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Foreword

The Deep Space Communications and Navigation Systems Center of
Excellence (DESCANSO) was recently established for the National Aeronau-
tics and Space Administration (NASA) at the California Institute of Technol-
ogy’s Jet Propulsion Laboratory (JPL). DESCANSO is chartered to harness
and promote excellence and innovation to meet the communications and navi-
gation needs of future deep-space exploration.

DESCANSO’s vision is to achieve continuous communications and precise
navigation—any time, anywhere. In support of that vison, DESCANSO aims
to seek out and advocate new concepts, systems, and technologies; foster key
scientific and technical talents; and sponsor seminars, workshops, and sympo-
siato facilitate interaction and idea exchange.

The Deep Space Communications and Navigation Series, authored by sci-
entists and engineers with many years of experience in their respective fields,
lays a foundation for innovation by communicating state-of-the-art knowledge
in key technologies. The series also captures fundamental principles and prac-
tices developed during decades of deep-space exploration at JPL. In addition, it
celebrates successes and imparts lessons learned. Finally, the series will serve
to guide a new generation of scientists and engineers.

Joseph H. Yuen
DESCANSO L eader
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Preface

Large Antennas of the Deep Space Network traces the development of the
antennas of NASA’'s Deep Space Network (DSN) from the network’s inception
in 1958 to the present. This monograph deas primarily with the radio-fre-
guency design and performance of the DSN antennas and associated front-end
equipment. It describes all the new designs and technological innovationsintro-
duced throughout the evolution of the DSN. There is aso a thorough treatment
of all the anaytical and measurement techniques used in design and perfor-
mance assessment.

This monograph is meant to serve as an introduction to newcomers in the
field aswell as areference for the advanced practitioner. The technical termsin
the text assume that the reader is familiar with basic engineering and mathe-
matical concepts aswell as material typically found in a senior-level coursein
electromagnetics.

Portions of this monograph (in Chapters 2 through 6) were originaly writ-
ten in 1990 to be a chapter in a proposed update to Joseph H. Yuen's book,
Deep Space Telecommunications Systems Engineering (published in 1983 by
Plenum Press). However, the update was never completed, and some of the
material was subsequently published elsewhere. After the formation at the Jet
Propulsion Laboratory (JPL) of the Deep-Space Communications and Naviga
tion Systems Center of Excellence, a decision was made to publish a mono-
graph series to capture the fundamental principles and practices developed
during decades of deep-space exploration at JPL. Since the many technological
innovations implemented in the DSN antennas helped make significant
improvements in deep-space telecommunications over the decades, there was a
real desire to capture these contributionsin a comprehensive reference.

Xiii



Xiv

Chapters 2 through 6 originally covered the antennas that existed in the
DSN prior to 1990. These chapters have been updated to include additions
since 1990, such as X-band uplink and Ka-band downlink on the 70-meter
antenna. Chapters 7 through 9 cover the beam-waveguide antennas that were
introduced during the 1990s. Chapter 10 discusses possible future directions for
the DSN. Chapter 1, the last to be written, presents the mathematical principles
used to design and analyze all the antennas. Chapter 1 also includes a section
on the design of beam-waveguide antennas as well as the measurement tech-
niques used to assess antenna performance

The content of this monograph has been drawn primarily from the work of
JPL colleagues, past and present, who have supported the development of the
DSN antennas. In many cases, the text merely serves as a summary, the com-
plete story being told by in the works referenced at the end of each chapter.

William A. Imbriale
February 2002
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Chapter 1
Introduction

The U.S. National Aeronautics and Space Administration (NASA) Deep
Space Network (DSN) is the largest and most sensitive scientific telecommuni-
cations and radio navigation network in the world. Its principal responsibilities
are to support radio and radar astronomy observations in the exploration of the
solar system and the universe. The network consists of three deep-space com-
munications complexes (DSCCs), which are located on three continents. at
Goldstone, in Southern California’'s Mojave Desert; near Madrid, Spain; and
near Canberra, Australia. Each of the three complexes consists of multiple
deep-space stations equipped with ultrasensitive receiving systems and large
parabolic dish antennas. At each complex, there are multiple 34-m-diameter
antennas, one 26-m antenna, one 11-m antenna, and one 70-m antenna. A cen-
tralized signal processing center (SPC) remotely controls the 34- and 70-m
antennas, generates and transmits spacecraft commands, and receives and pro-
cesses spacecraft telemetry.

The main features of the complex are the large parabolic dish antennas and
their support structures. Although their diameters and mountings differ, all
antennas employ a Cassegrain-type feed system that is essentially the same as
that of a Cassegrain telescope, used in optical astronomy. Each antenna dish
surface is constructed of precision-shaped perforated a uminum panels of spec-
ified surface accuracy, secured to an open steel framework.

This monograph details the evolution of the large parabolic dish antennas
from the initial 26-m operation at L-band (960 MHz) in 1958 through the
present Ka-band (32-GHz) operation on the 70-m antenna and provides arather
compl ete history of the DSN antennas. Design, performance analysis, and mea
surement techniques are highlighted. Sufficient information is provided to
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allow the sophisticated antenna professional to replicate the radio frequency
optics designs.

Thefirst DSN antenna began operating in November 1958 and was initialy
used to support Pioneers 3 and 4. The antenna site was subsequently named the
Pioneer Deep Space Station. It began operation with a focal-point feed system
but was quickly converted to a Cassegrain configuration, which remained until
the antenna was decommissioned in 1981. In 1985, the U.S. National Park Ser-
vice declared the site a national historic landmark.

The present Echo antenna, originaly 26 m in diameter, was erected in late
1962 and was extended to 34 m in 1979. Both the Pioneer and Echo antennas
were patterned after radio-astronomy antennas then in use at the Carnegie Insti-
tution of Washington (D.C.) and the University of Michigan. The main features
borrowed from the radio-astronomy antenna design were the mount and the
celestial-coordinate pointing system.

The Venus site began operation in 1962 as the Deep Space Network
research and development (R&D) station and has remained the primary R&D
site for DSN antennas. Almost all technological innovations in DSN antennas
have first been tested at this site. The original 26-m antenna was equipped with
an azimuth—elevation-type mount that could operate at 2 deg/s in azimuth and
elevation. This antennais no longer in use, replaced in 1990 by the first beam-
waveguide (BWG) antenna.

Thefirst 64-m antenna was completed in 1966 and was a physical scale-up
of the 26-m antenna. Initial operation was at S-band (2.110-2.120 GHz trans-
mit and 2.27-2.30 GHz receive). In 1968, an X-band feed cone was installed. A
feed cone is a sheet-metal conical shell that houses the feed horn, low-noise
amplifiers, and ancillary equipment. As the need developed for changing feed
cones rapidly, the standard feed-cone support structure was replaced with a
structure capable of supporting three fixed feed cones. In addition, the subre-
flector was modified to permit rapid changing of feed cones by rotating an
asymmetrically truncated subreflector about its symmetric axis and pointing it
toward the feed. Simultaneous multifrequency was provided by a reflex—dich-
roic feed system. In support of the NASA Voyager spacecraft encounter at Nep-
tune in 1989, additional performance was realized by increasing the size of the
antenna to 70 m, using dual-shaped optics, and improving the main-reflector
surface accuracy through the use of high-precision panels. During the 1990s,
the potential use of Ka-band on the 70-m antenna was demonstrated through
R&D experiments, and in June 2000, X-band (7.145-7.190 GHz) uplink capa-
bility was added.

In 1982, a new design for a 34-m antenna with a common-aperture feed
horn as well as dual-shaped optics designed for optimum gain over noise tem-
perature (G/T) was introduced into the DSN and designated the high-efficiency
(HEF) antenna. There is now one HEF at every DSCC.
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Early in 1990, a new R& D antenna was fabricated and tested as a precursor
to introducing BWG antennas and Ka-band frequenciesinto the DSN. The R& D
antenna was initially designed for X- and Kabands but was subsequently
upgraded to include S-band. Based upon the knowledge gained with this
antenna, operational BWG antennas were included in the network. There are
three 34-m BWG antennas at Goldstone, one in Spain, and one in Australia,
with one under construction (as of 2002) in Spain and a second planned for
Australia.

Also in the 1990s, two BWG antennas capable of supporting X-band high
power were built and tested. As they were only a technology demonstration,
their original design was never introduced into the network. Rather, one of the
two was retrofitted for S-band support and is still in use in that capacity.

This monograph will trace the history of DSN large-antenna technology
through the development and implementation of the antennas at the Goldstone
complex, since, with the exception of the 64-to-70-m upgrade, the technol ogy
improvements were first introduced there. Chapter 1 presents the methods of
analysis, with supporting mathematical details, and measurement and design
techniques for reflector antennas. Chapters 2 through 9 cover each type of
antenna, and Chapter 10 explores current thinking.

1.1 Technology Drivers

The prime mission of the DSN is to receive extremely weak signals over
vast interplanetary distances. A key element of the telecommunications-link per-
formance is the received power signal-to-noise ratio (SNR), which is given by

S/N =~ PrGrGr _ AnPr Ar A
4nR*N  A?RPKBT,

(11-1)

P; = spacecraft transmit power

Gy = transmit gain

Ggr = receivegain

R = distanceto the spacecraft

N = total noise

Ar = theeffective areaof the transmit (spacecraft) antenna
Ag = theeffective areas of the receive ground antennas

T, = receive system-noise temperature

A = wavelength
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k Boltzman's constant
B bandwidth.

To do its part effectively, the ground antenna system must maximize the
ratio of received signal to the receiving system noise power, which is measured
by an antenna figure of merit (FM), defined as the ratio of antenna effective
area (or equivalently gain) to system-noise temperature.

The receive temperature consists primarily of the antenna feed system and
amplifier contributions. For ng the antenna FM, it isdesirable to draw an
imaginary reference plane between the receiver system and the antenna system,
thus placing all noise contributions in one of these categories. If the receiver
contribution (including the feed-system losses) is given by Tk and the antenna
noise contribution by Ty, then the FM will be given by

Gr
Tr+Tx

FM =

(11-2)

It can be readily seen that the antenna noise-temperature properties are very
significant contributors to the FM, especially for the cases of low receiver
noise-temperature systems. Also, the significant effect of total system-noise
temperature on the FM is apparent. Thus, to maximize the FM for a given
antenna size and frequency of operation, it is necessary to both maximize the
antenna gain and minimize the total system-noise temperature. Since the indi-
vidual contributions to noise temperature are additive and essentially indepen-
dent of each other, it is necessary to individually minimize each contribution. If
any one of the noise contributions is large, minimizing the others only margin-
aly improves the FM. However, by using cryogenic amplifiers, the receiver
noise-temperature contribution can be small (aslow as 2 to 3K for the highest-
performing masers), and it then becomes imperative to minimize both the
antenna and feed-system contributions. For ambient conditions, it should be
noted that feed-system losses contribute to noise temperature at the rate of 7 K
per 0.1-dB loss.

Techniques for maximizing the antenna gain and aperture efficiency of
reflector antennas involve control of the illumination function. By definition, a
feed system, which uniformly illuminates the antenna aperture with the proper
polarization and has no spillover energy or other losses, possesses 100 percent
aperture efficiency. In practice, however, some spillover is present due to the
finite size of the feed illuminating a single reflector system or the subreflector
illuminating the main reflector of adual reflector system. One key result of this
spillover is a thermal-noise contribution from the physically hot ground.
Clearly, then, an ideal feed system has avery rapid energy cutoff at the reflector
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edge, thereby maintaining relatively uniform reflector illumination while at the
same time minimizing spillover energy.

Many design principles for large reflector antennas are borrowed from
those successfully used in designing optical telescopes. For example, the
earliest antenna design used a two-reflector Cassegrain system in which the
main reflector was a paraboloid and the subreflector a hyperboloid. Subsequent
designs incorporated dual-shaped optics, which offer higher efficiency for the
same-size aperture. Although not as yet used in the DSN (as of 2002), clear-
aperture designs (in which the radiating aperture is not blocked by either the
subreflector or subreflector supports) offer the potential for even higher
efficiencies.

Surface accuracy is also an important parameter in determining effective
aperture area, as is demonstrated in Fig. 1-1, which plots the reduction in gain
Versus root-mean-square (rms) surface error. It demonstrates that the rms sur-
face error must be an extremely small fraction of the reflector diameter.

Surface errors fal into two main categories. (@) time-invariant panel
mechanical manufacturing errors and panel-setting errors at the rigging angle
and (b) time-varying errors induced by gravity, wind, and thermal effects.
Improvements in panel manufacturing and in panel setting using microwave
holography have left gravity distortions as a function of elevation angles as the
major error source in DSN antennas for higher-frequency operation.

0 < -I
e T ]
\S-Band
B (2.3 GHz) 7]
\
\
o
g Ll ' X-Band ]
: \ e (8.4 GHz)
2]
2 \
a \\
§ -3r \ |
] Ka-Band
\\/ (32 GHz)
4 \‘ |
\
\
\
\
-5 ! — l I l

0 0.5 1 1.5 2 25 3 3.5 4 45 5
Reflector Surface Error (mm rms)

Fig. 1-1. Gain loss due to reflector surface error.
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1.1.1 Frequency Bands Allocated to the Deep Space Network

Frequency ranges have been alocated by the International Telecommuni-
cation Union (ITU) for use in deep-space and near-Earth research. These
ranges are listed in Table 1-1.

Table 1-1. Allocated frequency bands (GHz).

Deep-Space Bands Near-Earth Bands
for Spacecraft Farther Than for Spacecraft Closer Than
Band 2 Million km from Earth 2 Million km from Earth
Uplink@ Downlink? Uplinka Downlink?

S 2.110-2.120 2.290-2.300 2.025-2.110 2.200-2.290

X 7.145-7.190 8.400-8.450 7.190-7.235 8.450-8.500

Ka 34.200-34.700 31.800-32.300  Not applicable  Not applicable
2Earth to space.
b Space to Earth.

1.2 Analysis Techniques for Designing Reflector
Antennas

Reflector antennas have existed since the days of Heinrich Hertz. They are
one of the best solutions to requirements for cost-effective, high-dB/kg, high-
performance antenna systems.

For alarge ground antenna, it is not feasible to build ascale model to verify
a new design. Hence, extremely accurate design-analysis tools are required.
Fortunately, physical optics (PO) provides the required performance-estimate
accuracy. All of the DSN antennas were designed and analyzed using PO, and
the measured performance is within afew percent of the calculated values.

In addition to PO, many other techniques are required to completely design
and characterize an antenna system. For example, accurate programs to design
and analyze the feed horn and transform far-field patterns to near-field patterns
for use in the PO analysis are essential. Programs to determine the reflector
shape for maximum gain, or G/T, are also used. And quasioptical techniques
such as geometric optics (GO), Gaussian-beam analysis, and or ray tracing are
useful for a quick characterization of BWG systems. Tools to design and ana
lyze frequency-selective surfaces are needed for use in multifrequency systems.
And since the FM for these antennas is G/T, accurate programs to predict noise
performance are required.

The basic mathematical details of each of these techniques are given in this
section, with examples of their use sprinkled throughout this monograph.
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1.2.1 Radiation-Pattern Analysis

By far the most important analytical tool is physical optics, which is used
to calculate the scattered field from ametallic reflecting surface—in this case, a
reflector antenna. Electric currents, which excite the scattered field, are induced
on the conducting surface by an incident wave assumed to be of a known
amplitude, phase, and polarization everywhere in space (from a feed or other
reflecting surface, for example). The PO approximations to the induced surface
currents are valid when the reflector is smooth and the transverse dimensions
are large in terms of wavelengths. The closed reflecting surface is divided into
aregion S;, which is illuminated by direct rays from the source (“illuminated
region”) and a region S,, which is geometrically shadowed (“shadowed
region”) from direct rays from the source (Fig. 1-2). The PO approximations
for the induced surface current distribution are

Js= 2(NxHjpc) ONS
Js=0 on's, (1.2-3)

where N isthe surface normal and H;,,. the incident field. The expressions are
then inserted into the radiation integral [1] to compute the scattered field.

Rusch and Potter [2] provide a good introduction to the early techniques
used for analyzing DSN reflector antennas. More recently, due primarily to the
orders-of-magnitude improvements in computer speed and memory, avery sim-
ple but extremely robust algorithm has emerged as the computer program of
choice for computing the PO radiation integral. Its initia limitation to small
reflectors was primarily due to the speed and memory limitations of the then-
existing computers. The algorithm is documented in [3] and [4], but because of
its extreme importance and to provide afairly complete reference, it is repeated
here.

One of the smplest possible reflector-antenna computer programs is based
on a discrete approximation of the radiation integral. This calculation replaces
the actual reflector surface with a triangular facet representation so that the

(@ (b)

E; + E; E (approximation)
n

Incident Wave
—_—

S,

S

Fig. 1-2. The physical optics approximation: (a) original problem and
(b) approximation.
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reflector resembles a geodesic dome. The PO current is assumed to be constant
in magnitude and phase over each facet, so the radiation integral is reduced to a
simple summation. This program was originally developed in 1970 and has
proven to be surprisingly robust and useful for the analysis of reflectors, partic-
ularly when the near field is desired and the surface derivatives are not known.

Two improvements significantly enhanced the usefulness of the computer
programs: the first was the orders-of-magnitude increase, over time, in com-
puter speed and memory and the second was the devel opment of a more sophis-
ticated approximation of the PO surface current, which permitted the use of
larger facets. The latter improvement is due to the use of alinear-phase approx-
imation of the surface current. Within each triangular region, the resulting inte-
gral isthe 2-D Fourier transform of the projected triangle. This triangul ar-shape
function integral can be computed in closed form. The complete PO integral is
then a summation of these transforms.

1.2.1.1 Mathematical Details. The PO radiation integral over the reflector
surface, ¥, can be expressed as [5]

1 . 1\ A e iR
H(r) = e J.Z(Jk + EJR x J(r') = ds (1.2-2)
in which
r = thefield point
r’' = source point
R = |r —r'| isthe distance between them
R = (r —r")/Risaunit vector
J(r")= the surface current
A = wavelength
k = 2n/\.

For the purpose of analysis, the true surface, X, is replaced by a contiguous
set of triangular facets. These facets, denoted A;, are chosen to be roughly equal
in size with their vertices on the surface, X. Fig. 1-3 shows a typical facet and
its projection onto the x, y plane. Let (X;, y;, ) represent the centroid of each tri-
angle where the subscript i = 1, -, N is associated with a triangle. Then, the
field obtained by replacing the true surface, Z, by the triangular facet approxi-

mationis
N .
1 . 1) - g IR
H(r) = —— k + =—|R x J(r)——ds ]
O=-2 I[J +R} a0 (12:3)

i=1 A
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Field Point
P(x,y,2)

Surface, ¥ r

d N
/ \
/
/ \
1 \
1 \
I |
z = |
I

At VAN

4 b's
Triangular Projected
Facet A; Facet A’
Source Point Feed Point

Fig. 1-3. Reflector-analysis coordinate systems and
atypical triangular facet.

In Eq. (1.2-3), J is now the equivalent surface current evaluated on the tri-
angular facets. Since the triangles are small, it is expected that R and R do not
vary appreciably over the area of agiven facet. Thus, let R; and R, be the value
obtained at the centroid (X, V;, z) of each facet and approximate Eq. (1.2-3) by

N
H) =~ Z{jmaﬁzi < Ti() (1.2-4)
T.(r) = L_ 3.(r) e_j_kR ds (12-5)

Assume that the necessary transformations have been performed so that the
incident field, Hg isgiven in terms of the reflector coordinate system. Then

J(r') = 2f; x Hy(r" (1.2-6)

Next, assume that the incident field can be represented by a function of the

form ke,
= V& X
Hs = hyr}) dnry (1.2-7)
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wherergisthe distance to the source point and ry is the distance from the trian-
gle centroid to the source point. Then, Eq. (1.2-5) can be written

I::‘i X hs(ri)

g k(Rets)gg (1.2-8)
ZER I‘Si Aj

Ti(r) =
Making use of the Jacobian and approximating

R(XY) + rs(x,y) = %(en X - vy) (12:9)

in which a;, u;, and v; are constants, the expression can be rewritten as

Ti (r) _ ni X hs(ri) JA-e_jai J.ej(UiX'+V|y')dxrdyr (12_10)
27[Ri I‘Si ! Aj

where the surface normal to the surface z= f(x,y) is

Ni = _5\(in - yfyi + 2 (12'11)

where f, = g—f( and the Jacobian is
12

3y = N =[R2 w2+ g (1.2-12)

It may now be observed that this integral isthe 2-D Fourier transform of the ith
projected triangle Aj, expressed as

S(u,v) = IeJ'(”X’ W) dx'dy’ (1.2-13)
Aj

which can be computed in closed form as described in [6]. The full radiation

integral isthen the sum of all the transforms of the individual triangles.

1.2.1.2 Application to Dual-Reflector Antennas. The PO integration meth-
odology is incorporated in a sequential fashion for the analysis of the dual-
reflector antenna system. Initially, the feed illuminates the subreflector, and the
currents on the subreflector surface are determined. Subsequently, the near
fields scattered from the subreflector are used to illuminate the main reflector,
and itsinduced currents are determined. The main reflector scattered fields are
then determined by integrating these currents.
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Many coordinate systems are required to allow flexibility in locating and
orienting the feed, subreflector, main reflector, and output-pattern generation.
The relation among the various coordinate systemsis depicted in Fig. 1-4.

1.2.1.3 Useful Coordinate Transformations. Inthediscussion of the preced-
ing sections (1.2.1 and 1.2.1.2), the analysisis performed using two distinct coor-
dinate systems:. reflector and feed coordinates. In 