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Foreword

Of the many technical considerations that go into realization of the large NASA-
JPL ground antennas of the Deep Space Network (recently redesignated the Inter-
Planetary Network), it is the critical microwave receive system performance that
often limits deep-space mission data return. Receive system performance is governed
by the ratio of gain to noise temperature (G/T), with gain (proportional to the
antenna effective collecting area) providing the received signal level; T refers to the
underlying noise level or noise temperature, a bandwidth-independent noise power
measure. Perhaps obvious, it is vital to maximize G, while minimizing T in such
high-performance receive systems.

Author Tom Y. Otoshi spent the major part of his more than 40-year career
at JPL analyzing, designing, and accurately evaluating many of the detailed elements
that comprise minimizing, then stating with known error confidence, the receive
system noise temperature. Otoshi remains one of those rare individuals with a
commanding presence in both theoretical and practical microwave matters and
metrology, as can be seen in his impressive bibliography.

In this volume the author first provides the introductory topics necessary and
convenient for reader overview. The author then discusses a variety of reflector
performance issues, including important detailed information on material conduc-
tivities, perforations, protective coatings, terrestrial weather effects, and the influ-
ence of the Earth’s Sun.

Throughout, the author provides highly useful information for microwave
engineers in many allied disciplines, including measurement and accuracy evalua-
tion strategies. In Chapters 4-6 the author continues with error analyses, tutorials
and in our considered opinion, a collection of highly useful formulae perhaps never
before collected in one compact document. Of especial note in Chapter 5, the author
presents for the first time known to us, a practical method for noise temperature
prediction of multiports, by use of S-parameters.

Practicing microwave engineers in many related fields will likely refer to this
carefully considered book, thereby earning it a convenient and permanent place
on their bookshelves.

Dan A. Bathker (JPL, Ret.)
Stephen D. Slobin, JPL
May 2008

Xi



Preface

The importance of minimizing noise temperatures in antenna systems has been
stated in the Foreword by Bathker and Slobin and will not be restated here. The
author assumes that the reader is somewhat familiar with the fundamentals of
noise temperature and knows that a basic antenna receiving system consists of an
antenna, the interconnecting network, the front-end low-noise amplifier, and the
follow-up receiver. The book starts by discussing the theory of antenna noise
temperature for a simple antenna, such as a horn or parabolic antenna, and how
to calculate noise contributions from the cosmic background, the galaxy (negligibly
small above 8 GHz), the atmosphere, ground, reflector spillover, and reflector
surface losses. The noise temperature of a beam waveguide antenna system is
described as well as the noise temperature of a dichroic plate installed in the system.
Subsequent chapters discuss the noise generated by microwave networks between
the receive horn and the front-end low-noise amplifier. This book does not cover
the theory of noise generated by the front-end low-noise amplifier or the follow-
up receiver. For this information, the reader can refer to books on these subjects.

This book aims to present selected topics related to noise temperature measure-
ments and analyses that the author has performed on deep space antennas and
microwave systems in the NASA/JPL Deep Space Network (DSN). Some materials
have been extracted from JPL or IEEE Publications while other materials in Section
1.1 and Chapter 5 are new and have not been previously published.

Highlights of the chapters in this book are described as follows: Chapter 1
covers introductory topics, including calculating antenna noise temperature as a
function of pointing angles from the sky at zenith to the horizon accounting for
ground absorption and reflection. Chapter 1 also describes two methods of
extracting atmospheric noise temperature at zenith from tipping curve measure-
ments. In addition, Chapter 1 discusses a unique method that was used for evaluat-
ing the performance of a new beam waveguide antenna system through the use of
portable test packages used to make measurements of system noise temperature
and gain at three of the beam waveguide antenna focal points. Chapter 2 provides
the theoretical and measured noise temperatures of reflector surfaces including
solid-, perforated-, painted- and wet-panels. Chapter 3 covers noise temperature
experiments, including: (1) the effects of different gain horns at the Cassegrain
focal point on antenna noise temperature, (2) the design of a transparent net
placed over the beam waveguide antenna opening to keep birds out, (3) various
experiments to lower the system noise temperature, and (4) an absorber sheet
method to measure the Sun’s noise temperature (10,000K) without saturating the
receiver. Chapter 4 describes some fundamentals of noise temperature and mismatch
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Preface

theory as applied to basic receive systems. Chapter 4 also presents tables of mis-
match error equations in terms of both reflection coefficient magnitudes and VSWRs
useful for determining the effects of mismatch on the calibration of system noise
temperature and antenna efficiency. In addition, Chapter 4 details equations for
determining the equivalent source temperature of cascaded mismatched networks
as well as the equivalent input noise temperature of cascaded mismatched networks.
Chapter 5 provides a network analysis method for determining the noise tempera-
ture of a multiport having two internal paths from source port to the output port
and in addition considers the case of two external noise sources connected to a
multiport. The author believes that an easy to understand presentation has been
offered for a methodology of using S-parameters to analyze noise generated by
multiport networks. All the material in Chapter S was previously published in an
internal JPL report in September 2004, but it was not available to engineers outside
of JPL. Finally, Chapter 6 provides useful and simple formulas for calculating the
noise temperatures of a solid metallic reflector surface, perforated plates, and wire
grids as functions of frequency, incidence angle, and polarization.

The author believes that this is the first book on noise temperature intended
for the practicing engineer in the field of developing low-noise large microwave
antennas for deep-space communication. The author hopes that the material in
this book is a good mix of background theory and practical examples that will
allow the reader to learn in a short time what the author learned over 43 years at
JPL: a comprehensive understanding of the noise generated by the antenna and
the environment and microwave networks and receivers following the feed. Mis-
match error analyses are a subject generally avoided. This book, however, presents
a table of useful mismatch error equations in terms of both reflection coefficient
magnitudes and VSWRs.

The extensive list of personnel who contributed in various ways to make this
book possible are recognized in the Acknowledgments.

The author takes sole responsibility for the accuracy of any new material that
has not been previously published in JPL Progress Report or IEEE articles.
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Introductory Topics

1.1 Antenna Noise Temperature as Functions of Pointing Angles

1.1.1 Zenith Formula

For the spherical coordinate system shown in Figure 1.1, the antenna noise tempera-
ture equation that accounts for cross-polarization is given in [1] as

2

H (0, &) Toe (6, &) + Px(6, &) The(6, #)] sin 60 dgb
00

T = — (1.1)

jf (6, @) + P,(6, )] sin 8dOdd
0 0

where P.(6, ¢) and P, (6, ¢), respectively, are the power per unit solid angles for
the copolarized and cross-polarized fields. The symbols Ty, and Ty, are the bright-
ness temperatures for the copolarized and cross-polarized directions, respectively.
Although Ty, and Ty, are generally the same for the sky region, they are not
necessarily the same for the ground region because of ground reflection coefficient
dependence on polarization.

If the cross-polarized fields are small relative to the copolarized fields, the
equation reduces to the familiar equation,

27
JP (6, d)Ty(6, @) sin 8 dd do
0

I
O ~— 3

2
JP (0, @) sin 0dep do
0

o3

where

P (6, ¢) = power per unit solid angle for the copolarized fields in the
0, ¢ direction.

Ty (0, @) = brightness temperature for the copolarized fields, K



Introductory Topics
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Figure 1.1 The (R, 6, ¢) spherical coordinate system.

Since the denominator of (1.2) is the total radiated power Pr, and the antenna
gain G (6, ¢) in any direction is [2]

_ . P(6, ¢)
G (6, ¢)_47T“PT (1.3)

substitution into (1.2) gives another familiar expression of

T 27
T,F%ffc(e, B) Ty (6, ¢) sin 0 de do (1.4)
00

Ludwig [3] pointed out that the total power pattern of an antenna or horn
with complete physical circular symmetry can be described in terms of two selected
patterns. For a linearly polarized antenna, the two required patterns are the E- and
H-plane patterns. For an RCP antenna, the two required patterns are the receive
patterns taken with the illuminator, illuminating first in RCP and then in LCP.
For an LCP antenna, the two required patterns are LCP and RCP.

The following discussion presents a derivation of the equations for antenna
noise temperature of a linearly polarized and circularly symmetric antenna in terms
of E- and H-plane patterns. The case for a circularly polarized antenna is not
analyzed here, but by expanding the analysis to take into account the 90-degree
phase difference between E- and H-plane patterns for the CP case, the derivation
to follow can be used for an RCP or LCP antenna.



1.1

Antenna Noise Temperature as Functions of Pointing Angles 3

Following the analysis given by Ludwig in [3], let Eq(R, ¢, #) represent the
far-field electric field pattern of any antenna located at the origin of the spherical
coordinate system (R, ¢, 8), as shown in Figure 1.1. R is defined as the distance
of E¢ from the origin; ¢ is the azimuthal angle in radians; 6 is the polar angle in
radians; and ag, ag4, ag are the associated unit vectors.

For this analysis, assume that the antenna has complete physical circular symme-
try and is excited by the dominant or any m = 1 cylindrical mode. The modes of
a cylindrical waveguide are given in terms of TE,,,,, and TM,,,,,. For a more general
expression of the far-field expansion, refer to discussions on spherical wave func-
tions given by Ludwig in [4, 5]. Then

a —jkR

Eo(R, ¢, 0) = —x—[A1(0) sin dag+ B1() cos pay] (1.5)

where

_27
T A

A1(8) =]A1(6)]e’
B1(6) = |B1(6)|e’

K
ej®A1(0)

g (0)

The subscript 1 is used to identify the m = 1 cylindrical mode. The terms
|A1(6)], |B1(6)], @4, (0), and ®p (#) will be defined in the following: Note that

if =0, (1.5) becomes

and

|B1(6)]

IEo(R, 0, 6)] = —%

(1.7)

A study of (1.6) and Figure 1.1 will reveal that |B1(8)|/R is the H-plane
amplitude pattern measured as a function of € at a distance R from the origin.
The term ®p, () in (1.6) is the H-plane phase pattern. If ¢ = 7/2, (1.5) becomes

|A1(0)|e~j[KR—¢A,(0)J

Eo(R, m/2, 0) =%

ay (18)

Then

|A1(0)]

[Eo(R, 12, 6)] =%




