inside.
the digh (i.e.,is shielded from the hot earth) when .f/F = 0.5 (Figure 4-7). The
feed horn lies in the main reflector aperture plane when f /F = 0.307. Selecting
the value f/F = 0.5 and repeating the above exercise for a B/\ = 3000-1500

yields the following parameters:

D/\ ¥/D d/p m w/\ £/F
3000 0.3 0.017 29 21.2 0.5
1500 0.3 0.034 14.7 0.5

The values of m and W/A are not appreciably altered. In the foregoing the
parameter d/D has been a dependent variable. If this parameter is to be se-
lected independent of the other parameters we must analyze the effects of sub-
reflector surface tolerances. These irregularities make an rms contribution to
t!;e overall phase error, therefore, in effect to render this contribution negligible

we require

(4-18)






since D/A = 3000 we have o, _ /d = 1074-6. Setting an arbitrary lower limit
for o _ 2 0.005 in. yields an upper bound for d < 200" or 200A at K -band.

This is an equivalent upper bound of d/D = 0.066. Eq. 4-9 yields Table 4~1.

Table 4-1
Cassegrain Antenna Design Parameters
¥/D=10.3
/5 =1 £/F =05
d/D m W/A m W/N
0.04 12.3 8.85 5.62 4.05
0.05 9.85 7.1 - “5.36 . 3.86
0.06 7.1 5.65 4,04 2.94

Since aperture blockage must also be minimized the value d /D= 0.04 is selected
for both D/A = 3000 and D/A = 1500 (corresponding to 73 db and 69 db gain respec-
tively) reflector sizes. The final choice of the value for f/ F (0.5 < £/F <1.0)
will be decided from feed development considerations.

The configurations arrived at above require packaging of receiver com-
ponents in the feed support cone and an equipment room must be attached to the
reflector support structure. A configuration that would permit packaging all the
equipment on the aximuth turntable would be much more convenient fo service
and considerable weight would be removed from the reﬂéctor support structure.
Such a configuration is the ﬁea:r;field Cassegrain (Fi@e 4-8).

The subreflector is a paraboloid, with §/D identical to that of the main re-

flector, illuminated by a plane phase front emerging from the near-field feed.
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ELEVATION AXIS

AZIMUTH TURNTABLE

Figure 4-8. Near Field Cassegrain Antenna

The near-field feed dimension d is chosen such that 2d%\ <<F. The reflection
coefficient of the feed is approximately

' ~ d/D

Setting the near-field spacing such that

= 0134
= 0.1+

ST

then with /D = 0.3, D/\ = 3000 we get d/A = 95 and d/D = 0.0316. With D/A =

1500, /D = 0.3 we find d/\ = 67, d/D = 0.0447. The feed horn is a version of
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the Telestar ground based antenna (Andover, Me.) which has undergone consid-
erable development.

When operating an antenna in the gain-limited region any increase in effi-
ciency results in a marked reduction in cost. The data of Figure ;—4 is based-
on an antenna efficiency of 55% resulting from conventional feed techniques.
Improved feed designs and shé.ped reflectors [6] have resulted in an antenna
efficiency of approximately 80%. This improvement is comprised of 14% im-
provement in feed design, i.e., a conventional feed pattern radiates 17% of-the
energy in sidelobes — multimode feed design [7] has suppressed these sidelobes,
making available for collimation an additional 149%. The aperture illumination
resulting from a conventional feed will have an edge taper of -10 db or an
aperture efficiency of 88%. By shaping the contours of the subreflector and
main reflector a uniform aperture distribution is obtained which is equivalent
to an increase in efficiency of 12%. These techniques are amenable to listening
feeds only — the tracking capability is impaired and the standard practice is to
provide separate listening and tracking feeds.

Studies have been made [8] to optimize both tracking and communication
functions (i.e., sum and difference patterns) with circular polarization and
theoretical calculations indicate the feed horn must support 12 different modes
(6 modes are required for linear polarization). Several attempts to obtain high
efficiency — low noise cireularly polarized.feeds have been reported [9-12]
which yield computed efficiencies of 70% for the sum channel and 25-35% for the
difference channels. The Haystack feed [13, 14] yields an overall measured
efficiency of 62% (this antenna does not use special reflector contours) which is

comprised of the factors



feed efficiency 7y = 0.90

aperture efficiency 7, = 0.80 (-15 db taper)
Subreflector
diffraction ng = 0.9b
aperture blockage 7, = 0.90
Overall Efficiency = 937,7475
= 0.62

Use of shaped reflectors would yield an additional 12% or an overall efficiency of
74% from a multimode listening-tracking feed appears feasible.

The design of multimode feeds is a very difficult task wherein the propaga-
tion velocity and amplitude of the various modes, in a common waveguide, must
be carefully controlled. In order to provide mode purity the feed horn flare can
agsume very large dimensions [15] hence this design should be undertaken only
in t};e event a large single antenna element is chosen and packaging problems
p;.'event the use of separate listening and tracking feeds.

To summarize, an antenna efficiency of 65% is attainable from separate
listening and traceking feeds, 60% is available from a multimode feed that pro-
vides both listening and tracking functions, and an additional 12% may be obtamec
by resorting to shaped contours in the subreflector and main reflector. The
costs of feed development appear to be warranted in the case of an overall gain
re;;luirement of 73 db. A gain requirergaent of 70 db may make multimode feed

development uneconomical.
4.3 Arrays

The gain requirement can also be achieved through the use of an array of
smaller aperture antennas. The array elements can be mounted on a common:

pedestal or can each be mounted on separate pedestals. A conceptual drawing
4-16



of the three configurations is given in Figure 4-9. The gain requirement for

the identical array elements is determinéd from the total array gain by Eq. 4-19.

Gy = Gp- 10 log N (4-19)

o
i

z = array element gain, db

Gp = total array gain, db

N = number of array elements
The size of the array elements is determined by the o/D = 10”%5 relation. For
a 73 db gain requirement (D/X\ = 3,000) the relative size of a two and four ele-
ment array versus that for a single aperture antenna is shown in Figure 4-10.
The reduction in aperture area in using an array is clearly indicated in this
figure.

The gaiﬁ requirement for the ground antenna is established in Section 9 of
this report to be 70 db. This would require a single aperture antenna of approxi-
mately 95-foot diameter with o = 0.030 inch rms and 55% efficiency (Figuré 4-4).
An array of two 62-foot diameter antennas or four 42-foot diameter antennas
could provide equivalent array gain. These arrangements allow for a conserva-
tive 0.7 db loss in the combining process. The combining losses are compensated
by the increased efficiency available from each array element, since only listening
feeds will be required. An element efficiency of 65% is considered reasonable.

The tracking requirement for the antenna has been established in Section 2
of this report. The efficiency advantages of using listening-only feeds in a high
gain antenna are discussed in Section 4-4. The array of aperture antennas on a
single pedestal provides a convenient tracking capability that requires only lis-

tening feeds in the array elements. The array provides phase monopulse tracking
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by comparing the relative phase received at the array elements. A two element
array on a single pedestal would provide only one error channel and would still
require a tracking feed to provide the orthogonal error channel. The four ele-
ment array can achieve the entire tracking function with any three or all four of
the array elements. The four element array is therefore required to take full
advantage of the multi-aperture configuration.

The phase monopulse function would be performed on a coherent pilot
transmitted from the spacecraft within its 2 GHz downlink bandwidth. To obtain
a 30 db CNR in this error channel, a one milliwatt spacecraft pilot and a 20 KHz
tracking bandwidth in the receiver would be sufficient.

‘ There is a second advantage in tracking with the four element array on a
single pedestal. By using adaptive combining in the receiver, the array elements
are phased and weighted prior to combining to provide maximum array gain.
The phasing function of the receiver has the effect of electronically scanning the
radiation pattern of the array so as to maintain the peak of the array pattern on
the spacecraft at all times. The effect of the feature is to reduce the required
servo tracking accuracy. Instead of basing the tracking accuracy on the total
array beamwidth (0.04°) the tracking accuracy is now based only on the-beam-
width of the array elements (0.1°). The advantages of this will be discussed in
detail in Section 9~4 of this report.

- The separation between array elements determines the bandwidth capability
of the array as in Equation 4-20.

(o4

3 db Bandwidth m

(4~20)
¢ velocity of light (9.835 x 108 ft/sec)
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S  maximum element separation

x angle of spacecraft relative to array boresite
For 70 db total array gain using four 42 foot diameter elements on a common
pedestal, the separation between diagonal elements will be 60 feet. In the case
of a gain equivalent array on separate pedestals, the minimum separation be-
tween elements would be 175 feet to prevent shadowing [16] down to 15° elevation.
The separation between diagonal elements would therefore be 250 feet. Using
these separations, the maximum array bandwidth for a given loss is given in
Table 4~2. The value of x used in Table 4~2 was 0.05°, one half the 3 db beam-
width of an array element. Based upon the bandwidth limitations of the array on
separate pedestals, the array must be placed on a common pedestal to provide
the required 2 GHz bandwidth. Note that the 0.05° value of x was the worst case
condition. However, as discussed in Section 9.4 of this report, the local wind
conditions in the vicinity of GSFC require the array to perform adequately at
0.05° from boresite.

The feasible alternatives are therefore the single aperture antemna and the

4-element array on a common pedestal. A detailed comparison of their respective

Table 4~2

Array Bandwidth Capabilities

Array Maximum Bandwidth

Configuration

3 db loss 2 db loss 1 db loss 0.5 db loss

4-Element Array
Common Pedestal 8.8 GHz 7.33 GHz 4.88 GHz 3.66 GHz

4-Element Array
Separate Pedestals 0.64 0.54 0.36 0.12
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tracking reliability is discussed in Section 9.4. A cost _effectiveness study of the
alternatives is given in Section 10. The four element array on a single pedestal
offers superior tracking capability and is as cost effective as the single aperture

antenna.
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APPENDIX A

LITERATURE SURVEY OF PRECISION REFLECTORS

P. D. Kalachev, A. E. Salomonovish, Radiotekhn i. Elektron, 4 (3) 1961

Dia = 22 meters

o = 0.6 mm (M = 4.56)
Gain 72 db at §.mm
Thermal gradients controlled with diffuse white paint. Separation introduced

between reflector panels to permit expansion.

28-foot Liquid Spun Reflectors for Millimeter Waves, Proc. I.R.E. June 1962,

p. 1541
o = 0.008" (M= 4.62)
G = 67.4 db @ 35.2 GHz, D/A = 1000
F/D = 0.43

The authors state that sunlight on the reflector affects gain and the above

data was gathered at night.

Radio Astronomy With the Australian 210-foot Telescope, Proc. LR.E.
Nov. 1963

o =5mm (M= 4.1)

Project WESTFORD, Proc. LR.E. May 1964

Dia = 60’

o = 0.016" (M = 4.65) Measurements made at night
3/D = 0.3
Gain = 59.8 db (8.35 GHz)
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The Haystack Microwave Research Facility IEEE Spectrum Feb. 1965
G. G. Weiss
Dia = 120'

o = 0.020 (M = 4.857)

A subsequent paper "Performance Measurements of the Haystack Antenna'',
Inst. Elec. Engrs., Proc. June 1966, gives a surface tolerance of 0.053

(M = 4.43) and states that temperature problems proved to be significant.
Thé‘ahte.nna acts like a Hugh par.tition, cold below, hot above. This antenna
is enclosed.inside a 150-foot diameter radome. Further analysis (Feasi-
bility Study for Re-rigging the Haystack Antenna, M. S. Zarghamee AD 651796,
Feb. 1967) indicates thermal problems exist inside the radome. The most
recent reference to the Haystack problem (MIT Needles Haystack for Better
Performance — Microwaves, June 1968, p. 16) states that after a seven week
program of computer-aided adjustment of the reflector surface the gain at

2 cm wavelength has increased 1.5 db which indicates the new rms surface

tolerance is 0.042" (n = 4.53). Adjustments of 0.01" were required.

L. M. Keane, The AFCRL 29-Foot Millimeter Wave Antenna, AFCRL—65—726,.

Oct. 1965
F = 35 GHz
G =664 +0.5db
o = 0.012" peak
F/D = 0.3
D/N = 1050
d/D = 0.069

The reflector was painted with diffuse white paint.
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G. A 16-foot Diameter Millimeter Wavelength Antenna System, Its Character-
istics and Its Application, C. W. Tolbert, A. W. Straiton, L. C. Krause.

P-GAP Mar. 1965, p. 225

F = 94 GHz
o =0.008 (M= 4.88)
D/N = 1530

G =1709«.3db
The antenna employs a prime focus feed with -10 db edge illumination. The
antenna is enclosed in a steel astrodome which has an. 18-foot shutter. Con-
siderable-difficulty was experienced in measuring patterns on the test-range
dug to atmospheric turbulence. Reflector and support structure are made

of Invar.

H. A 2.8 Arc-min. Beamwidth Antenna: Lunar Eclipse Observations at 8.2 mm.

H. E. King, E. Jacobs, J. M. Stacey, PGAP Jan. 1966, p. 82

Dia = 15 it.

o = 0.0018 at zenith, 0.0031 at 60°
F/D = 0.3
d/D = 0.066

G = 70.33 £ 0,44 db at 94 GHz

n, = 53.6%

The reflecting surface was painted with diffuse white paint (thickness =
0.001 + 0.00025"). The temperature difference between the surface and
ambient was less than 8°F. The temperature rise when looking at the sun
was less than 20°F. The reflector is fed with a diagonal horn feed that

provides -13.2 db edge illumination.



I

M. M. Small. The New 140-foot Radio Telescope. Sky and Telescope,

Nov. 1965
o = 0.037" (M = 4.65)
Gain =75 db at 15.8 GHz
D/N = 2710

Design studies began in the fall of 1955. Construction began August 1957

completed Feb. 1965.

Construction and Performance of the 150-foot NRC Antenna at Algonquin
Radio Observatory, Ontario, Canada. M. H. Jeffery. Structures Technolc

for Large Radio and Radar Telescope Systems. MIT Press 1967

o = 0.040in (M = 4.65)
G = 70.5 db at 10.7 GHz
D/A\ = 1635

After initial adjustment (at night) of the reflector surface to 0.025" errors

of 0.35" were found the following day. The surface was adjusted 4 times t

- reach a value of 0.028" for the surface. Additional errors of 0.023" fabri

tion, backup structure of 0.028", and gravity deflection 0.020" yields the

overall rms value cited above.
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5 STRUCTURAL CONSIDERATIONS

5.1 Mechanical Characteristics of Structure

It is difficult to discuss structural considerations without having a specific
design approach in mind. However, certain general design characteristics can
* be established which are necessary in meeting the requirements for this applica-
tion. Since various approaches are possible, emphasis will be placed in the
discussion on a single 95-foot reflector and a gain equivalent quadruple arrange~
ment of four 42-foot reflectors. The latter approach is unconventional and very
little data exists of an empirical nature to characterize this antenna; hence,‘
characteristics of a 95~foot antenna will be used where applicable. (The USSR
has built a multiple-dish antenna for tracking its Venus 4 Lander. This antenna
consigts of eight 52-foot reflectors.) '

Structural characteristics vary considerably between an antenna that is en-
closed in a radome and an antenna that is éxposed to the environment. Some of
the structural advantages of a radome protected antenna are listed below:

(1) The antenna need not be designed to survive high winds. As a conse~

quence, a lighter structure results. }

(2) The antenna need not be designed to carry snow loads.

(8) Temperature control inside the radome reduces thermal distortions of

the antenna.

(4) The antenna is subjected to gravity force only. This force is predictable

and methods of compensation can be implemented.

(5) The absence of wind loads permits the use of substantially lower horse-

power drive systems.



(6) Since no correction is necessary for wind gusts, the servo bandwidth
can be low, and hence the natural frequency of the structure can be low
(0.5 Hz).

(7) A lighter structure combined with a smaller drive system will yield a
better pointing accuracy and a smoother low speed characteristic of the
antenna.

In spite of these mechanical advantages, RF considerations (Section ) pre-
clude the use of a radome for the TDRS requirements. For this reason, the an-
tenna structure considerations that follow will assume an exposed antenna and
the resulting system characteristics will be compared (Section 9) o those re-
sulting from the use of a radome.

Table 5.1 identifies some of the more important characteristics of the

structure that have to be met.

5.2 Pedestal Requirements

There are three common types of pedestals in use, each.of these having a
unique axis arrangement:

(1) Azimuth-Elevation mount

(2) X-Y mount

(3) Polar mount
All two axis pedestals have a gimbal lock zone which is in line with the major
(or lower) axis of the mount. Gimbal lock occurs at zenith for the azimuth-
elevation mount, at the horizon for the X-Y mount and at the celestial north pole
for the polar mount. However, gimbal lock is not a consideration in this applica
tion since operation is anticipated between 15° and 45° elevation. Since the

satellite to be tracked has a synchronous orbit, dynamic considerations of the



Table 5.1

Mechanical Characteristics of Structure

Approach Reflestor | Refiocion
Diameter of Reflector 95 ft. 45 ft.
Surface Accuracy 0.030" rms 0.013" rms
Desired Pointing Accuracy 0.005° 0.009°
Natural Frequency 3.55 Hz
Hemispherical Coverage, azimuth 0 - 360°

elevation 0 - 90°
Axis Rates, velocity 0~ 0.1°/sec
acceleration 0 - 0.1°/sec?

Windloading, operation 0 ~ 30 mph

operation, reduced acc'y 30 - 45 mph

drive to stow 45 - 60 mph

survival, stowed 60 ~ 120 mph
Snow load depth 24 inches
Ice load depth 1 inch

pedestal are practically nonexistent and hence, the choice of a mount can be
based almost exclusively on mechanical considerations. The azimuth-elevation
mount offers several advantages over the other two mounts. Some of these ad-

vantages are compaciness, low inertia and lighter structure.

Servo considerations establish the lowest natural frequency the pedestal

5-3

must have in order to meet tracking accuracy during wind gusts. Without having




a specific design in mind, it is very difficulf to estimate this frequency. Use can
be made of data available from existing pedestals; by plotting natural frequency
vs dish diameter, an empirical curve can be drawn. This curve is shown in
Figure 5-1 and has been based on dafa from several antennas. Using this curve,
it seems that a natural frequency of 3.55 cps is realizable for a 95-foot dish.

As will be shown in the servo section of this study (Section 8), pedestal fric-
tion is a prime consideration for pointing accuracy and low speed performance of
the antenna. Hence low friction is an essential requirement for this application.
Similar to the natural frequency case, an empirical curve can be drawn for fric-
tion in mounts with conventional (roller) bearings. This curve is given in Fig~
ure 5-2. The friction for a 95-foot antenna is 8.4 x 10* foot-pounds. As is shown
in the servo section, this amount of friction is in excess of the amount permissible
and, consequently, the use of hydrostatic bearings becomes mandatory. Hydro-

static bearings increase cost and decrease reliability of the system.

5.3 Drive System and Gearing Considerations

Satellite dynamics as seen from the antenna indicate maximum axis rates of
0.0002°/sec (Section 8.1), which is an order of magnitude smaller than sidereal rate
(0.00417°/sec.). To make optimum use of the dynamic range of the drive system
requires that the maximum rate of the antenna be 0.0002°/sec. Using a 300 rpm
motor, a gear ratio (motor to antenna axis) of 107:1 is required. This ratio is
impractical and, in addition, antenna slewing would be extremely slow. A more
practical approach would be to set the maximum antenna velocity at 0.1°/sec.”

Since the dynamic range (ratio of maximum velocity to minimum smooth velocity)
of a good drive system is about 1000:1, smooth tracking at least at the maximum

target rates will be assured. The gear ratio for this condition is about 20,000:1
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which is feasible. Slewing is still slow. ¥ will take, for example, 30 minutes to
move the antenna 180° in azimuth. However, slewing rates can be increased by
adding a clutching arrangement that would i)ypass portions of the gear train.

In order to establish the horsepower rating of the drive system, wind torque
and inertia torque have to be estimated. Here again, empirical data is used to
eétablish wind coefficients and antenna inertia for a 95-foot dish antenna. Fig-
ures 5-3 and 5-4 show these quantilies vs reflector size. The wind torque is
computed as

T, = k, V2 = 670(30)2 = 6.03 x 105 foot-pounds

where
T, = wind torque, ft.-1bs.
k, = wind coefficient, ff. - Ibs./ {mph}*

¥, = average wind velocity, mph

The acceleration torque is computed ag

T, = 8,J, =0.00175x% 2x 105 = 3.50 x 10° fe.-Ibs.

a

where
T, = acceleration torque, ft. Ibs.
8, = maximum antenna accéleration, rad/sec?
J, = antenna inertia, slug-ft.2

Having computed the above quantities, the horsepower rating of the drive system

can be established using 75% gearing efficiency and 25% torque bias:
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(T, + T, + 1))

.2 Na @ e £
P = ;;; L+ p) 5950 8,
1 (1+0.25) (3,50 % 10° + 6.03x 10% + 8.4 x 104
0.75 ¢ 2L 3% ’ (0.0166)
= 3.65hp
where
P = drive motor rating, hp
By = officiency of gearing

p, = torque bias ratio (an opposed drive system is required for elimination
of backlash in gear train)

T

#

friction torque, ft.~-lbs.

&, = maximum antenna velocity, rpm

The drive sysiem has to be capable of delivering 8.65 bp which is a low require-

ment considering the antenna size, and hence, does not pose a serious problem.

5.4 Antenna Suxfice Considerations

Radio frequency considerations dictate 2 required surface aceuracy of
0.080" rms for the 95-foot reflector and 0.013" Tms for the 42-foot reflector.
One fundamental limitation c?f surface accuracy is that of measuring this accuracy.
Hence, the antenna size-to~tolerance ratio becomes jmportant. Best estimates
avé that standard surveying technigues using theodolites and tapes permit
measurement aceuracies of about one part in 20,000. Photogrammetic measuring
techniques can measure to one part in 40,000 with 68% confidencé and one part
in 26,000 with 95% confidence, Present surveying methods using laser beams
can probably improve the accuracy to one part in 100,000, Using
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lasers then, the surface aceuracy could be measured to 0.011" rms for the
95~foot reflector (0.0054" rms for 42-foot reflector.) Using the empirical ap-
proach, tolerances of existing antennas can be plotted vs. reflector diameter-and
the curves in Figure 5-5 are obtained. It is evident, that using a good structural
approach a tolerance of about 0.017" rms is realizable for the 95~foot antenna
(0.01" rms for the 42-foot antenna) under ideal conditions.

However, this antenna will be exposed to the environment and the surface

acecuracy will degrade from this ideal condition. There is little data available

0.5

A

SIZE TO TOLERANCE
RIATIO =104

t
© JPLDSIF

® CSIRO PARKES

1 j
0.1 NEROC

P cAMROC

MAX PLANK
INSTITUTE

Laum el

7 RRL (JAPAN)_/g“GOTQUy /, \
GSFC USB REEN -

SIZE T TOLERANKE

v e BANK
GSFC STADAN ;
5 L] GSFC STADAN / RATIO = 10°

L4 I
S [ 1
/G FCuss LEBEDEVF QlN]RL/
;
| HAYSTACK HILL

/ RAISTING b /
1

10 LINCOLN Lfe/ 100 1000

REFLECTOR DIAMETER (FEET)

REFLECTOR TOLERANCE {(INCHES)

N

Figure 5-5. Reflector Tolerance vs Reflector Size

5-11



dealing with environmental effects on surface tolerance. The Rohr Corpora-
tion in its proposal for the Rosman II antenna (Reference 1) estimates surface
accuracy to degrade with increase in wind velocity as shown in Figure 5-6. If
this-curve is used in a proportional manner then the.0.017" rms tolerance at
zero wind velocity will increase to 0.025" rms (0.015" rms for the 42-foot array)
at 30 mph. No applicable data could be found for the effects of precipitation and

temperature on the surface.
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Figure 5-6. Surface Tolerance vs Wind Velocity for Rosman I Antenna



5.5 Mechanical Errors

This antenna will be used as a data acquisition terminal only and not as an
angle tracking system. Hence, mechanical errors are defined as those that con-
tribute to the difference between the radio-frequency axis of the antenna and the
position of the satellite. These errors are necessarily of short duration as com-
pared to the time constant of the servo system, since long term errors can be
compensated out through systematic calibration. Mechanical errors can be
classified as errors due to gravity, alignment and manufacturing tolerance, wind
and thermal deflections. All of these errors except those due to wind can be
either calibrated out or are of long enough duration to make their effect négligible.
For wind errors, only the random component or gustiness of the wind is. of con-
cern. If the assumption is made that the variation of the wind about the mean is
25% (see Section 8.3) the effects of windgusts of 7.5 mph must be evaluated.

Reference 1 gives wind errors for an 85-foot antenna at 20 mph:

Pedestal bending: 2 arc seconds
Pedestal windup: 22 arc seconds
Translation of feed

Rotation of primary reflector 24 arc seconds

If these values are scaled linearly to a 95-foot antenna, corrected by the
wind ratio squared and summed in a root~mean-squared faghion, a total mechani-
cal error of 0.00047° results. The effect of feed translation on the system's RF
performancé must also be coﬁsidered, but this analysis depends on the detailed

mechanical design and is considered beyond the scope of this report.
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6 PROPAGATION
6.1 Attenuation

Gaseous water vapor and oxygen are the primary causes of attenuation in
the atmosphere when no precipitation is present. The amount of attenuation is a
function of the atmospheric temperature, pressure and humidity. For any given
set of meteorological conditions the total atmospheric attenuation will be related

to zenith attenuation () and zenith angle (¢) by the expression
[ £, secd (6-1)

where £ and £, are expressed in db. This expression is useful to zenith angles
of 85°. The value of ¢ | used in the above expression is highly dependent on the
atmospheric model used in its calculation. Recent millimeter communication
studies [1-3] have indicated that no single model is universally recognized. A
report by Altshuler [4] on earth-space communications contains two models that
conservatively estimate atmospheric attenuation for the standard atmosphere and
for the atmosphere with precipitation. These models are given in Figures 6-1
and 6—2.

The total atmospheric attenuation based upon these models is indicated in
Figure 6-3 for several meteorological conditions. The attenuation is significantly
affected by the rain cloud water density assumed, and these numbers are indi-
cated along with rain rate in Figure 6-3. .

For the TDRS ground antenna problem, the spacecraft location will be the"
fixed parameter and meigeoroiogical conditions the variable. Figure 6-4 ex-
presses this relationship in a form useful for our application. The probability
of occurrence for each rain rate condition is indicated on the upper part of this

graph. Rain rate probabilities were calculated for the Washington, D.C. area
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from 60-year averages published by the Weather Bureau [5]. The probability
distribution of rain rates is given in Figure 6~-5. Rain accumulations measured
at less than one hour intervals may be of concern for some applications and
curves for measurements at 1 minuote, 1/2 hour and one hour intervals are indi-

cated in Figure 6-6.
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The attenuation due to dry snow or hail [4] is lower than that of rain for a
given liquid water content while wet snow has been found to attenuate more. The
probability of significant snow attenuation compared to that of rain for the

Washington, D.C. area is negligibly small and will not be considered further.
6.2 Sky Noise

With no precipitation in the propagation path, the sky temperature can be

calculated from the expression
T = (1-a) T, (6-2)

where o is the transmission coefficient of the atmosphere and T, is the mean
absorption temperature of the atmosphere. Assuming a horizontally stratified
atmosphere, the total sky temperature will actually consist of a summation of
noise temperature contributions from the several atmospheric layers propor-
tionately reduced by the attenuation between that layer and the antenna. Thus,

the sky temperature can be more accurately stated as:

n
Ty = Z [(l"ak)rm e Tt B e "’k—1:|
k=1
where n is the number of stratified layers and «, is the {ransmission coefficient
of the kth layer with k = 1 being the layer closest to the earth surface.
When precipitation is present in the transmission path, the need for the more
rigorous sky noise femperature equation increases since rain drop density and
rain cloud density are highly dependent on altitude. However, measurements

have indicated that the simplified expression (Eq. 6~2) gives acceptable results.



Wulfsburg measured.sky noise at 15 and.35 GHz [ 6] and compared them to
calculated values. The calculated values used for comparison were derived

from the equation
T @ = (as“ ¢) T, (6-3)

where

@y = 1~ (Ta)senitn
is a combination of Egs. 6-1 and 6-2. a, the zenith transmission coefficient for
meteorological conditions existing at the time of measurement, was used to de-
termine the sky temperature T , (¢) at any zenith angle ¢ for an estimated mean
absorption temperature of 260° for the atmosphere. Using Eq. 6-8 for compari~
son, Wulfsburg found that his me-asured and calculated sky noise distributions
corresponded well as shown in Figure 6-7 at 35 GHz. These measurements
were made in the Boston area.

Using the same expression (Eq. 6-3), the sky noise temperature was calet
lated based upon the attenuation curves given in Figure 6-4. The results are
shown in Figure 6-8. The mean atmospheric absorption temperature was as-
sumed 280°K in these calculations. This mean absorption temperature was
chosen since we are concerned with elevation angles less than 45° for which we

will expect a greater absorption temperature [71 than the 260°K used by Wulfsburg.

6.3 Solar Noise
The only significant discrete noise source for the TDRS ground antenna will

be the sun. The measured solar noise temperature [8] at 15 GHz is 15,100°K.
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The sun angle as seen from earth is 0.534°. The 3 db beamwidth of the TDRS
ground antenna will be approximately one-tenth of the sun angle. With a system
noise temperature of 125°K for the antenna, the reduction in CNR at the ground
for a TDRS eclipse of the sun will be 21 db. The appearance of the sun in side-
lobes will not reduce the CNR more than 5 db and is well within our 10 db margin.
An eclipse cannot be avoided for the 15 to 45° range of elevation angle for the
TDRS spacecraft. Figure 6-9 indicates the envelope of the apparent solar orbit
as defined by its trajectory during summer solstice and during winter solstice.
The line labeled "DRS" defines the locus of positions of the TDRS spacecraft as

seen from GSFC for it to remain in synchronous orbit.

6-9



1000

ATMOSPHERIC NOISE TEMPERATURE CONTRIBUTION (°K) = 280(1~ o)

(=3
1~

PERCENT PROBABILITY OF GREATER THAN OR EQUAL TO INDICATED RAIN RATE (WASH., D.C.)

o

4]3 4 3 2 1 05 0.1 0.05 0.01
‘ | IIIII |ll|l|l| ]
T 117
T
I
ELEVATIONS +-H
FREQUENCY: 15 GHz —15°
13,
/20"
Pl
e e e
1
///?/::‘:/ NG
5 L A 40°
//// ;4/ \I .
11U g A 450
1
1
VA
74
A
10 100

RAIN RATE (mm/hr)
Figure 6-8. Sky Noise Temperature vs Rain Rate



ii-9

ELEVATION FROM GSFC (DEGREES)

75°

700

&0°

50°

40°

30°

20°

16°

AZIMUTH FROM GSFC (DEGREES), 0°=SOUTH POLE
Figure 6-9. Envelope of Apparent Solar Orbit

—— ]
APPARENT
| SUN ORBIT
SUMMER SOLSTICE
JUNE 21
/, DRS
7
S
\\
T T T T T T Aeasent - —"‘ N7
SUN ORBIT
WINTER SOLSTICE
DEC 21
10 26 30 40 50 &0 70 80 90




The sun's apparent orbit will cross the locus of TDRS positions twice a year.
The duration of sun jamming will be approzimately two ;and one-half minutes per
day on two consecutive days amounting to a total of 10 minutes per year. Since
sun jamming is deterministic, it could be avoided by judiciously moving the
TDRS spacecraft twice each year to avoid the eclipse periods. Since the duration
of severe solar interference is short and since it can be avoided if necessary,
the effects imposed by solar noise are not considered to be a significant limita-

tion on the TDRS to ground communication link at X -band,
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7 RADOME

The use of a radome to protect a 95-foot diameter reflector with 0.03 inch
rms (1 sigma) surface tolerance appears at first to be advantageous. This sec- -
tion reviews pertinent considerations and s\hows that the accumulated water film
loss during rainfall makes a radome intolerable. It is for this reason that no
Deep Space Network (DSN) antennas are fitted with radomes. On the other hand,
no DSN reflectors are located in snowfall areas and so the TDRS reflector at
Greenbelt, Maryland would have this unique problem. The reflector panels of a
K, -band reflector (sponsor and location classified) recently completed in Europe
are treated with a teflon resin cured by a high fusing temperature. The resultant
surface has an unusually high corrosion resistance and snow does not accumulate
-on the surface. Minimal-pressure fans are used on the reflector edge blowing
toward the vertex for added insurance against snow accumulation. Thermal gra-
dients, resulting from self—shadowing; are not a problem with DSN reflectors*
because excellent reflective paints with heat scattering beads are used on the
surface. It is assumed that a teflon coating could be so colored and treated.

The metal space frame radome was determined to be the most suitable type
for the TDRS application. It is least expensive and easiest to erect, has longest
life without deterioration, provides the least risk factor in high winds, and has
lowest maintenance cost. Figure 7-1 indicates comparative cost of a radome
covered reflector and an exposed reflector.. It is derived from a Bell Telephone
Laboratory formula as modified in Section 10 of this report. Figure 7-2 shows
that the weight of a 95-foot reflector so protected could be reduced by 2.4 x 105

Ibs. A 130-foot diameter radome (Figure 7-3) would enclose a 95-foot reflector;

*Private conversation with Mr. Arthur C. Ludwig of NASA/JPL
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however, as will be shown later space frame losses require greater gain and

hence a larger antenna aperture diameter for equivalent performance.

7.1

Radome RF Losses

Metal space frame radome design techniques have been greatly refined since

1965 when Kay [1] discussed electrical design, and the characteristies of the
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Haystack metal space frame radome were published [2]. An Electronic Space
Structures Corporation metal space frame radome (ESSCO Model M-110-86) was
described [3] in 1968 providing minimal blockage and RF loss. Figure 7-4
illustrates a panel from this minimal blockage space frame radome. The equa-
tion on Figure 7-4 for computing effective blockage was developed by Ruze [4],

and states that the fraction of the antenna aperture which is blocked is
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where
nn; = the meémbrane blockage
n, = the hub blockage
w = frame width
L = frame side length
r = equivalent radius of hub.

The loss in axial gain due to blockage is computed by Ruze [5] by weighting and
normalizing the area computed (Eq. 7-1) by the illumination taper. This com-
puted loss is plotted in Figure 7-5 where it can be seen.to be 0.38 db at 15 GHz
for the modern design. Computed values are shown in Figure 7-5 to agree with

measured values of blockage loss.
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In addition to blockage loss, two components of membrane loss must be
considered: ohmic loss and reflection. The panel ohmic loss is.shown by

Ruze [6] to be

2t
Sy tan s (7-2)

where t = panel thickness (typically 0.050 in.), ¢ = dielectric constant (4.0 for
fiberglass at 15 GHz), and tan & = loss tangent (0.014 for fiberglass at 15 GHz).
Substituting values in Eq. 7-2, the ohmic loss is determined to be only

27 0.05

.78 (4)[(0-014)] = 0.015 db (7-3)

The panel reflection loss is shown by Ruze [7] to be

(”—f)2 (e - 1)2 = 0.65db (7-4)

Total loss for a dry radome is summarized in Table 7-1. The noise temperature
contribution for a dry radome is dependent only on absorbed energy (ohmic losses)
and is insignificant.

An additional, and far greater, loss is incurred when a radome is wet as
during rainfall. Water on a radome can affect both RF transmission and the
noise temperature. These effects can be reduced by using epoxy-impregnatéd
fibergiass membranes and various mylar-tedlar coatings such as silicone or
teflon. The effect of rain depends not only on the amount of water on the radome
but especially on its distribution. The amount of water accumulation depends on
rain rate and radome size. Water collection is proportional to the square of the
radome diameter, whereas run-off is proportional only to circumference. If the

run-off would be in uniform film (which it never is) the energy scattered could
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Table 7-1

Total Metal Space Frame Loss (Dry)

Space Frame Blockage 0.38 db

Membrane Losses:

Ohmic 0.015
Reflection 0.650
Astigmatism . -

Thickness Variation —
Boresight Shift Loss -

Total Loss 1.045 db

be said to be dependent on the square of the film thickness in wavelengths. Wat
actually tends to run off in rivulets and this can be encouraged by design. Scat
tered energy is proportional to the cube of the stream diameter in wavelengths
Both the residual film thickness and stream diameter depend inversely on the

average run-off velocity. Therefore, treating the surface and designing the sw
face to increase run-off velocity and to encouragé formation of small diameter

rivulets lessens the electromagnetic effect.

Calculations of the effect of water are complex and measured data is sparse.
Only two sets of measured ciata exist. Transmission loss for the Andover radome
(a 0.07-inch thick air supported fabric). is 1 to 2 db for rainfall of 0.1 fo 2.5 mm/hr.
Noise temperature increases from 25 to 70°K for the same conditions. This data
does not apply to a metal space frame radome. A 55-foot metal space frame

radome was sprinkled with garden hoses at ESSCO [8] and it was found that losses
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were an order of magnitude lower than those cited above for the Andover radome.

However, these measurements were made using a crude simulation of rain and
ESSCO has admitted the need for more representative testing of space frame
radomes coated with non-wetting agents. Table 7-2 is derived from a published
report [9] of the Weather Bureau. Although it was published two decades ago, it
covers observations over a 60-year period and is considered to be representative
of present conditions. Figure 6-5 shows rainfall rates versus percentage of
occurrence, Table 7-2 and Figure 7-5 show that heavy rainfall occurs only 0.3%
of the time and moderate rainfall only 1.5% of the time while 80% of the time it

does not rain at all,

Table 7-2

Rainfall Rates For The Washington Area

Percentage of
Type Rate in/hr Rate mm/hr Time Occurre(i
Light 0.01 0.25 3.0%
Moderate 0.1 2.54 1.5
Heavy i 1.0 25.40 0.3
Very Heavy 1.7 43.20 -
Heaviest Ever Recorded 86.90 (Sept. 12, 1934)

Rain run-off on a radome surface was described earlier as involving water
film flow and water streaks or rivulets. Film flow is slow whereas rivulets reach
the velocity of free-falling raindrops (typically 800 inches per second for 1.5 mm

diameter drops). Film thickness is estimated [11] to be

t = 0.584[QRI7/12 mils, (7-5)
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where R = radome radius in feet and Q = rain in millimeters per hour. This
data is plotted in Figure 7-6 which shows theoretically uniform film thickness
for given rates of rainfall for the size radome required. Figure 7-7 shows
the transmission loss at 15 GHz for uniform film thickness accumulated by rain-

fall rates in this geographical region. Using Figures 7-6 and 7-7, it was possible

{ T T T TTTT | T ||
I -
T T T — I 17
t=0.584 (RADOME RAD. X RAIN RATE) 2
L
1
L1
L1
10)-
= 130-FT DIA RADOME
z FOR 95-FT
. REFLECTOR
T B
2 R
pd
3 o
po g <
=
= //////
o
. //
1.0
>
LIGHT ODERATE HEAVY
RAINFALL RAINFALL RAINFALL
0L | |
0.1 0.0 100

0 1
RAIN RATE -~ Q - (mm/hr)
Figure 7-6. Thickness of Rain Film on Radome
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FREQUENCY : 15 GHz

FILM THICKNESS - t (mils)

0 2 4 6 8 10 12
. TRANSMISSION LOSS (db)
Figure 7-7. Water Film RF Loss {Reference 11).

to plot Figure 7-8 which shows the transmission loss as a result of water film
thickness at 15 GHz. This curve represents a worst possible case because the
situation can be improved by causing the uniform film of water to run off in
rivulets instead. Hence the loss of 11 db for heavy rainfall (25.4 mm/hr) could
be reduced by running the water off at high velocity. Quantative loss values are

not available for this condition.

7.2 Noise Temperature Due to Radome
Noise temperature is a result of RF absorption by water on a radome. Very

sparse information is available on noise temperature due to a water film on a
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Figure 7-8. Water Film Loss for Metal Spaceframe Radome (Reference 11)

metal space frame radome. Asgsuming a uniformly thick film of water at a tem-
perature of 290°K, noise temperature can be calculated from the equation T = 290
(1 - o) where a is the fraction of the power absorbed by the water film. This

information is plotted in Figure 7-9 with the use of Figure 7-7 data showing RF

absorption for various film thicknesses. It should be noted that the component of
the loss in Figure 7-8 due to reflection [12] from the water film does not con-

tribute to the noise temperature,
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Figure 7-9. Noise Temperature Due to Water Film (Reference 11)
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7.3 Feasibility of a Radome

A inetal space frame radome is considered to be the best choice of a radome
type; however, it is seen that use ;of a radome incurs a substantial performance
penalty. Even if the radome gain loss were zero for a dry radome, a water film
would add approximaiiely 10 db gain loss. This loss must be added to the atmos-
pheric attenuation in heavy rain which is shown in Figure 6~4 to be an additional
10 db at 30° elevation angle in heavy rainfall. It is concluded that the increase
in attenuation and noise femperature rule out the use of a radome. ﬁven with
improvements in radome design to reduce water accumulation, a significant

reduction in radome cost is required to make such systems economically feasible.
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8 CONTROL SYSTEM
8.1 Target Dynamics

In this application the target to be tracked is a synchronous satellite and its
motion with respect to the antenna is of importance in the consideration of the
servo system. The assumption is made that this satellite has a motion similar
to that of ATS-8 and ATS-5. The pass of the satellite as seen fI'OH‘l the antenna
describes a figure eight. The time for completion of this figure eight is 24 hours.
It is further assumed that this figure eight is regular and symmetrical. Based
on these assumptions, antenna axis rates are established in Figure 8-1. Maxi-
mum velocity requirements are very low, 0.0002°/sec., which is an order of
magnitude lower than the sidereal rate of 0.00417°/sec. However, the satellite
would remain within the desired 1/10 BW pointing accuracy of 0.005° (95' diame-
ter single aperture antenna) for only 27 seconds. Hence, the need for a tracking

antenna is established.

8.2 Tracking Loop Considerations

In studying the feasibility of this antenna it is necessary to evaluate the
various tracking errors in order to establish the overall system performance..
Hence, it is necessary to make several assumptions to permit numerical evalu-
ation. It will be assumed that a conventional Type II servo is used with rate
feedback. The block diagram of the tracking loop (low frequency approximation)
is shown in Figure 8-2. Since this antenna is exposed to the environment, it is
-assumed that maximum achievable s.ervo‘ bandwidth will be used in order to
minimize wind errors. The rate and position bandwidths can be found by using

a relationship from Reference 1:



APPARENT MOTION OF SATELLITE AS SEEN FROM ANTENNA:

Eyax = 2.5°
Ayax = 0.75°
TIME OF COMPLETION OF
FIGURE EIGHT IS 24 HOURS

e

FOR ELEVATION:
E = 2.5 cos gf t = 2.5 cos 0.262 1

E = -(2.5) (.262) sin 0.262t
Emax = (2.5) (.262) = 0.666°%/hr = 0.000185° /sec
E o2 ~(2.5) (.262)2 cos 0.262 ¢

Emax = (2.5)(.262)2=0.174%he2 = 0,0000483° fsec?

FOR AZIMUTH:
2m

A 7 0.75sin 17 = 0.75 sin 0.524 ¢

A = (0.75) (0.524) cos 0.524
Amax = (6.75) (0.524) = 0.393%hr = 0.000109° sec
A = ~0.75) (0.524)2 sin 0.524 ¢

Amax = (0.75) (0.524) = 0.206%hr = 0.0000572° /sec?

Figure 8-1. Antfenna Axis Rates
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Gsat (s) ANGULAR POSITION OF SATELLITE, RADIANS

Gont (s) = ANGULAR POSITION OF ANTENNA AXIS, RADIANS
Tw (s} = WIND TORQUE, FT, -LBS,
k; = POSITION LOOP GAIN
Ty = POSITION LOOP TIME CONSTANT, SECONDS
kg = RATE LOOP GAIN
Ja = ANTENNA INERTIA, SLUG FT2

LAPLACE OPERATOR

Figure 8-2. Block Diagram of Tracking Loop

wr wn
w, =3 = & (8-1)
where
w, = position loop bandwidth, rad/sec
w,_ = rate loop bandwidth, rad/sec
@ = lowest structural resonance, rad/sec

With the aid of this relationship the gains k, and k, and the time constant T,

can be evaluated. For the rate loop:

- wn - ka
w = — =
or ’ 2 L (8-2)
k, = 2q, ],
For the position loop:
[#3]
@ = k; = 0.6%w, = 0.63 ¢
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or
k, = 0.011 o2 (8-3)

where

o' = frequency at.which crossover occurs if T, =0, rad/sec

Stability considerations establish the relationship for the time constant T;:

i .
T_1 = 0.38w, = 0.0664w,
R 1
T, = 15.1 o (8-4)

n

Figure 8~3 shows the Bode plot of the system. Over 20 db attenuation exists at
the frequency at which antenna resonance occurs; this amount should be sufficient

for stability purposes.

8.3 Errors Due To Wind Torque

One of the major factors that limit the tracking accuracy of this antenna is
the error caused by wind gusts on the antenna. A method for computing this
error is given in Reference 2. Mean wind forque can be computed using Eq. 5-1,

but there exists a fluctuation about that mean of

CTae T2k, Vi Vi (D)
where
wf = wind torque fluctuation, ft.-lbs.
V, (t) = standard deviation of wind velocity, mph
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The assumption is made in Reference 2 that the standard deviation is 25% of the

mean wind velocity,‘ hence T can be redefined as
wa = 1/2 kw ‘V02

The power density spectrum of the wind torque can be written as

T, W,

pu(s) =

2 2
s +w0

where

&,»(s) = power density spectrum, (ft.-1bs.)?/rad/sec

S
I

corner frequency of spectrum, rad/sec

0.11 rad/sec as given by Reference 3.

2

The error due to wind torque is given by the relationship:

. _ 1 ® 2
S T 2mj ~m|G“’(s)l B, (s) ds
=)
where

error due to wind torque, radians

€
W

n

G, (s) = torque system transfer function.

The torque system transfer function can be obtained by setting 65, (s) =

(8-6)

(8-7)

0in

Figure 8-2 and rearranging the block diagram as shown in Figure 8-4. Using

this diagram it can be found that

G ( ) - eant(s) _ S
§) = =
N T(s) J,s% 4k, s2+k k, T, s +k, &k,

(8-8)



RATE LOOP
; + k.
Tw (5) ——mf  T/ko ——:®—> ST J052+k2) - 0 gt
T ky (Tys +1
H

POSITION LOOP
COMPENSATION

Figure 8-4. Block Diagram of Tracking Loop, Rearranged for Torque Input

Making use of Eqs. 8-2, 8-3 and 8-4'in Expression 8-8 yields

1

T.°
G,(s) = (8-9)
s34 0.5¢,s2+0.0830w2 s + 0.00553

Combining 8-5, 8-6 and 8-9 in Expression 8-7 results in

2 4 ;
IR A (1) J””l“’ s * ds
Yoo4m g2 \273) ) S+ 0.50, 52+ 0.083w2s + 0.0055w3 | s+ w2

+j0
_ 1 kyeV (_1_) ey L, KV
4m 52 2mj d(syd(-s) “° ’ ——_13 4

-it
The solution of integral I 4 appears in Reference 2 (page 372) and without going,
through the mathematics the result can be written as:

k2 V2 4.550, 1
2 0l (0dt 1.5902+ Llw +0.24)
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Taking the square root of above expression yields

B k,VE 4,550, + 1
€ = L6l — P " (8-10)
a 0l (w3 1.5902 + 11w+ 0.24)

To get a numerical solution to above expression for a 95-foot antemna,

reference is made to Figures 5-3, 5-4 and 5~1 for some of the constants required:

=~
]

670 ft.~1bs./ (mph)?

2 x 10° slug £t2

—
o
I

@ = 8.55 cps = 22.3 rad/sec

Wind maxima can be found from Figure 8-5 for the Washington, D.C. area. This
curve has been compiled using Reference 8-4. Since the wind does not exceed
29 mph 99% of the time

Vo = 80 mph.

Substituting above constants into 8-10 yields

e = 0.025° (8-11)

w

For other wind speeds and antenna sizes the error can be found in a similar

fashion and is plotted in Figure 8-6.

8.4 Errors Due To Friction

The second important error contributor to the overall tracking accuracy is
the error due to friction. This error is predominant at extremely low speeds
and assumes the form of a limit cycle. The magnitude of this error can be

estimated by using a relationship from Reference 1
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Figure 8-6. Errors Due to Wind Torque vs Reflector Size
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121,

T (8-12)

€, = error due to friction, radians

—
I

¢ = friction torque (Coulomb), ft.-lbs.

Friction torque can be found from Figure 5-2. Substitution of friction torque

and values for inertia and natural frequency for a 95~foot antenna yields
(12) (8.4 x 10%)

€ = = 1.04 x 1073 rad = 0.060°
(2 x 10%) (5 x 102)

The error due fo friction exceeds the required tracking error considerably.
By judicious design, especially using digital techniques, this error can be re-
duced. However, the most effective way of reducing this error is by the use of
hydrostatic bearing, which will substantially decrease the friction torque. A
decrease in friction by a factor of twenty can be expect‘ed, hence the error will

be reduced to 0.003°. This error is essentially independent of antenna size.

8.5 Other Contributing Exrrors

There are other errors, that contribute to the overall tfacking error and
these are computed below:
(1) Error due to Thermal Noise af Receiver: This error can be estimated

by using a relationship from Reference 5

_ B
fen T X (S/N) (£,/8,)



where
€., = error due to thermal noise, degrees
B = heamwidth of antenna = 0.051°
S/N = signal-to-noise ratio of error channel
=30db = 10%
k= error slope for monopulse receiver = 1.57 deg/deg
f_ = receiver bandwidth = 50 cps

B, = servo noise bandwidth % 2w, = 1.18 cps
Substitution into above equation yields

_ 0.051 _
€p = T —————— = L15x 10~ degrees
1.57 (10%) (50/1.18)

This error is small because of the high signal-to-noise ratio expected
in the error channel. Figure 8-7 shows how this error varies for variot

signal-to-noise ratios and for various antenna sizes.

(2) Error due to Dynamic Lag of Servo: For a Type II servo this error

is given by the relationship

where

€4 = error due to dynamic lag, degrees

6 .x = maximum acceleration
= :"\max = (5.72 x 107%)%/sec? (from Figure 8-1)
k, = acceleration gain = 0.011 «? (from Eq. 8-3)

5.5/sec?
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Figure 8-7. Thermal Eror vs Reflector Size

Substitution yields:

_ 5.72% 1078

€ = 5 I = 1,04 % 1075 degrees

Similar to the thermal error, this error is very small and can be neg~

lected. This error is small because the target acceleration as seen
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from the antenna is very small. This error decreases rapidly as

antenna size is decreased.

(3) Error Due to Atmospheric Scintillation: The power spectrum of scintil-

lation is given in Reference 5 as

w2
s

P (s) = k,———— (8-13)

fw?+ ?
s

$,5(s) = power density spectrum of scintillation, degrees?2/rad/sec

k_ = constant

e
]

corner frequency estimated by Reference 5 to be about

15.7 rad/sec

The mean amplitude of scintillation, S..s» 18 assumed to be 0.001°.

Hence, the constant k_ can be evaluated:

0 00 w
(5.,)% = Jqﬁ'ss(s)dw = kswsf —  _de
.-

2 2
0 % + w

Solving above for k _ and substitution of values yields:

>

K, = —2(s

2 - - —
T wms)? 7 57 107° 7 4.05x 1078 (8-14)

The scintillation error then can be computed from



2 - 1 g 2
e? = ﬁf G, (s) |2 &, (s) ds (8~15)
@
where
€, = scintillation error, degrees

G, (s) = system transfer function

“The exact system transfer function G, (s) can be found using Figure 8-2.

However, a first order approximation to this function will be used:

_ eant(s) - 1
GS(S) B gsat(s) B

(8-16)
ir‘s + 1
c

The integral given by 8-15 is of the same form as 8-7 hence, the same
method of solution can be used. Substitution of §-13, 8-14 and 8-16 into

8-15 and solution of the integral yields:

e? = -1 1\ 6.14 x 1078

and taking the square root

€. = 2.48 x 1074

s

_1in this error is small and can be neglected when comparing the
wind and friction errors. Figure 8-8 shows how this error varies with

antenna size.
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Figure 8-8. Scintillation Error vs Reflector Size

8.6 Overall Tracking Accuracy

Error components contributing to the overall tracking accuracy are listed
in Table 8~1. As is evident, wind and friction errors are predominant. Fortu-
nately, these two errors can be assumed to be exclusive, i.e., the greater of the
two is present at any give.n time. When considering an overall tracking accuracy
of 0.005° it becomes élea:c that hydrostatic bearings have to be used to reduce the
friction error.

The total error is the root-mean-squared sum pf tﬁe component errors and
is given in Table 8-2. The total tracking error of the system is the vector sum
of the individual axis errors and is also tabulated in Table 8-2 on a one sigma
and three ;ig’ma‘. basis. This table shows that the total tracking error at 80 mph

wind velocity is 0.0355° which is in excess of the desired tracking accuracy of
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Table 8-~1

Component Errors

Mechanical error (see Section 5-5)

4.70 x 107" degrees
Wind error at 10 mph 2.78 x 1073
20 mph 1.>11 x 1072
30 mph 2,50 x 1072
40 mph 4,45 x 1072
Friction error, standard bearings 6.00 x 1072
hydrostatic bearings 2.00 x 1077
Thermal error 1.58 x 1074
Dynamiec Lag 1.04 x 1078
Scintillation 2.48 x 1074
Noise (assumed) 2.00 x 1074
Table 8-2
Total Errors
(hydrostatic bearings assumed)

. Wind Velocity, mph 0 10 20 30 - 40
Total Error per Axis, 1o | 0.00306 | 0.00306 | 0.0112 | 0.0251 | 0.0446
Total Exror System, 1o 0.00433 | 0.00483 | 0.0158 1 0.0385 | 0.0632
Total Error System, 3¢ 0.0130 | 0.0130 | 0.0474 | 0.107 | 0.189




0.005° by a factor of 7. The tracking error is also shown in graphical form in
Figure 8-9. By combining the tabulated tracking error and the wind probability
for the Washington, D.C. area (Figure 8-5) a probability model can be established
and is shown in Figure 8-9. For the single antenna (0.1 db loss) the tracking
accuracy will be 0.005° or less 64% of the time. For the array the required
tracking accuracy of 0.009° will be held for 83% of the time. A moré detailed
presentation of tracking reliability as a function of antenna configuration is given
in Section 9-4 of this report.

It should be recalled that computations leading to the total tracking errors
are based on many assumptions and empirical data and therefore, a tolerance for
accuracy has to be allowed. In addition, computations have been based on con-
ventional control system design; introduction of a computer controlled antenna
using either adaptive or optimal con{:rol techniques may lead to a more precise

system.
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9 SYSTEM CONSIDERATIONS

9.1 System Noise Temperature

The noise temperature of the TDRS ground antenna was determined from the

equation

s

T, = aT, +290 (1-a)+ 290 (NF - 1) (9-1)

where a includes all antenna losses prior to the preamplifier, assumed to be

0.5 db, and N¥ is the noise figure of the receiving system referred to the input
of the preamplifier. Current developments in wideband parametric amplifiers
indicate that a noise figure of 0.5 db at XK -band with 2 GHz bandwidth will be
achievable soon with further varactor diode improvements (sponsor and location
classified). Assuming that this goal will be achievable with reliability by the mid
1970's, a total receiving system noise figure of 1.0 db is reasonable.

The antenna temperature (T,) used in Eq. (9-1) during precipitation was
taken to be the atmospheric noise temperature calculated previously andAplotted
in Figure 6-8. The system noise temperature is plotted in Figure 9~1 versus
rain rate at three elevation angles for a 1.0 db noise figure receiving system.

A similar graph in Figure 9-2 indicates system noise temperature versus rain
rate for an identical antenna enclosed in a radome. The expression below was

used to determine system noise temperature with a radome.

T, = T,a, +T, & + 290 (1= a,) + 200 (NF - 1)

s
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transmission coefficient of the radome and water accumulation on the

a, =
radome
a, = transmission coefficient of feed (0.5 db loss)
T, = atmospheric noise temperature
T = noise temperature of radome

NF = receiving system noise figure referred to input of preamp

The values of radome noise temperature (T.) and transmission coefficient
(a,) were derived in Section 7 of this report. Several representative values of g,
and T, are given in Table 9-1 for a space frame radome without a water repel-
lant surface. The lack of significant experimental data on water repellant sur-

faces prevents an evaluation of their characteristics.

Table 9-1

Radome Characteristics, F = 15 GHz

Water Film Water Loss (nef)
Loss (dry) Rain Rate Thickness Atten. T, .
1.05 db 0.25 mm/hr 0.55 mills 0.7 do 37°K 1.75 db
1.05 db 2.54 2.15 2.7 81 3.75
1.05 db 25.40 8.40 12.6 120 13.65

The effect of receiver noise figure can be seen in Figures 9-3 through 9-5.

In these curves, System noise temperature versus rain rate is plotted for four

values of receiver NF: 0.5, 1.0, 2.0, and 3.0 db.

9.2 Carrier to Noise Ratio

The system noise temperature versus environmental conditions has been

plotted in the previous section. A similar set of curves for attenuation were

9-4




-6

SYSTEM NOISE TEMPERATURE (°K)

1000

o
=]

PERCENT PROBABILITY OF GREATER THAN OR EQUAL TO INDICATED RAIN RATE (WASH., D.C.)

FREQUENCY : 15 GHz

H 4 3 2 1 0.5 0.1 0.05 0.01
I ' I 1 | ] I 1 !I 11 1 | 1 1 1 |
N, F. RECEIVERS | [ |
[ F—3.0db
T —
L] L] —2.0db
] I
LTt 1| L] e 1.0db
- I ] #—— 0.5 db
| T |
| / L
" /
/ ///
Bt
/
/

ELEVATION : 15°

NO RADOME

0.1

1 10
RAIN RATE (mm/hr)

Figure 9-3. System Noise Temperature vs Rain Rate, 15° Elevation

100



9-6

PERCENT PROBABILITY OF GREATER THAN OR EQUAL TO INDICATED RAIN RATE (WASH., D.C.)

4.3
4 3 2 1 0.5 0.1 0.05 0,01
1000 ] | | i Loy o] ] TR
N. F. RECEIVER
— 3.0db
1T | 1:
— 2,0 d
T T || I 11
T — 1.0 db
P O O — 0.5 db
/”’— ol ///
/
///// /
/// //
L | LT
|

o
S

FREQUENCY l5°GHz

ELEVATION : 30

NO RADOME

SYSTEM NOISE TEMPERATURE (°K)

10

0.1 1 10

RAIN RATE‘ (mm/hr)
Figure 9-4. System Noise Temperature vs Rain Rate, 30° Elevation



-6

1000

SYSTEM NOISE TEMPERATURE (°K)

o
=]

PERCENT PROBABILITY OF GREATER THAN OR EQUAL TO INDICATED RAIN RATE (WASH., D.C.)

4.3

4 3 2 1 0,5 0,1  0.05 0,01
| | 111 | () L1t ' 11 1
N. F. RECEIVERS
[ =3.0 ldb
T
| ] | =204
I [—<F7.0db
1] LT ol
| Lt I e
[ ////
/,’/ //
//// /
/_/ ///
|

FREQUENCY : 15 GHz
ELEVATION : 45°

NO RADdME

1 0
RAIN RATE (mm,/hr) !

Figure 9-5. System Noise Temperature vs Rain Rate, 45° Elevation

100



plotted in Figure 6-4. From these curves, the Tesultant reduction in CNR can
be calculated relative to clear sky conditions. In the CNR reduction curves that
follow, the reference CNR was based upon a system noise.temperature for clear
sky and no radome. The reference values are given below for the receiver noise

figures considered.

Receiver Clear Sky
NF System Noise Temperature
0.5 db 85.8°K
1.0 db 124.8°K
3.0 db 339.8°K

The CNR reduction vs rain rate for a system with a 1.0 db receiver noise
figure is plotted in Figure 9-6. An identical antenna enclosed in a radome (Sec-
tion 7 of this report) would experience a CNR reduction as shown in Figure 9-7.
[It should be noted that the radomé enclosed antenna must provide 1 db greater
gain and be correspondingly larger to achievé the equivalent gain of an exposed
antenna (Section 7-1).] The effect of the radome is to produce an additional 4 db
reduction in CNR under moderate rain (2.5 mm/hr) and 12 db under heavy rain
(25 mm/hr). Looking at this from another point of view, an antenna oriented at
30° elevation with no radome would not exceed 10 db reduction in CNR more than
0.2% of the time as compared to 1.0% for an antenna with radome. The CNR re-

duction for systems without radome and receiver noise figures of 0.5 db and ~

3.0 db are plotted in Figures 9-8 and 9-9.
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9.3 Communication Performance

The link calculation for the TDRS to ground K ~band communications channel
is given in Table 9-2. The EIRP for the DRS Spacecraft was defined by the gain
parameters of Table 2-1 and an assumed 2 db loss in transmission line from the
transmitter to the antenna. An atmospheric loss of 0.2 db was assumed corre-
sponding to the humid, clear sky conditions of Figui'e 6-~3. The system noise
temperature of 124.8°K was based upon a 1.0 db NF receiving system, an assump-

tion that appears reasonable for the mid 1970's. A ground antenna gain of 70 db

Table 9-2

Link Calculations, F = 16 GHz

Transmitted Power (20 watt) +43 dbm
Spacecraft Gain (4' Dish, 55% efficiency) +48.5 db
Spacecraft Losses -2.0 db
EIRP +84.5 dom
Space Loss -208.8 db
Atmt;spheric Attenuation (Clear, 30° elevation) -0.2°db
Feed Losses -0.5 db
Signal Power Into Preamplifier -125.0 dbm
Noise Power (T, = 124.8°K, 2 GHz BW) -85.7 dbm
Required Carrier to Noise Ratio (CNR) 30 db
Minimum Ground Antenna. Gain 69.3 db-
Margin 0.7 db
Required Ground Antenna Gain 70 db
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is necessary to achieve the required 30 db CNR. No radome is assumed in the
link calculations for reasons that were discussed in Section 7.

The effect of receiving system noise figure on ground antenna gain require~
ments-is substantial. The table below indicates the gain required to achieve a
30 db CNR under humid clear sky conditions. Although further reduction in

receiver noise figure below the 1.0 db assumed realistic in the link calculations

NF T, Gain Required
0.5 db . 85.8°K . 68.4 db
1.0 db 124.8°K 70 db
3.0 db 339.8°K 74.3 db

will reduce the required antenna gain, meteorological effects will increase the
CNR reduction in unfavorable weather.

Meteorological conditions greatly affect link performance as discussed in
Section 9.2 of this report. The requirements for the communications link permit
a 10 db reduction in CNR under unfz;.vorable weather without significantly affecting
full-operation. Based upon the curves in Figures 9-6 through 9-9, Table 9-2 was
constructed indicating the percentage probability of exceeding a 10 db CNR re-
duction versus spacecraft glevation angle. Further reductions in CNR are not
catastrophic and can be tolerated if the probability of oceurrence is acceptably
Tow. Table 9-8 lists the percentage probabilities of exceeding 20 db reduction in
CNR.

The effect of a radome can clearly be seen in Tables 9-8 and 9-4 as compared
to an identical a.nt'enna with no radome. The communication link is degraded but
not to an extent that precludes their use. It should be noted-that recent develop-

ments in water renellant membrane coatings (Section 7) could reduce the
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Table 9-3

Probability of Exceeding 10 db CNR Reduction

Elevation NO RADOME WITH RADOME
of Spacecrait | 3.0 db N.F. | 1.0db N.F. | 0.5 db N.F. 1.0 db N.F.

15° 0.7% 1.8% 1.8% 2.6%
20° 0.2% 0.5 0.9 1.8
25° 0.07 0.2 0.4 1.3
30° * 0.07 0.17 1.0
35° * 0.08 0.08 0.8
40° * * 0.04" 0.75
a5° * * 0.08 0.7

*<0.03%

Table 9-4
Probability of Exceeding 20 db CNR Reduction
Elevation NO RADOME WITH RADOME
of Spacecraft | 3.0 db N.F.| 1.0dbN.F. | 0.5 db N.F. 1.0 db N.F.

15° 0.06% 0.10% 0.15% 0.41%
20° * ® 0.03 0.18
25° * * * 0.10
30° * * * 0.07

' 35° * * * 0.06
40° * * * 0.05
45° * * * 0.04

#<0,03%
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probabilities in Tables 9-3 and 9-4. However, until measured performance data
for these techniques is available the radome characteristics in the above fables X

must be assumed.

Now that both CNR reduction and reliability have been discussed, estimates
of reliabﬂif.y in the communications link can be made. The TDRS is assumed
60° longitude from GSFC. Assuming a 1.0 db receiver noise figure and no
radome, the link reliability of providing at least 20 db CNR (10 db CNR reduc-
tion from the 30 db maximum) will be 98.7%. For providing at least 10 db CNR,

the reliability is 99.9%.

These reliability figures can be significantly increased by a 5° increase in
elevation to 20°. The reliability for this satellite configuration is given in
Table 9-5. The TDRS spacecraft must be within 53° longitude of GSFC to provide

the reliability given in Table 9-5. The reliability of the communications link for

Table 9-5

Propagation Link Reliability

Link Reliability Link Reliability
Minimum CNR
(NO RADOME) (WITH RADOME)
10 db ) 99.97% 99.82%
20 db 295 % 98.2 %
30 db 9% % 95 %
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a 53° longitude relative to GSFC is considered a minimum for the TDRS to
ground communications channel. Overall system reliability including equipment
and tracking as well as communication link reliability must also be considered,
but these considerations are beyond the scope of this report.

The most unreliable part of the ground antenna is the receiver front end. In,
a single aperture system, a failure here results in complete failure of the system.
Periodic maintenance on the front end and refrigeration equipment will also re-
quire down time for the entire system. The multi-aperture array, however, ex-
hibits a graceful failure. The failure of a single front end, although more likely
to oceur since there-are now four, will result in a 1.3 db loss in gain for the
array. The simultaneous failure of three of the four elements will reduce the
gain by only 4.7 db. The multi-aperture array is a much more attractive con-

figuration when a continuous uninterrupted communication channel is required.

9.4 Tracking Performance

The TDRS ground antenna is of necessity a high performance system. The
antenna must provide a 70 db gain communication channel and must simultaneously
track the TDRS spacecraft. The gain requirement is achievable with current state
of the art technology (Section 4.1). "The feed system necessary to track the TDRS
spacecraft will be a complex multimode configuration (Section 4.2) if a single
aperture ground antenna is chosen. Even with an acceptable RF tracking system,
the tracking function is seriously impaired by the servo pointing accuracy of the

system (Section 8). An AZ/EL pedestal with a hydrostatic bearing on the azimuth



axis is not sufficient to give the system an acceptable tracking reliability.
Table 9-6 summarizes: the tracking reliability of a 70 db gain single aperture
antenna based upon wind loads characteristic of the Washington, D.C. area. This

data is derived from Section 8 of this report.

Table 9-6

Tracking Performance of a 95' Diameter Antenna

Resulting % Probability of Occurrence,
Tracking Accuracy Gain Loss Unfavorable Wind Conditions
0.005° 0.1 db 37% )
0.010° 0.5 db . 12%
0.014° 1.0 db 8%
0.020° 2.0 db 4%
0.025° 3.0 db 2.5%

An array of four antennas on a single pedestal is as cost offective as a single
aperture antenna for achieving 70 db gain (Section 10). The array is attractive
from both a tracking and a reliability point of view. Each array element will be
42 feet in diameter and mounted in a square cluster as in Figure 4-9. The cross
sectional area of the array is roughly identical to that for the single aperture
antenna and therefore the wind loading will be the same for these two alternative
configurations. However, since the array is adaptively phased to remove phase
differences on the received information prior to combining, the pointing loss of
the array is determined by the antenna patterns of the array elements. For 42-

foot diameter elements, the tracking reliability is given in Table 9-7.



Table 9-7

Tracking Performance of a Four Element Array of 42' Diameter Antennas
on a Single Pedestal

% Probability of Oceurrence,
Tracking Accuracy Gain Loss Unfavorable Wind Conditions
0.009° 0.1 db 17%
0.021° 0.5 db 3.5%
0.028° 1.0 db 1.8%
0.041° 2.0 db 0.5%
0.050° . 3.0db 0.35%

The array also simplifies the RF tracking requirements. Contrary to the
requirements of a single aperture antenna, the array elements require only a
sum mode output. The tracking error channels are formed in the combining
receiver which measures and removes the phase of the array element channel
prior to combining. A one milliwatt pilot transmitted by the TDRS spacecraft
and a 20 KHz tracking noise bandwidth in the receiver would provide more than
30 db CNR in the error channel. The square arrangement of the array elements
wo;lld provide error channels in each of two orthogonal directions for the servo
system.

Although Table 9-7 indicates that the TDRS spacecraft will fall outside the
3 db BW of the array under wind conditions that occur 0.35% of the time in the
Washington, D.C. area, the probability of the spacecraft actually being outside
the 3 db BW is a much smaller value. It is the wind gusting (Section 8-3) that

determines the pointing error, not the average wind velocity.




The selection of the multi-aperture array on a single pedestal presents one
other attractive feature for this configuration. The central region of the array
has not been used thus far. For an array of 42-foot diameter ele;llents, a
17-foot diameter seétion exists in this central region. An acquisition an-
tenna could be positioned within that region as in Figure 9-10. This acquisition
antenna (3 db BW = 0.25°) would have a Cassegrain-tracking feed arrangement
that would facilitate initial acquisition of the TDRS spacecraft and provide
tracking information to bring the spacecraft within the tracking region of the
full array. Under unfavorable wind conditions, the acquisition antenna would
reduce the probability of occurrence of conditions that would cause loss of signal
or track to less than 0.03% as opposed to the 0.35% figure for the multi-aperture
array alone. Again it should be remembered that the probability of the satellite
actually being outside the range of the acquisition antenna is much less than 0.03%.

The use of 2 radome would eliminate the wind errors and greatly ircrease
tracking performance. However, the exposed 4 element array has already been
shown to provide an acceptable tracking capability. The tracking reliability given
in Table 9-7 is based upon the worst case wind direction for'the antenna. The
actual tracking reliability can realistically be expected to be much higher than
indicated. However, the communication link reliability of Tables 9-3 and 9-4
are based upon precipitation conditions that can be confidently expected in the
Washington area. Therefore, based u;;on total system performance, the radome

should not be used for the TDRS ground antenna.
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ARRAY ELEMENTS: ACQUISITION ANTENNA

GAIN=64.7 db ARRAY GAIN=70db GAIN=56db
DIAMETER=45 FEET DIAMETER=17 FEET
o =0.013"rms

ACQUISITION

ANTENNA

Figure 9-10. Four Element Array on a Single Pedestal With Acquisition Antenna
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10 ECONOMIC CONSIDERATIONS

The TDRS ground station is a complex facility that requires a detailed cost
analysis. This Section limits itself to covering only the antenna costs and those
electronics that affect a tradeoff between antenna configurations. An economic
analysis of the two feasible antenna configurations is presented in this Section:

a single reflector antenna and a four element array on a common pedestal.

10.1 Single Reflector Anténna,

A cost model for large reflector antennas was constructed by Bell Telephone
Laboratories [1] recently, under contract to GSFC. The model for exposed re-~
flector antennas is given in Eq. 10-1. Structure, pedestal, drive and control costs

are included in this model.

$ = a, D~1/3 gD/4s (10-1)

«“
I

cost in dollars

D = antenna diameter in feet

a 6.7 x 10°

1
Eq. 10-1 was obtained by fitting a curve to three well known existing antenna
systems (Figure 10-1). All three antennas were built by the Rohr Corporation and
good surface tolerance information is available for each structure. BTL recom-
mends the use of Eq.10-1 for a range of antenna diameters from 10 to 250 feet.
In determining its cost model, BTL assumed that rms surface accuracy and

antenna diameter were related by the expression

o = 107537 p3/2 (10_2)
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) for exposed antennas. Figure 10-2 illustrates the BTL criterion as well as the

older JPL criterion [4]. The curve indicating the upper limit in the present

state of the art is taken from Figure 4-4 of this report. The maximum gain for

the o = 107*® D curve is 73 db. Based upon this current state of the art, the

surface tolerance assumed in Eq. 10-2 is inaccurate. The BTL cost model

(Eq. 10-1) was adjusted in light of the new surface tolerance relation by adding
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a quality factor to the expression. The quality factor relates an incremental
change in rms surface accuracy (o) to an incremental change in cost (A$).

This approach was first introduced by Stack [2] and is expressed as

o = — (10-3)

where

qQ
i

actual rms surface accuracy
o, = rms surface acecuracy from Eq. 10-2

- quality factor

b
1

Adjusting Eq. 10-1 in light of Eq. 10-3 we get a new cost expression [1] :

$ = a, D'1/3 (220D

where

a, = 6.7 x 103

a 2.22 x 10-2

2
The array on separate pedestals was discussed in Section 4.3 and shown to b
unacceptable since it can not provide the required bandwidth. This configuration
will, therefore, not be considered further in this Section.

The BTL study also developed a cost-diameter relation for antennas enclosed
by radome. After correcting for surface tolerance as with the exposed antenna

case, the cost relation is g‘iven by
§ = e(xD [a, DM3~a, pLes] + a, DL85

where

$ = costof antenng and radome, including pedgstal, drive and control equipment

10-4



a, = 6.7 x 10% -

a, =-1.28 x 102
Note that the quality factor (x) is-associated with the antenna portion only, sinée
it has no effect on radome costs. The cost of exposed and radome enclosed

antennas as a function of gain are given in Figure 7-1.

10.2 Array of Reflector Antennas

The gain requirement can also be achieved with an array of smaller aperture
antennas. The array elements can be mounted on separate pedestals or on a
common pedestal [3]. In either case the array elements are adaptively com-

bined and provide a total array gain of

Gy = Ggt+ 10 logl

Gy = total array gain

[o]
]

iz = array element gain

number of elements

2
]

In estimating the cost of an array on a common pedestal, the reflector, feed,
and backup structure are assumed to comprise 35% of the cost of a conventional
antenna system with the pedestal, drive and control equipment comprising the
remaining 65%. This cost division closely matches the costs o_f the 40' antenna
recently installed at the Goddard Network Test and Training Facility (NTTF).

Under this assumption, the cost of the array on a common pedestal is given by

$p = N(0.95'°%2Y) (0.35 §, + C;) + 0.65 §g
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$g = cost of a gain equivalent single reflector antenna from Eq. 10-4
$g = array element costs from Eq. 10-4
G, = front end costs = $80K

The term (0.95'°€2") is the learning factor of manufacturing N identical antennas.
This learning factor is commonly used in cost estimations of this type [1,4].
The 1.0 db receiver noise figure assumed for the system will require a front end

and refrigeration costing $80K per antenna.
10.3 Cost Effectiveness

The most attractive ground antenna configuration is the one that provides the
best performance per dollar cost. The performance criterion will be the total
antenna gain. System noise temperature is assumed identical for each configura-
tion. A comparison of the cost effectiveness of an exposed antenna and a radome
enclosed antenna is given in Figure 10-3. At the required 70 db gain, the radome
enclosed. antenna is much less cost effective and therefore undesirable. The
radome enclosed antenna system is also unatiractive under precipitation as dis-
cussed in Section 9.2 of this report.

The cost eifectiveness of the two feasible antenna configurations is presented
in Figure 10-4. At the required 70 db gain, the single antenna and the array of
four dishes on a common pedestal are about equally cost effective. The cost
effectiveness criterion used in the analysis was gain. Tracking capability, acqui-
sition and reliability did not contribute to the results. These considerations,
however, are important and must be considered along with cost effectiveness in
determining the optimum antenna configuration. The system performance of the

alternative configurations are discussed in Section 9 of this report.
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