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PREFACE

This rveport is one in a series of four that have been published
by the Jet Propulaion Laboratory to describe the capabilitics of the Deep
Space Network as of the early 1980s. The others are!

1) The Deep Space Netwerk == An Instrument for Radio Science
Research (JPL Publication 80-93)

2) Thé Deep Space Network == An Instrumént £or Radio Astronomy
(JPL Publication 82-68)

3) The lDeep Space Network ==~ An Ianstrument for Radio Navigation
of Deep Space Probes (JPL Publication 82~102)

Those developments of the various elements that compose a Deep
Space Communications Station and that have made it possible to increase
communication capability from space to earth by a factor of 100 it the last
ten years are presefiteds This rémarkable performance increase 18 due in
large part to a vigorous and imaginative research and technology development
activity sponsored by the NASA Office of Space Tracking and Data Systems at
the Jét Propulsion Laboratory.

Although the Network operates in the microwave region of the
electromagnetic spectrum wherein the effects of the media between the spacé-
craft and Earth operating at distances to the edge of the Solar System are
minimal, considerable research and development has been accomplished in
understanding the effects of the atmosphere and charged particles of the
ionosphere and interplanetary regiouns on the radio links.

iii

T S AT




(Y]

ACKNOWLEDGMENT

R. C, Clauss, M, Koerner, and B, Buckles provided technical contributions.

M. 8. Tucker, B. A. White, and B. F. Larkin shared in the typing. D. Maple
provided editorial assistance.

iv




CONTENTS

Io INTRODUCTION L2 Y T A 2 I DY T DY Y Y R T Y T TR B 1“1
by No. A. Renzettl and C. T. Stelzried

A, PULPOBE ¢ 4 ¢ o ¢ ¢ o ¢ ¢ 0 ¢ 0 0 0 ¢ o s 1-1 : 4
B, History 0 9 0 % 6 8 6 8 6 0 0 0 0 0 e e 1-1 ! Q
C. OVerview o « o o ¢ o o o ¢ ¢ 9 6 0 0 ¢ o o 1=2

References « ¢ o o o o o ¢ ¢ o o o ® ¢ 6 o 0 o o 1=4

II. THE SYSTEM VIEW e 6 ¢ 6 0 3 6 o 4 2 4 5 s 0 o 0 2‘1
by G. K. Noreen and C. T. Stelzried

. ? A Introduction o « o o« o o o * ¢ o 0 0 o o 2=-1 :

i£ﬂé B, spacecraft/Eattthink AnaIYSis * 2 0 o 0 o 2~1 é

T H bt
i C. The Deep Space Network o o o o o o 4 o o & 2-7

3 D. Voyager: Communinatifnig to Saturfi . . o . 2-13

References o+ o o« o o o o o o * o o 0 o o o 2~14

o
[ ]
L J
*

By, < 13 T N SRRV N R S

I1I. ANTENNAS @ 5 & 0 5 0 5 6 0 0 0 0 0 s 0 0 0 0 9 o 3“1 &
by S. D. Slobin

A, IntrOductiOn 6 6 6 8 0 6 0 6 4 6 06 0 0 s o 3-] ?
B. Antenna Fundamentals and History « « « « o 3~-1
C.  Antenna Operations and Characteristics . .  3-6 A

D. Future Development « « ¢ o o ¢ 0.0 o o o o 3-7

References « o« o o o s o o o ® & 6 & o 8 & s o 3-10
f
IVO LOW NOISE AMPLIFIERS s &6 6 8 & & & 5 0 s o o 0 @ 4‘1 ;f :;
by 8. M. Petty and D. L. Trowbridge i
A, Introduction o« o ¢ o o ¢ o o o o o 0 ¢ & o 4=1 b
B, History L RN EE 4=2 a

C. Present (1982) MaBEr8 o« o o o o ¢ o o o o 4~10




*y 17

CONTENTS (cont*d)
' D. Maser Design Principles o ¢ o o o o ¢ o o 4-11 ﬁ
?i E. Future Low Noilse Amplifiers .+« « ¢« o ¢ o o 4~-13 »
iii F. Concluslon o o o o o o o o o o ¢ 0 0 o o o 4-16 ﬁ
F ? Roferences o o o o o o o o o 0 o 0 ¢ 0 0 0 0 o s 4=17

Ve RECEIVERS S 6 0 0 0 & 0 0 6 b 6 6 0 2 6 0 0 o @ 5-1
by H. Donnelly

A, Introduction o« o ¢ ¢ o o o o o ¢ o ¢ o o o 5-1
‘%g B. HIBLOTY o o ¢ o 4 4 o o o o o o s o s o s 53
] Co  Present SLALUS + o o v o s o o o s s o o s 58
:ﬁi D. Theory and Desigh o o 4 o o o ¢ o o o o & 5-9 ”E :
?% E. Performance .« o« o o o o o o ¢ o ¢ o o o o 5-13
i; F. Future o« o o o o ¢ o o o 6 o 6 6 6 6 ¢ 0 @ 5-13
| References o« o« o o o o o o o ¢ o 2 o o ¢ o ¢ o o 5-16

VI. TELEMETRY MODULATION AND CODING e & & o o s o o 6'1 .
by P. W6 Kinman ?

A. Introduction + « « & e o o 6 6 o 6 0 s e o 6~1
Be Modulation « ¢« o ¢ o & e & o o o s+ s 0o s o 6-1
C. Wding ¢ & ¢ b 6 ¢ 8 6 4 6 s 6 s 8 0 e s 0 6~5

References « o« o« o « o ¢ o o 4 4 6 0 6 s s s s @ 6-7

VII * PLASMA EFFECTS L) ¢ & o ¢ & & & & 0 ¢ ¢ o o s o 7-1

by J. W. Armstrong 1
\
A, Introduction « + + 6 o 6 o 6 6 0 s s 0 7=1 i
B. Charged Particle Influence on Radio ?
Wave Propagatiou ® o & 6 o 0 6 8 4 o o o 7-1 gN
A
c. Communications Link Effects ¢ & o o o s @ 7-6 ﬁ
References « o« o+ o« o o o o o o ¢ ¢ s o o * s s 0 7-10 ﬁ
i
;
vi




CONTENTS (cont‘d)

VIII. ATMOSPHERIC EFFECTS o o 4 o ¢ ¢ o o o ¢ o o o o 8-l .
by C. T. itelzried and 8, D. Slobin

A, Introduction . + 0 ¢ 5 o 0 0 8 0 ¢ 0 s -1

oo
!
—

B, TROOTY o ¢ o o o o o ¢ 6 4 o0 o 0 o ¢ s o
C. Characterization « o o o ¢ o o o o 6 ¢ o o 8-3
D. Communications Link Perférmanceé .+ « o o o 8=5
E. Measurement of Atmospheric Lo8s .+ + o+ o & 8-7
References « o o 4 o« o o o o o ¢ o ¢ o o 0 o o o 8-9 {

Ix . COmAND [) L[] ¢ L] . L] L] [ ] L[] E] L] ¢ . () . [ ] [ ] [ ) [ ] [ ] 9.' 1
by N. A. Burow and M. K. Tam

A, Introduction « o o o o o & ¢ s o o o 0 s o 9-1
B, Multimission Command System + o o o o o & 9-1 . f
C. Deep Space Network Command System : ?

Capabilities ® 6 8 6 6 5 6 8 o o 0 & o o 9-~3

D. Spacecraft Command System Capabilities
and Performance e & 6 o 0 06 o 0 0 o s 0 @ 9-5

E. Command Channel Design Control . . o « o & 9-12
Referenées 6 6 & & 6 4 8 & & 6 8 6 5 6 6 & s o 9‘16
Xo  NEW DIRECTIONS: 19822000 « o o o o o o o o o o  10-1 i;

by N. A. Renzetti, J. W. Layland, C. T. Stelzried,
and A, L. Berman |

I SRR

i

A, Network Objectives ® 4 o 6 5 0 6 6 0 0 e @ 10-1

B. New Requ1tement8 ® 6 6 8 o ¢ 8 & s 4 e s @ 10-2
C. Future Plans . ® & 8 & % 8 8 & 6 8 6 8 o 8 10-5

D. Voyager: Communicating to Uranus and
Neptune L I T R S S S S S S S 10-7

References , 8 6 4 6 8 4 6 & 2 s 8 6 8 8 s 4+ e 10-10 ¢

vii é




e ok

e e s oy o

e e

ABSTRACT

The Decp Space Notwork Ls the Natifonal Aeronautics and fpace Admine
istration (NASA) telccommunications Instrument for decp space oxploration,
Commuriications arc grovided betwadén epacoecraft and the various Notwork ground
facilities. The uplink communicatlons channel provides inatructions or com=
mands t6 the spacecraft. The downlink communications channel provides command
verification and spatecraft engineering and science instrument payload data.

The Network evolved from the Microlock tracking and data acquisition
system developed by JPL 1in suppert of the flight of the first U.8., carth
orbiter, Explorer I, in 1958, 1In the last decade, dpacécraft tracked by the
Network have encountered all but the three outermost planets of our solar
system. In the latter half of this decade, the Network will face the very
exciting and exceedingly challenging task of supporting the Voyager 2 space-
craft as it flies by Uranus (1986) and Neptune (1989).

The Network consists of a sophisticated tracking network incorporating
state-of-the-art large antennas, ultra-low-noise amplifiers, precision phase~
lockad receivers, transmitting equipment and telemetry ervor-correction
systems. This report presents the history, theory, and implementation of each
of these separate systems. Particularly emphasized is the history and theory
of system performance in terms of the telemetry data rate and receiving system
figure of merit. In additionm, anticipated future Netw.:k capabilities are
discussed. This includes arraying techniques with other very large non-NASA
radio telescopes as necessary to support the Voyager Uranus and Neptune
encounters, and the upgrade to X-band uplink and Kh-band telecommunications,
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T. TINTRODUCTION
N. A, Rangetti and C. T, Stelzried

A.  PURPOSE

The primary purposd of the Daep Spacc Notwoerk (DSN) is to serve as a com-
munications instrument £or deep space cxploration, It provides c¢ommunications
batween the spacccraft and the ground facilities. The uplink communications
channel provides instructions or commands to the spacecraft. The downlink
communications channel provides command verification and spacecraft engl-
neering and sciende instrument payload data (Refs. 1-1, 2 and 3).

B. HISTORY

The Network is a continuously evolving facility (Ref. 1=4). It grew out
of the Microlock tracking and data acquisition system developed by JPL in
support of the flight of the first U.S. earth orbiter, Explorer I, in 1958
(Ref. 1-5), This system was inadequate for communicating at lunar and plane-
tary ranges and was supplanted by the TRAC(E) (Tracking and Comiunication,
Extraterrestrial) receiving system later that year (Raf, 1-6). From that
time, the Network has developed 1into a sophisticated telecommunications
network incorporating state-~of-the-art large antennas, low-noise amplifiers,
receiving systems, and transmitting equipment (Refs. 1-1, 7),

The Network has played a crucial role in all deep space missions
undaertaken by the United States in addition to supporting the Apollo manned
spacecraft project. In the past ten yedrs, spacecraft tracked by the Network
have encountered all but the three outermost planets of our solar system, and
two of these will be encountered before 1990, The Network will support the
Voyager 2 spacecraft as it flies by Uranus and Neptune in 1986 and 1989,
respectively. References 1-8 through 1-12 give detailed accounts of past
encounters.,

Communicating with deep space probes requires extraordinary system
performance since the amount of data that can be successfully received from a
spacecraft detcreases as the square of the distance between the gpacecraft aud

the earth., For example, the range between a deep space probe at Saturn and
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its ground station on Rarth is greater than the range batween a satellite in
geosynchronous orbit and its Around statlon by a factor of about 4 x 104 -
hence an improvement in performance of }.6 x 109 1a noceasary to raeceive the
samc amount of data from Saturn as could bo rocolved from goosynchronous
orbit. To cnable raception of an adoquate data rate af rangaes groator than |
billien kilometers, the Notwork has dovelopod extremoly scnsitive and powarful
indtruments for deop space communications., Over the first twonty years of tha
existence of the Notwork, tho figure~of-merit M (a moasure of systom
Sensitivity, see Saction II) of the ground receiving stations has incrdascd by
a factor of 105 ~ an astounding increase averaging over 2 dB per year (Fig.
1=1). This improvement has been acuieved through continual development of
new, high performance equipment operating at aver~higher frequencies. Table
1-1 shows the operating frequency increase of Network receivers from 108 MiHz
in 1958 to 8415 MHz ¢urrently,

C. OVERVIEW

Network complexes are approximately equally spaced around the world 80
that probes far from earth are always in view of at least one complex as long
as they remain near the equatorial plane of the earth. Each complex includes
one 64-m-diameter parabolic dish antenna and several smaller antennas along
with associated subsystems (Fig., 1-2). The combination of a particular
antenna and its assoclated subsystems is referred to as a Deep Space Station
(DSS).

Communications between the ecarth~based sration and the spacecraft are
classified as one of two processes: the uplink process, denoting the
generation and communication of commands to the gpacecraft, and the downlink
process, or telemetering of data from the spacecraft, The Network is an
integral part of both of these communication processes, In the uplink
process, commands are generated by the flight project, processed by the
Mission Control and Computing Center (MCCC) at JPL and relayed by the Ground
Communications Facility (GCF) to the Network for transmission to the space-
craft (Fig, 1-3), Similarly, telemetry is received by Network antennas,




relayed aver the GCF to MCCC for processiug and sent to the f1ight project,
Network aparations and acheduling are handled by the Netwerk Operationn
Control Center (NOCC) at JPL,

Both tho uplink and tho dewnlink procossos rvoquire long strings of equip-
mont oporating in sorica. Tho succassful oporation of the communications
proccds requiros adequate porformanac from oeach of the compononts of tho
end-to-afid system through which commands and data pass, In this dotument wa
are primarily concernad with those telocommunications processes that are
carried out by the Notwork., 1In the following soctions, wa discuss the
function of dach part of tha Network that operates in the totmunication link
with a spacécraft,

1-3
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Table 1~1. Deep 8pace Network Frequency First Usage History
Ground
Downlink antenna First
frequency diameter 8spacecraft Launch
MHz Receiver m usage date
108 Microlock a Explorer 1 January 1958
960 TRAC(E) 26 Pioneer IIT December 1958
2295 Block I 26 Mariner 1V November 1964
8415 Block IV 64 Mariger X November 1973
8 Helical antenna
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II. THE SYSTEM VIEW
G. K. Noreen and C, T. Stelzried

A.  INTRODUCTION

This section provides an analysis of spacecraft-to~ground communications
link performance and a description of the Deep Space Network system, Due to
the tremendous distances involved in comhunicating beétween the spacecraft at
the edge of our solar system and earth, communications 1link performance i1s
stretched to the limit of theoretical predictions, This is required in order
to return the maximum amount of data possible during critical events such &s
planetary flybys. The 1link analysis provides a basis for the initial 1link
design before spacecraft launch and performance prediction and monitoring
during spacecraft flight, Additionally, it indicates what performance up-
grades are required for mission extensions and new migsions., Performance can
be improved through the use of a larger antenna collecting érea. greater
transmitter power, lower receiving system noise temperature and more sophis~-
ticated data coding schemes. Later in this section the performance of the
Deep Space Station configuration which serves as the ground portion of the
communications 1link is assessed. The Voyager 2 Saturn encounter link per-
formance 1is analyzed to illustrate the relevant concepts. ‘the following
sections provide detailed descriptions of the Deep Space Station configu-
ration, as well as the transmission media, and modulation and coding schemes
appropriate to link performance characterization,

B.  SPACECRAFT/EARTH LINK ANALYSIS

The objéctive of an analysis of the telem2try link is usually to deter-
mine the maximum bit rate that can be transmitted at a given time., Two condit-
ions must be satisfied to ensure adequate reception of a particular data rate:
the minimum received energy-per-bit-to-noise spectral density ratio (Eb/NO’
see Eq. 2-8) must be high ehough to guarantee an acceptable bit error rate, and
the received signal carrier-to-noise ratio must be high enough for the receiver
to track the received signal carrier,

2-1




The required Eb/NO is dependent primarily on the type of coding used
and on the naximum tolerable Bit error rate (BER)., For example, with an
advanced Reed~Solomon/Viterbi concatenated code, an Eb/No of 2,2 dB 1is
sufficient to ensure a BER not exceeding 1073 (Section VI) =

assumirng
perfect carrier, subcarrier, and bit synchronization at the receiver.

Deep space telemetry is typically phasé-shift-key modulated onto a
squarewave subcarrier which is then phase modulated onto a carrier (S8ection
VI). To demodulate the received signal, the receiver must first reconstruct
the carrier and then use the reconstructed carrier to crherently demodulate
the telemetry. Adequate performance of the demodulation process is thus
crucially dependenit on the ability of the receiver to track the carrier. This

tracking function is performed by a phase~locked-loop (PLL) receiver (Section
V).

In the following, it 1s &hown that a useful figure of merit of a

receiving system is given by M = GR_/Top (see Eq. 2-10), An expression is

derived for the required figure of merit for a receiving system to support a
given data rate. An example follows for the Voyager 2 1981 Saturn encounter;

the required and actual recelving system figures of merits are compared and
the performance margin is calculated.

1. Received Power

The first step in any telemétry link analysis is to calculate the
received power,

2
PR - PTATAR/LTR(DA) (2-1)
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where

637;?6@”"0

received power, W

tranamitted power, W

effective area of the recelving antenna, m2
effective area of the transmitting antenna, mz
distance between transmitter and receiver
antennas, ™

carrier wavelength, m

losses betweeén the transmitter and receiver

antennas (= 1 for.an idealized system), ratio (1)
LalplpoL

Ly = atmospheric loss (Section VIII), ratio (>1)
- Lp = pointing loss due to inaccuraté pointing of the
transmitting and receiving antennas, ratio (1)
§ Lpor, = polarization loss due to the polarization mismatch
- b between the transmitter and ruceiver antennas
o (Ref. 2-1), ratio (Q1)
:5§f 2, Noise Spectral Deénsity

Assuming that the noise in the receiving system has uniforam
spectral density (approximating white noise) in the freéquency band con~
taining the signal, the one-sided noise spectral density is

Ng = kTop (2-2)

Ny = one-sided noise spectral density, W/Hz

k = Boltzmann's constent, 1.3806 x 10-23 J/K

T = gystem operating noise temperature, K
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Top includes (Ref, 2-2) contributions from the cosmic background radiation,
atmoephere (Scction VIII), ground radiation, transmission line losses, the
low-noise maser amplifier (Section IV) and the follow-on receiver.

3. Carrier Margin

Carrier margin Mc on either the uplink or .downlink is defined as

M = - (2-3)
c 2 BLO No

where

P, = portion of received power in the residual
carrier, W

BLO = one-sided threshold loop noise bandwidth, Hz
Pc i8 calculated from PR based on the modulation indices of the link.
The above definition of carrier margin was chosen because a phase locked

loop receiver loses lock when Pc drops below 2 BL0 N0 watts. Thus, P
= 2 B;, N, defines carrier threshold. Mc is often defined in terms of

c

Carrier SNR in 2 B = £ (2-4)
LO 2 BLO No

However, this 1s a mnisnomer since BLO NO, not 2 BLO N,, 1s the
noise power in a thresholding loop. So “Carrier SNR in 2 BLO" equals one-
half the carrier signal-to-noise ratio in a threshold loop.

The minimum acceptable carrier margin, in general, is greater than 1 and
is usually greater than 10.

2-4
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4o Telemetry Performance
The signal energy per bit per nolse spectral density at the
receiver input is given by

8T/ No (2-5)

where

= portion of received signal power in the data
modulation sidebanda, W
= B, sin’0
] = modulation angle, degrees (typicdlly, 20°¢ 6 <80°)
= time per bit, s
= 1/R
R = data rate, bps

For system performance calculations, the sigrnal energy per bit per noise
spectral dentilty at the receiver output is

ST/ NOI.8 (2-6)
where

L = gystem losses, ratio (21)

System losses are due to suboptimal demodulation of -the signal. They are
caused by such degraded conditions as a low catrier margin, which makes
coherent detection difficult.

Threshold ST/NOL s at the receiver output; or Eb/NO. is determined
by the maximum bit error rate that can be tolerated and by the error-correcting
code(s) protecting the link, as noted earlier. With a Reed-Solomon/Viterbi
concatenated code, the bit error rate will not exceed 10"'5 as long as the
signal energy per bit per noise spectral deneity receiver at the output,
ST/N Lg, does not drop below 2.2 dB (assuming perfect synchronization), the
threshold signal energy per bit per noise spectral density at the receiver
output, Eb/NO (Fig. 6-4).
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Thus the maximum data rate R that can be tolerated given that the carrier
margin ie adequate ia

L e At i ik

R < 8/IN)L.E /N, (2=7)

where . -

Eb/NO = thrashold signal energy per bit pér noise
power density; ratio

As an example, the maximum data rate is “ound from Bqs. (2~1) and (2-7).

Ruax = Prirhy/ [LKT, (03) 2:r.b/N0 ] (2-8)

where

L = total telemetry link loss, ratio 1),
= Lyglgly

LM - (PR/S), ratio (31),
= 1/8in”p

e MO oz - Ao e B e ok it o m e

S Receiving System Figure of Merit

AFERITan .

S

Equation (2~8) can be written

Rpay = M PpAy/ [4nkLDE, /N ] (2-9) )

;j‘ where
- M . figure of merit, ratio (D1),
- (GR/Top)
GR = effective gain of the receiving antenna, ratio Qn,

- 41rAR/A2

! Por an "optimized" array, with individual antenna figures of merit
n
My, M= 2 Ref. 2-3
{ 1.1“1 (e' )’
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Altermately, the required figure of merit for the recelving system 1s given hy
. 2 -
N Mow (GR/TOP) 2. 4TKRLD (Eb/No)/PTAT (2-10)

The seystom operating nolse temparature (defined at the same input
referonce plane as the antefina gain, typiecally at the maser input for the
Network) is given by

where

Tc = noisé temperature contribution of the cosmic
background, K (¥ 2,7 K at 2.3 GHz)

TkTM = noise témpérature contribution of thé atmosphére,
K (= 4.9 K for Goldstone at 8.5 GHz, "90% weather" and 30°
elevation)

TGD = noise temperature contributed by the ground, K

TL = noilse temperature contribution of the transmission line com-
ponents between the antenna and the first low noise atiplifier
(maser), K

TF = nolse temperature contribution of the follow-on receiver, K

The Network downlink performance figure of merit comprising both dntenna gain
(Section III) and system operating noise temperature (Sections IV and VIII) is
tabulated in Table 2-1 from 1960 to 1982,

C. THE DEEP SPACE NETWORK
1. Introduction

The downlink communications process begins with the collection and
formatting of data by the spacecraft data system, The spacecraft telecommun-
ications system encodes, modulates, and transmits the data, The data are
first encoded for efficient transmission, then used to phase modulate a square
wave subcarrier which in turn phase modulates the carrier as discussed in
Section VI. The resultant signal is amplified and transmitted. A simplified
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block ﬁiagrawl of the telemetry proceasing flow {a shown 1in Figs 2=1, A
law~-noisa traveling wave maser amplifies the aignal recoived by the notwark
antenna and routes it te a recelver, which tracks the carricr and tranalates
the signal to an intarmediate fraquency coherent with the station rafercnce.,
The Bubcarrior Domodulater Assombly (8DA) translatos the signal te basehand
and demodulates tho subecarrior, Tho output of tho SDA is synchronized by tho
Symbol Synchronizor Assombly (8SA), and docodod by the Maximum Likoltihood
Dacoder (MCD) if tha spacecraft used a ceuvolutichal coda. Finally, dacoded
date dare formatted by the Teldmetry Procéssor Assembly (TPA) and sent to JPL
ovér the Ground Communications Facility (GCF),

The involvement of the Network in the uplink process beginsg with the
reception of commands from the originating agency over the GCF, Commands are
procesded by the Command Processor Assembly, and used by the Commatid Modulator
Assembly (CMA) to phase modulate a gubdarrier, The subecarrier modulates a
carrier in the Exciter Assembly prior to amplification and transmission to the
spatecraft. The command process is described in detail in Section IX.

2. Network Complexes and Antennas

The Network has three complexes (Fig, 1-2) located at Goldstone,
California (Fig, 2-2), Canberra, Australia (Fig. 2-3), and Madrid, Spain (Fig.
2-4), about 120° apart in longitude and at about 35° to 40° latitude =
two in the northern hetitsphere and one (Canberra) in the southern hemisphere,
These locattons provide continuous contact with spacecraft in deep space in or
near the ecliptic plane.

Each complex has a 64-m antenna (Fig. 3-1) and a 34-m antenna (Fig, 3-¢),
The 26-m antennas (Fig. 3-3) and their supporting facilities were removed from
the operational network in December 1981 as an economy measure., Goldstone hag
a 26-m research antenna (Station 13) used to support Network development.

The antennas and facilities at Goldstone are located in separate sites,
At Canberra and Madrid, they dre located about 200 to 400 meters apart and ure
supported from common facilities called conjoint stations.

2-8




The control console for the Goldatene 64~m antenna, Station 14 1s shown
in Fig. 2-5. During the process of a spacecraft tracking operation, the
statlon ia controlled from this console, The staf{ ghown 1a representative of
a routine tracking epovation.

The complexcs a¥e connoctod by tho Ground Commurications faeilitics (GCF)
using NASCOM communicatior links to the Notwork Oporations Control Conter
(NOCC) and the Mission Control and Computing Conter (MCCC) at JPL located in ,
the Space Flight Operations Facility (SFOF). | Q

The Network control 'console in the JPL Space Flight Operations Facility
1s shown in Fig. 2-6, Consoles for individuals working with cach of the
active complaxes are shown in the background., Also located in the SFPOF arc
these facilitics: (1) the Ground Communications Facility terminal providing
the interfaceé between the Control Center and the stations and (2) the Network
Data Processing Area (NDPA) whiech has the equipment necessary to monitor,
record, and validate data from the stations. Scheduling and tracking predicts
are also supplied by the Processing Area.,

Each station provides two-way phase coherent communications with the ;
spacecraft at S-band (2.1 GHgz uplink 20 kW, and 2.3 GHz downlink) and downlink ’
only at X-band (8.4 GHz), 1In addition, th¢ 64-m stations provide 100~400 kw
RF powar for uplink emergency spacecraft commandihg and special open loop E
receivers (Section V) for radio science measurements, !

The Goldstone 64~m antenna also has a sophisticated planetary radar
capability for scilentific measurements and for Network systems development and
demonstration,

The Australian and Spanish stetions each share a single control room in
the conjoint configuration for the 34-m and 64-m antennas. The single control
room at each of these complexes has individual sets of receiving, transmitting
and tracking electronic equipment associated with each antenna, Some
functions such as the hydrogen frequency based timing system are shared,
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The function of the reflector antennas asn usad in the Network (BSmctian
IIT) 18 to capture a portion of the signal transmitted by the apacecraft, The
antennas use aubreflectora in a Cassegratnian configuration to focus thin alg-
nal into the feed horn and masor amplifior located in the come attached to the
sutfaco of tha dish, A voflex food ayatem 16 used to provide simultancous 8=
and X-band signal roception in soparato rocolvifig ayotoms.

3. Masors

Low noise maser amplificrs (Seeétion Iv) and follow-on racaiving
systems (Section V) are used to amplify the sigdhal receivaed by the antoenna
with a minimum of noise contamination.

The cryogenically cooled maser solid state anplifiers produce oxtremely
low noise amplification through the procéss of transforming énergy from a
radio frequency pump to the signal frequency. This is accomplished through a

process of stimulated emission in a cooled ruby crystal material immersed in
the proper magnetic fiald,

The Goldstone 64~m antenna S-band receiving system has achieved a system
noise temperature of 13 K with a maser noise temperature contribution of about
2 K in a special low noise configuration, The presant 64-m antenna systems
typically have an X~band (8.4 GHz, system noise temperature of about 20 K at
zenith with a maser noise temperature contribution of about 3.5 K.

4, Receivers and Exciters

Different types of follow-on receiver-exciters are used in the
Network for various purposes. The exciter and the tracking receiver-oxciter
provide the capability, with other elements of the Network, to command the
spacecraft and to receive telemetry and radio metris data., The major exciter
and receiver assemblies for these functions are:

(1) Exciter., Generates a carrier, modulated with command and
ranging signals, to drive the transmitter amplifier,
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(2) Phase Tracking Receiver, Maintaias phase lock with the
spacecraft downlink carrier, generating a reference signal
required to coherently detect telemetry and ranging
modulation signals for teleémetry and radio metric data
processing,

(3) Doppler Extractor. Generates a doppler signal from the
exciter reterence and receiver signals.

(4) Subcarrier Demodulation Assembly (SDA) ., Coherently
translates the telemetry subcarrier to baseband and
demodulates the subcarrier for data extraction.

The block IV receiver subsystem incorporates Subcarrier Demodulator
Assemblies as géneral-purposSe, mission-independent devices capable of meeting
the requirements of all projects at any Network station. This trequires
standardized subcarrier modulation schemes by the flight projects, such as the
widely used bi-phase modulation with digital data (see Section VI). The
subcarrier demodulator design handles high doppler rates with the use of a
third-order tracking loop. The receiver intermediate frequency (IF) bandwidth
réquired for a particular data rate is given by (Séction V)

Receiver Channel Bandwidth (Hz)
Data Bit Rate (b/s) = (2-12)

30 to 150

Detiodulation loss is related to symbol rate and Eb/NO’
5. Symbol Synchronizer Assembly (SSA)

The function of the 8SA is to perform symbol/bit synchronization
and detection (conversion of the demodulated baseband analog signal to digital
bits), The present 8SA upper symbol rate capability is 250 K symbols/s.
Since all other components of the Network receiving system can handle higher
symbol rates, the SSA presently determines the upper limit on the Network data
rate (125 Kb/s for rate 1/2 coding).
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6. Moximum Likelihood Convolutional Decoders (MCD)

Coding schemes are used to reduce bit error probability in digital
communications systems or to maintain the same bit error probability with
reduced link capability compared to uncoded performance, Coding can improve
system performance approximately 2 to 7 dB. This improvement is seen by
plotting the bit error rate performance of coded and uncoded systems versus
the energy per data bit to noise spectral density ratio (Séction VvI).

The cost to the ¢ommunications system is in added bandwidth so that a
higher ¢hannel rate in symbols/s is required as compared to the original data
rate in bits/s. This requires greatet hardware data handling capability as
well as greater complexity of the decoding process.

An extremely powerful coding technique to be used for the Voyager 2
encounter of Uranus and Neptune and other future deep space missions is the
"Reed~Solomon (block coding)/Viterbi (convolutional coding) concatenated code"
(Section VI)., 1In this scheme a Reed-Solomon outer code and a convolutional
inner code are interleaved (Figs. 2~7 and 8). This technique combines the
advantages of =each coding method; the interleaving reduces the effect of
"bursty" errors.

The function of the Maximuhh Likelihood Convolutional Recorder hardware is
to decode the Viterbi (convolutiondl) code. The Reed~Solomon {block) decoding
and de-interleaving are preserntly achieved in software by the flight project.

7. Telemetry Processing Assembly (TPA)

The function of the Telemetry Processing Assembly is to format the
telemetry data in appropriate block slzes with the addition of the block
serial number, time, header and ending, The block header contains guch
information as spacecraft identification number, destination code, etc. This
data 1s then transferred via the Ground Communication Facility (GCF) to the
Jet Propulsion Laboratorys
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D. VOYAGER: COMMUNICATING TO SATURN

Communications for the successful 1979 Voyager Jupiter flyby have been
described in Ref. 2-4, The August 1981 Voyager 2 (Fig. 2-9) Saturn f£lyby
(Fig. 2-10) with a telemetry data rate of 44.8 kb/s provides the most recent
example of the spacecraft-to-Network downlink telemetry performance
capability. 1Imaging telemetry was transmitted at X-band (8.42 GHz) and was
convolutionally coded to ensure a bit error rate less than 5x10-3. The
required receiving system figure of merit is 55 dB (using the parameter values
for Eq. 2-11 tabulated in Table 2-3 with a DSS 64-m antenha)., The actual
recéiving system figure of merit M = GR/ T op of about 58 dB (tabulated in
Table 2-1 and plotted in Fig. 1-1) obtained with the 64~m antenna provided
about 3 dB link performance margin. This 1link margin is based on mean
parameéter values; adequate planned margin 1s required for variations in the
actual parameter valués - particularly the system noise témperature as a
function of wea_t:her conditions.

Future (Section X) Uranus and Neptune flybys will require arraying
techniques to obtain the total figure of merit required for the desired data
rates at those distances. A Network array was demonstrated during the Voyager
2 Saturn flyby using a 64-m antenna and a 34-m antenna (Table 2-1 and Fig.
1-1). This resulted in a measured average increase in signal-noise ratio of
about 0.6 dB relative to the 64-m antenna only (Ref. 2-5)., Assuming 50%
efficiency for both antennas and no array losses, the potential improvement
was about 1.1 dB (Fig. 1-1). Future refinements of the array techniques
should reduce the implied approximate 0.5 dB average loss.
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Table 2-3 Tabulated Voyager 2 spacecraft

Saturn fly~by (August 1981) X~band
(8.42 GHz) downlink parameters

Parameter Value

Transmitter power 21,3
(PT) ’

Spacec¢raft antenna 5.4
effective area

(AT) ’ m2

Distance 1.557 x 1012
(D): m .

Total link loss ' 1.1
(L), ratio

Data rate ' 4,48 x 104
(R)s b/s

Threshold signal to noise ratio 1.8
for 5 x 103 BER

Threshold figure of merit 55
calculated from Eq. 2-11,
(Mp) ,dB
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Fig. 2-1. Block diagram of the Network
MK III telemétry system
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Fig. 2-2. Photographs of the Goldstone, California, Network
Complex: top, the 64-m antenna, Station 14;
bottom, the 34-m antenna, Station 12
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Fig. 2-3, Photograph of the Canberra, Australia, Network: left, s 1
the 34-m antenna, Station 12, right, the 64-m antenna, :
Station 43

y
i

Fig. 2-4, Photograph of the Robledo, Spain, Network Complex:

; left, the 64-nm antenna, Station 63; right, the 34-i
1: antenna, Station 61
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Fig. 2-5. Photograph of the Goldstone, California, 64-m antenna, Station
14 control console

e

Fig. 2~6. Photograph of the Deep Space Network control console in the JPL
Space Flight Operatiors Facility
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DATA QUYER > INNER COMMUNICATIONS INNER OUTER DECORED 4
‘ IN "1 ENCODER ENCODER [T CHANNIL. — = “=*| bECODLR ™ DECODER DATA "
) Fig. 2=7. Typical implemantation of a concatonated coding schemas outor
. encoder with-block coding and inner dncoder with corivolutional
: coding,
i
§
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Fig. 2-8. Spacecraft-to-ground communications link with typical iuner and
outer coding/decoding implementation
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Fig. 2-9. Photograph of the Voyager 2 Spacecraft

Fiso 2-10,

Picture of Saturn taken 4.5 days past closest
approach obtained from Voyager 2 on August 29, 1981
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IIT. ANTENNAS
$. D, Slohin

A,  INTRODUCTION

Reception of the exceédingly small signals from spacecraft typical of
deep space communication requires antennas of enormous size, complexity, and
précision. The two Voyager spacecraft each have 20-watt X-band transmitter%;
and 4t their Saturn-encounter distances from earth of approximately 1.5
billion kilometers, the power density received on the earth was les8 than

10719 watts pér square méter,

The thrust in deep-space communications improvenment has been in the areas
of ground and spacecraft antenna size aund performance increases, gpacecraft
transmitter powér increase, ground receiving system design, and telemetry
information coding, to name but a few. This section of the report deals with
ground antenna theory, design, and performance as related to the particular
problem of receiving spacecraft signals using the Deep Space Network (DSN).

The improvement in antenna performance over the time period 1960-1990 can
be seen in Table 3-1., Over this period the antenna gain will have increased a
factor of 1260; and the system noise temperature will have decreased a factor
of 60, resulting in a signal-to-noise improvement of 75,600, or 48.8 d8, 1In
1960 the Network consisted of six 26-m-diameter antennas operating at L-band
(960 MHz)., Since then, numerous larger antennas opérating at higher fre-
quencies have been added to the 8ystem so that spacecraft can be tracked
continuously even beyond the edge of the solar system.

B. ANTENNA FUNDAMENTALS AND HISTORY

Reflector antennas (Fig. 3-1) such as used in the DSN intercept or cap-
ture a small portion of the electromagnetic wave transmitted by a spacecraft,
Through a series of one or more reflections, the signal is directed into a
receiving horn (feedhorn) and then into the waveguide portion of the microwave

receiving system. At the distances involved in deep space communications the
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spherical constant-phase surfaces of the transmitted signal are nearly
planar. The antenna collects as much of the incident power as possible and
concentrates it into the low noise amplifier. The concentration process
involves transforming the incident Plane wave 1into a converging spherical
wave, The techniques for carrying out this process are well known in optical
telescope systems; microwave reflector antennad use primarily the same methods
and geometries,

Several basic equations must be presented in order for the reader to
understand the relationships involved among the numerous parametérs of a
télecommunications system., The ability of a receiving system to distinguish a
spacecraft signal from theé obscuring system noise is a function of its

signal-to-noise ratio (SNR). The SNR (for a 1 Hz bandwidth) may be defined by
(Section II)

2
PT AT f
53 (3-1)
c" DLk T
op

SNR = S/N0 =

where

received power level, W

thermal noise power density, w/iz
transmitted power, W
effective area of transmitting antenna, m2

effective area of receiving antenna, m2

frequency, Hz

= velocity of light, 2.9979 x 105 m/s

= distance to spacecraft from receiving antenna, m

= loss of atmosphere and waveguide (ratio 2 1.0, typically =« 1,1)
= Boltzmann‘s constant, 1.3806 x 10~23 J/K
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receiving system noise temperature, K
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From this equation it can be seen that the elements of a ground system
that can be controlled to increase the SNR are Ar’ f, Top’ and L. Hidden
in Eq. (3-1) are expressions for antenna .gain (GT or GR in terms of AT
or AR) )

G = 4nA/) (3-2)

which also depend on area and frequency. The 3-dB beamwidth (e3d3) of an
axisymmetric paraboloidd4l reflector antenna is given by (approximatély)

8345=0-70A/D, deg (3-3)

where
A = wavelength, cm (=c/f)

D = antenna diameter; m

Thus, a 64-m-diameter antenna operating at X-band (f=8.5 GHz, A = 3.53 cm)
has a 3-dB beamwidth of about 0.039 degrees. The simplest form of receiving
antenna is shown schematically in Fig. 3-2.

The first large antennas operated by the Network in 1958 were 26-m~diam-
eter reflector antennas operating at L-band (f= 960 MHz, A = 31.2 cm) with a
focal point feed that operated exactly as shown in Fig. 3-2. Figure 3-3 shows
the Echo Station at Goldstone in its original 960-MHz focal-point feed config-
uration. The antenna operated with an HA-DEC (hour angle~declination) mount
similar to that used on large optical telescopes. The polar (hour-angle) axis
is aligned parallel to the earth's axis and tracking is accomplished almoct
entirely by the antenna‘'s hour angle rotation about this axis. The position
of any spacecraft at a large distance from earth is almost fixed with relation
to the stars and planets over the period of one day, altnough the small varia-
tion from sidereal rate is accounted for in the tracking scheme. All micro-
wave receiving elements in the focal point antenna can be located at the apex
or conjunction point of the trusswork (or tubular) structure (quadripod) pro-
Jecting from the front of the antenna. The feed horn and maser amplifier
package can be located at the apex; or the maser can be located behind the
surface of the dish and connected to the feedhorn by a long length of wave-
guide.
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The nature of microwave horns and reflectors is such that they receive
some amount of energy from directions other than the principal direction
toward which they are pointed. Because of this, apex-mounted feed horns see
beyond the edge of the large reflector and receive a small amount of energy
(spillover) from the ground which adds unwanted microwave power (or noise)
into the receiving system. A partial solution to the ground noise problem
liés in the usé of an antehna design known as Cassegrain, derived from early
optical telescope design. The Cassegrain antemna system (Fig. 3-4) consists
of the large paraboloid as before, and an additional reflector of hyperboloi-
dal shape (the subreflector or hyperboloid). The receiving horn is then
located near, or even behind, the surface of the paraboloid. Figure 3-5 shows
an 85-foot (26-m) diameter antenna (with S-band feed) in the Cassegrain con-
figuration.

From 1976 to 1981, three exigting 26-m antennas were enlarged to 34-n
diameter (cf. Table 3-2). One of these, Station 12 at Goldstone, is shown in
Fig. 3~6 in its S/X-band reflex-feed configuration (described later). The new
dish surface consists of a solid-panel center section and a perforated-panel
outer ring to reduce wind loading. A detailed description of the 26-m antenna
conversion is presented in Ref. 3-1. The 1985-era Network will also contain

two new 34~m antennas; to be located at Goldstone and Canberra.

In the Cassegrain system, feedhorn, maser amplifier and other associated
microwave and electronic equipment can be located in a small structure (known
as the "cone") attached to the dish surface. The cone in Fig. 3-5 is about 5
meters high. The quadripod structure then supports only the subreflector and
can be made thin and light to reduce interference with incoming radio signals.

‘A large amount of microwave equipment can be located in the ¢one and is thus

more easily maintained than if it were located at the apex. It can be seen
then that at typical tracking angles (about 45° elevation) the spillover
from the feedhorn receives signals from the cold sky (3-5 K) instead of the
ground (about 290 K)., In addition, modifications of the feedhorn pattern
(tapering) and subreflector shape reduce the amount of spillover seeing the
ground. The 64-m antenna in Australia is shown in Fig. 3-7 with its original
single S-band feed and cone. The 64-m antennas have AZ-EL (azimuth-elevation)
mountings in which significant motion about twc axes is needed to track a
spacecraft.
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To improve the usefulness of the 64-m antenna, a tri .o system was
developed (Ref. 3-2) which allowed operation of the antenna at three fre-
quencies (identical or dissimilar) without the need to remove one cone and
replace it with another. Figure 3-8 shows the 64-m antenna at Goldstone in
its original tricone configuration., The phase centers of the three feed horns
are no longer orn the axis of &ymmetry of the paraboloid; and 1f the antenna
were operated in this manner with the original subreflector, three separate
antenna beams would be produceéd, each pointing in a differen \irection. To
solve this problem, the subreflector is tilted so that {its phase center
remains concident with the phase center of the paraboloid, but 1its vertex
points {n. turn to each of the three feed horns as the. subreflector is rotated
about the paraboloid ax’s of symmetry. The subreflector must still reflect
rays from the edge of the paraboloid, and in ordet to do this, the tilted
hyperboloid shape is made asymmetric. This unusual geometry is shown in Fig.
3-9. Because of the asymmetries of the antenna geometry, the feed horns are
each tipped inward so that the horhs do not point at the hyperboloid vertex.
This tends to equalize the fields at the edges of the hyperboloid and thus to
equalize the illumination at the edges of the paraboloid.

A further improvement in 64-m antenna performance was made in order to
make use of the simultaneous rpacecraft downlink transmission at both 8- and
X-band frequenciés, in addition to being able to transmit S-band uplink and
receive X-band downlink simultaneously. This new development, indtalled on
the 64-m antennas in 1973, was the reflex feed. Figures 3-1, ~10 and ~11 show
the reflex feed in place on the 64-m antenna at Goldstone, Figure 3-12 shows
a schematic view of the reflex feed in the tricone geometry., The reflex feed
utilizes the geometrical principle that all rays emanating from one focus of
an ellipse will, after reflection, converge at the other focus. An ellip-
soidal reflector is placed ovet the S~band horn and a perforated reflective
plate is placed over the X-band horn so that the S-band wave appears to
emanate from the phase center position of the X-band horn. The reflective
plate does not have a solid surface but contains numerous closely packed 2-1/2
cm (l-inch) diameter holes. The plate itself is about 4 cm (1=-1/2 1inches)
thick and 1.5-m (5 feet) in diameter. The holes are too small to allow the
S-band (longer wavelength) signal to pass through, and it 1is completely
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reflected, The holes do allow the X-band signal (shorter wavelength) to pass
through, and it thus appears that waves of both frequencies are reflected from
the hyperboloid and paraboloid along exactly the same paths, The 8~ and
X-band beams are thus coincident., The reflective plate in the reflex feed
system is known as the dichroic (two-color) plate,

C.  ANTENNA OPERATIONS AND CHARACTERISTICS

The ¢ompleté operational Deep Space Network consists of 9 large anténnas
located around the world in the United States (Goldstone; California), Spain
(Madrid); and Australia (Canberra). This global spacing allows continuous 24-
hour-a-day spacecraft telecommunications; in fact, for small portions of the
day, a spacecraft can be seen by twé antennas at once, the spacecraft setting
at one location and rising at the next westerly location. .This is known as
the "handover" or "overlap" period and is usually characterized by reduced

signal-to-noise ratios due to atmospheric effects (long radiowave path length
through the atmosphere),

Table 3-2 1ists the 1985-era Network antetnas and pertinent data con-
cerning each one. Several new 34-m-diameter antennas will be constructed
during the period 1983-1985. Table 3-2 indicates which antennas presently
exist (early 1983) and which will be constructed in the future.

Figure 3-13 shows typical S- and X-band system noise temperature measuré-
ménts made during the Voyager 2 Saturn encounter period (Ref. 3-3). The upward
curved shape of both the S- and X-band curves is indicative of atmosphere and
ground noise temperature increases as the antenna is pointed toward the east
and west horizons at spacecraft rise and set, respectively. A typical X~band
Zzenith atmospheric noise temperature is 2.5 K, increasing to 15 K at 10

degrees elevation., A typical X-band ground contribution due to spillcver is
4 K at zenith and 7 R at 10 degrees elevation,

For S-band, the atmosphere increases from about 2.2 K at zenith to 13 K
at 10 degrees elevation. Corrisponding ground noise temperatures are 3 K and
6 K (Ref. 3-4), Thus, for example, at X-band, the ground, atmosphere and
cosmic background contribute 9.2 K (4+2.5+2.7) to the baseline zenith system
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noise temperature of ahout 25 K., For 8-band, these elements contribute 7.9 K
(3+2.242.7) of the baseline noise temperature of about 20 K. Additional sys-
tem noise temperature contributions are due to the maser noise temperature,
and waveguide and horn losses.

Additional descriptions of the antennas, microwave receiving systems, and
mission support activities are given in Refs. 3-5, 6, and 7.

D, FUTURE DEVELOPMENT

As céan be seen in the preceding seéctions there has been a long history of
development and improvement of Deep Space Network antennas¢ Future work in
the Network will involve both improvements in the ground antenna systeius, and
evéntually the addition of orbiting antenmnas.

One type of antenna system that is undergoing testing at the Jet Propul=-
sion Laboratory is a 32-GHz (KAfband) clear aperture antenna (Figs. 3-14 and
3-15). In this system, there is no blockage of the main beam as in the con-
ventional symmetric Cassegrain antenna system. The reflectors in the clear
aperture system are portions of a paraboloid and hyperboloid so that the
classical ray optics geometry still applies (in fact, the reflectors are
"shaped" for purposes of illumination and bean efficiency, but closely
resemble the classical shapes),

Another method of increasing recéiving systen pérformance 1is to use
larger antennas., This usually has an upper limit of about 100-m diameter
because of wind loading, gravity déformations, material strength, surface
tolerances, etc. A third method is to array or 1link together a number of
smaller antennas (64-m, 34-m, 26-m) and combine their signals in phase to
achieve the effect of a much larger antenna. This technique is being tested
at Goldstone and will be operational for the Voyager 1986 Uranus and 1989
Neptune Encouaters,

A 100-m-diameter X~ and S-band antenna design has been studied (Ref.
3-8). Although this antenna is basically a Cdssegrain design, it uses
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shaped reflectors and a common aperture 8/X-band faedhorn (described later),
thus eliminating the present reflex feed system and asymmetric rotating
hyperboloid., Large antennas such as the 100-m design will probably not be
constructed in the foreseeable future; instead, the arraying technique will be

used because of the expense and difficulty of constructing and maintaining
large antennas.,

Higher frequencies can be used to increase the gain of existing antennas;
or conversely, smaller antennas operating at high&r frequencies will have the
same gain as existing large antennas. The 1.5-m (5 ft) diameter claar-
aperture anteémnna 1is being tested at 32 GHz and, because of its superior
efficiency (85%), it will have the same gain (53 dB) as a 26-m antenna

opérating at S-band. An analysis of system performance operation at V.A-band
(32 GHz) is presented in Refs., 3-9, 10, and 11,

For future migsions such as Voyager at Uranus and Neptune, thé antennas
will be arrayed to increase receiving area as required. Figure 10-5 shows a
schematic of the 11 antennas available for arraying at three sites for space-
craft support in the post-1985 era. Combinations of 64-m, 34~m, and 26-~m
antennas will be used to increase the total receiving area at, each site.

The newest improvement in the antenna system 1is the installation of
common-aperture 8/X-band feed horns (Fig. 3-16) on the 34~m antennas. This
type of feed system will allow reversion to the original single-cone,

sym-
metric hyperboloid system that was used nearly 20 years ago,

The improvement,
though, is that simultaneous dual-frequency operation is possible without the

need for the reflex feed system and its attendant losSes. Truly coaxial beams
are now achieved in this system. A recent study (Ref. 3-12) has measured the
S-band performance of the 26-m research antenna at Goldstone using the new
8/X-band common aperture feedhorn. Although the antenna efficiency appears to
have dropped from 60.6% to 59.4%, this is more than compensated for by the
greatly increased versatility of the dual-frequency system,




The existing individual elements of the antennas are coniinually being
upgraded. Recent work to upgrade the 44-m antenna at Goldstone structure and
subreflector is described in Ref., 3-13,

Development programs for new high=performance antenna aystems are
probably not feasible at the presént time for a variety of reasons, primarily
financial, With this consideration, some &erious thought has gone 1into
dévelopment programs that can- upgrade performance on existing antennas. These
programs would involve increasing the collécting area of dome of the. larger
antennas, and replacing the parabolic surface of the dish with shaped, pre-
cision panéls: To control gravitational surface contour deformations, the rib
bdcking structure for both the main dish and the subreflector can be restruc-
tured and braced. Contour-deforming the subreflectors ("Y" axis deformation)
to electrically compeénsate for distortions is another method for increasing
the efficiency of the large refleetor antennas. Other studies have indicated
that some deformation problems can be solved by using an "adaptive array" of
feedhorns that electronically compensate for contour deformation by control=-
ling the phase front illuminating the subreflector., Any or all of these
programs could conceivably increase the gain of the large antennas by as much
as 2 dB.

As higher frequency bands come into use, a multiplicity of feed horns
necessary to cover ever wider frequency bands will have to be included on cach
antenna., Single- or dual-frequency feedhorns would be selected by multiple
movable subrefléctors., These multiple feed systems, coupled with newly
developed upconverter masers that operate over extended bands, will give the
DSN unparalled diversity in science, research, and developméent and will keep
it an international science resource.
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Tahle 3-2, Decp 8pace Network antennas in the 1§

Station No. Diameter Deaeription 3~dB beamwidth Halght above Galn By
m 8-band  X-band aea lovel 8~band  X-band B
dog m dB ‘
Goldstone, ,
Calif, 1
1o 26 Docomnissioncd 0.33 - 1036 53.3 - 4,
12 «» 34 T/R, DS, HEO 0.26 0.075 1001 56.1 66.9 214
13w 26 R&D 0,33 0.10 1094 537  63.7 271
14 * 64 /R, DS 0.140  0.036 1032 6.7 72,1 14
15 34 VLB, DS, HEO, HE 0.26 0.070 1005 55.8 67.3 15%
Canberra, 1
Augstralia j
42 % 34 T/R, DS, HEO 0.26 0.075 664 5641 66.9 213
43 % 64 T/R, DS 0,140  0.036 670 61.7 721 14,
44 * 26 Decommissioned 0.33 - 1130 53.3 - 413
i
45 34 VLBL, DS, HEO, HE 0.26 0.070 670 55.8 67.3 ISf
Madrid,
Spain
61 % 34 T/R, DS, HEO 0.26 0.075 796 56.1 66.9 Zli
62 % 26 Decommissioned 0.33 - 789 53.3 - 41!
63 64 /R, DS 0,140 0,036 812 61,7 7241 144
T/R = transmit/receive R&D = Research and development station
DS = deep space support VLBI = Very Long Baseline Interferometry
HEO = High Earth Orbiter support HE = high efficiency

»
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Existing as of mid-1982
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- Deep Space Network antennas in the 1985 era

'

'{.Height above Gain System noise temp. Uplink Downlink Feed Syatem '
~ sea level S-band  X-band S=band  X~band 8 »
m dB K
{
.. 1036 53.3 - 41 - - S One~cone, S-band
3 feed
1001 5601 6649 21.5 21,5 s S, X  One-cone, reflex ;
T 1094 53.7 63.7 27 23 S, X S, X S/X cormon |
N aperture feed !
1032 61.7  72.1 14.5 20,0 s S, X  Tricone, reflex |
1005 55.8  67.3 150 18.5 - S, X  8/X common 7
aperture feed ‘
664 56.1 66+ 9 21.5 21.5 8 S, X One-cone, reflex
670 61.7 7241 14.5 20,0 S S, X Tricone, reflex
1130 53.3 - 41 - ~ 8 One-cone, 8-band
feed {
|
670 55.8 67.3 150 18.3 - S, X 8/X common i $
: aperture feed : i
796 56.1 6649 21.5 21.5 s 3, X  One-cone, reflex !
|
789 53.3 - 41 - - ] One=-cone, S~band ; j
‘ feed ; 1
- ’
£ 812 61.7 72.1 14.5 20,0 S S, X Tricone. reflex ‘
;._'.‘:*nt station

~erferometry
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Fig. 3-1. Goldstone Station 14 64-m-diameter
antenna with tricone and reflex
feed, 1983 era S/X-band

PLANE WAVES
‘/ﬁzom SPACECRAF\

v PEED HORN ¢

Fig. 3-2. Schematic view of paraboloidal
antenna with a focal-point feed
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Fig. 3-3 One of the first 26-m-diameter antennas '
at Goldstone in 1961, Echo Station 12 ‘

PARABOLOID

%: F
i FEED
HYPERBOLOID

Fig. 3-4., Geometry of a two-reflector Cas-
segrain antenna system with a
symmetrically positioned hyper=-
boloidal subreflector (F and Q
are foci of hyperboloid)
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Fige 3-5, 26-m S-band Cassegrain antenna system, showing subreflector,
feedhorn, and cone
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Fig. 3-6. 34-m antenna at Goldstone, Station 12, )
with S/X-band reflex feed system -
£
&
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.»f' Fig. 3-7. Canberra Station 43 64-m antenna t
5 showing subreflector and single
e S~band feedhorn ;
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Goldstone Station 14 64-m antenna showing tri-
cone and asymmetric hyperboloidal subreflector
A

VIEW A-A

HYPERBOLOID AXIS
OF ROTATION |

’

Fig. 3-9. Geometry of asymmetric sub-
reflector and feedhorn in
tricone feed assembly
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Fig. 3-10. Goldstone Station 14 64-m antenna with Ly
tricone, reflex feed, and asymmetric i
subreflector ;}

’4
!

Fig. 3-11: Close-up view 8- and X-band feedhorns,
elliptical reflector, and dichroic
plate in reflex feed assembly
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: SIGNAL SIGNAL
: |
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: REFLECTOR \‘T"
: Yy R v
| / N DICHROIC
REFLECTOR ~r \y/ PLATE
MAIN
PARABOLOIDAL
REFLECTOR
$-BAND FEEDCONE X-8AND FEEDCONE

Fig. 3-12. Geometry of S/X-band reflex feed
gystem

Y mgoov 234

1 ]
16 18 20 22 0 2 4

TIME, HOURS

Fig. 3-13. S~ and X-band 64-m system noise temper-
atures measured at Goldstone DSS 14
during Voyager Saturn encounter
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Fig. 3-14. 32-GHz clear aperture
antenna (1.5-m diameter)
undergoing testing at the
Jet Propulsion Laboratory

;cmcuwz MAIN BEAM
A ~eornon o

yd :‘/ HYPERBOLOID
i
KN a—MISSING 2
/ Cravs

PORTION OF PARABOLOID

Fige 3-15. Geometry of clear aperture
antenna system
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IV, LOW NOISE AMPLIFIERS
8. M, Petty and D, L, Trowbridge

A.  INTRODUCTION

During ita history, ona of tha graat toechnical challongon facing the Doap
Space Network has boon to recalve signals from a naveraly woight=limitad
Apacecraft that Ls hundrods of thousands to billions of kilomotors from
earth. This wolght Llimitation hae always imposed striet limitations on the
size of the spacecraft antenna and the amount of transmittor power radiated.
} f The communication burden is therefora placed upon tha ground systems of the :
' ’ Deep Spacé Network which must recover an oxtremely weak signal in the presence
of nearly overwhelming amounts of noise.

; Two key parameters that determine the signal-to-notse ratio of a received
; signal using a deep space station are 1) the collecting area and efficiency of
the antenna, and 2) the amount of noise which is generated in, as well asg :

allowed to enter in, the antenna-mounted receiver, These parameters can be ’ "

. used to describe the relative ability of a deep space station to receive weak ) 1
1

signals. The communications link receiving systenm figure of merit M is given
S by (Sections I and II):

et s ot R N X

3 oo
"= G/ Top (-1 2
i ‘ vwhere GR 1s the receiving antenna effective gain, and Top 1s the operating i :4
- “ system noise temperature. As spacecraft-to-earth communication distances have .

;: increased over the years, the Deep Space Network has been engaged in a :', ﬁ
1 relentless effort to increase the figure of merit through larger and more i :

{
X efficient antennas, higher frequencies, and lower system noise temperature, |

Reduction in system noise temperature has bean brought about primarily by ‘
improvements in the low noise amplifier, 1In this section, the oevolution of '
low noise amplifiers will be described from their beginnings to the maser

-

1 amplifiers used today., A short discussion of maser design techniques will

e s e e e o

b then be presented, and finally, the high performance systems being planned for
the late 1980s will be described, Table 4-1 summarizes the performance of
low-noisc amplifiers from " 1960 to 1982, and gives the expected additional
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perfaormance of future Network maser ayatems during the time period 1983-1989,
In Tabhles 4~1, 4-2, and 4~3, two values are often given for gain, bandwidth,
and noise temporature, The firat value is the best measured performance among
all unite of that typo at a pclectod froquoncy within the bandwidth and/or
tuning range. Tho second wvalue (ln parcontheses) 4s the worst measured
porformance ameng all unito at the outsido odge of tho bandwidth or tuning
rango.

B,  HISTORY

1, Vacuum Tubes and Parametric Amplifiors

In 1958, when JPL was designing the world=-wide network which would
become the future ecp Space Network, a new 26-m antenna had just been con=
structed in the Mojave Desert at Goldstone, California, and two similar
antenna were about to be built overseas., The space race was in full swing and
the Goldstone station was equipped with mixers operating at 960 MHz with a
nominal system operating noise temperature of about 1500 K. This antenna was
tracking Ploneer 4, the first U.S. spacecraft to leave the BEarth‘'s gravita-
tional field, and it was already obvious that lower noise parametric ampli-
fiers would bé needed for future missions. In fact, General Electric's
Schenectady facility, equipped with a tiny 6-m dish and & parametric
amplifier, claimed to have tracked Pioneer 4 from a greater distance than
JPL. By 1960, JPL had added a second antenna at Goldstone in preparation for
the Echo satellite experiment. Parametric amplifiers had been under develop-
ment at JPL for several years, and the Echo experiment saw thelr first
operational use on both Goldstone antennas. These early unite reduced the
system noise temperature by an order of magnitude--from 1500 to about 220 K
~=and plans were made to upgrade the entire network (Ref. 4=1).

2. The First Maser Amplifiers

Another typ: of amplifier device was appearing on the scene that

had the potential of reducing system noise temperature another order of mag-
nitude, In 1953, Professor J., Weber of the University of Maryland published a
brief article describing a process that might result in amplification in a
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wanner differvent from any proviously knewn principle of amplification, 1In
1934 and 1955, U.8. and Rusaian groups, using these 1ideas independent ly,
Auceaaded 1n obtaining amplification and oselllatior at 23,870 GHz, using a
boam of ammonin moleculos operating on a natural regomance of the ammonda
molaculas They called thoir dovice a maner, for Microwave Amplification hy
Stimulatod Emission of Radiation. The ammonin masor found application as an
ultrastable froquency standard, but was not sultablo as ~ tuncable amplifior
with roasonable bandwidth., Thon, Profossor Bloomborgen of Harvard published
hig proposal for a solld state microwavo masor anplificr which could provide
tuneability, reasonable bandwidths, and noilse tomperaturcs lower than any
other known device. Soon after, ia 1957, the first succassful solid state
maser -amplifiers were developed by groups at Béll Telephone Labs and Massa-
chusetts Institute of Technology (Ref. 4=2),

The potential for this new maser amplifier in the Deecp Space Network was
not lost on Dr. Walt Higa and his group at JPL. They stopped work on the
ammonis maser frequency standard, and began development of a maser amplifier
for the Goldstone antennas. The result of this effort was a single-cavity
reflection«type ruby maser which operated at 960 MHz with 20 dB net gain, 750
kHz bandwidth, and an input effective noise temperature of 30 K (later units
measured 22 K, Ref. 4-3). The necessary 4.2 K cryogenic environment was
provided by an open-cycle liquid-helium dewar which could function on a noving
antenna without spilling refrigerant., 1In 1960, the first of these masers was
installed at the prime focus of the Pioneer 26-m antennd at Goldstone. Later,
a similar unit proved its worth by receiving satisfactory signals from Ranger

3 when the paramp-equipped Echo antenna zould not because of unfavorable
spacecraft orientation,

3. Goals of the JPL Maser Program

These early events marked the beginning of an ultra-low-noise maser
developmeni program that has continued at JPL to the present day. Then and

now, major goals in the development and implementation of maser amplifiers
have been:
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(1) Provide state~of~-the~art performance to continually increase
the capacity to acquire data at greater distances.

(2) Introduce new technology on an experimental, non~interfarence

basig, and then implement as an operational capability on a
later mission,

(3) Respond "beyond the call of duty" to flight programs with
needed new technology, éspecially in emergency situations.

(4) Steadily improve overall reliability in gpite of increased
performatice and complexity.

(5) Provide for operation and maintainability by field personnel,

4, Planetary Radar At Goldstone

JPL's planetary radar program at Goldston. was proving té be an
astronomical tool that could provide astronomers and mission planners alike
with valuable information. It was also an excellent proving ground for new
antenna, low noise amplifier, and transmitter equipment that would eventually
become operational in the Network. Vetry socon after the 960 MHz maser was
developed, a similar maser was built for 2388 MHz operation on the Pioneer
antenna at Goldstone. The first major JPL success at interplanetary radar was
achieved from the planet Venus with the use of this maser (Ref. 4-4), 1In
1962, a 2388 MHz dual-cavity maser was developed with 34 dB net gain, 2.5 MHz
bandwidth, and 18 K noise temperatvre (Ref. 4-5), A Cassegrainian antenna
feed conf{iguration made it possible to achieve a total system temperature of
40 K. Radar echoes from Mars were obtained with this system in 1963,

5. Closed-Cycle Refrigerators

It was painfully obvious to everyone concerned that the open=~cycle
liquid helium dewar required b the maser amplifier would have to be replaced
with a reliable closed-cycle eefrigerator (CCR) if masers were to become an




iR ) operational reality., There was a commercially manufactured CCR available in
{ 1962 from Arthur D, Little, Ine., JPL procured one of these units, installed a
' 960 MHz cavity maser inaide, and operated it at Goldstone for a short tima,

»
o Moanwhile, the maser group started development work on a traveling-wave l
:% i maser (TWM) structure for the planctary radar project that would provide much
—? i larger gain bandwidth products than wore available with cavity masers., In
g f' Séptember 1963, the first JPL traveling-wave masar/closed cycle refrigerator

= (TWM/CCR) system was installed in the Venus antenna. Performance at 2388 MHz
S exceeded previous cavity maserd by a wide margin: 40 dB net gain, 12 MHz
bandwidth, and 8 K noise température. Half the known planets of our solar
systém were probed with earth based radar using this maser system.

As far as spacecraft tracking operations wére concerned during this time
period (1962-63), the Echo'and Venus stations were both equipped with 960 MHz
liquid helium-codled cavity masers in a Cassegrain feedcone, providing a
nominal system noise temperature of 50 K. Overseas stations were still
equipped with 300 K parametric amplifiers. ; !

6. Move to S~Band |
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In 1962, the recommendation was made that the entire Network switch z
over from 960 MHz to 2295 MHz (S-band). The resulting increase in figure of
merit would be required for future missions to Mars and beyond. While the
Network was engaged in tracking the Mariner Venus Flyby in late 1962, plans ‘ ‘
were made to develop and test the S-band TWM/CCR discussed previously on the
DSS 13 research antenna at Goldstone. The decision was made to implement all
Network stations with similar S-band units and a contract was placed with
Airborne Instruments Laboratories to provide traveling wave masers (TWM's)
mounted on Arthur D. Little, Ine. CCR's (Ref. 4-=6)., These TWM/CCR systems
were more complex than any amplifiers used previously in the Network and
N consisted of a 1) CCR mounted in the cassegrain feedcone, 2) TWM contained
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within the CCR, 3) large helium compressor mounted in a lower portion of the A 3
antenna or on the ground, 4) control and RF instrumentation racks located in a :
control room, 5) gas lines connecting the compressor and CCR, and 6) an array *
of vacuum and ¢ryogenic support equipment, The first rystem was installed at ‘
Goldstone in March 1964 and all antennas were so equipped by the 1965 Mariner




flyby of Mara., Thesc masers provided 135 d8 net gain, 17 MHz bandwidth, and
2270-230C MHz tuning range., Maser input nolge temporatura was 9 K, and
nominal syatem nolse temperatura was 55 K, a factor of 4 smprovement ovar
parametric amplifier-aquipped syatomea.

Tha Network was now committed to maser amplifiers and CCR's for full~time
field use on all antennas., This first aexperience with full-scale maser
implementation was not without problems. Both the refrigeration and maser pump
systems proved to have raliability probleme, and the new and sophisticated
nature of the equipment made fleld repairs by Network personnel very difficult.
Parallel efforts were bagun at JPL to develop a more effiéient and reliable
CCR, and a more ruggéd, stable maser amplifier assembly.

7. Field-Operational Mesers Come of Age

A very ambitious Mariner mission to Venus was being planned for
1967 encounter. The first of the 64-m anteannas had been built at Goldstone,
and would be equipped with a very low noise receive-only feedcone (Ref. 4-7)
for tnhis mission. The backup for the 64-m station would be the DSS 13
research 26-m antenna equipped with a similar feedcone. The two masers
developed for these "ultra-cones" represented a successful milestone in the
program to make the TWM/CCR system a dependable high-performance component
(Ref. 4-8). The maser tuned from 2270-2400 MHz » covering both Network and
planetary radar frequencies with net gains of 50-35 dB., An input noise tem-
perature of 5.5-7 K was achieved with the help of a cooled coaxial input line
center conductor. The rugged one-piece slow-wave structure proved very reli-
able and stable under thermal cycling, and the construction is still used in
many Network TWM's today. The CCR likewise included innovations which improved
reliability (MTBF was increased from ~ 500 hours to = 3000 nours), simpli-
fied assembly, and reduced cooldcwn time (Ref. 4-9),

New milestones for noise temperature and reliability were established by
these TWM/CCR's and the receive-only feedcone. The system noise temperature

measured 16 K and these two systems accumulated over 10,000 hours run time by
January 1967 without incident. During 1970-71, all Network stations received
JPL-built TWM/CCR systems similar to the above research units. These systems,
denoted Block III S-band TWM/CCR (Ref. 4-10), are still operating on




Network antennaa at the preaent time (1982), Radar capability was not needed,
8o they were designed for maximum gain (45 dB) and bandwidth (40~50 MHz) at a
fixed fraquency of 2285 MHz. Input noise temperature ranges from 5 to 8 K,

8. Loweat Noise Maser Amplifier

A crash research and developmént program was initiated in 1973 to
develop an S8-band maser with a lower noise temperature than éxisting units,
Two significant JPL technological developments contributed to the success of
this effort: 1) use of a superconducting magnet inside the CCR, replacing the
massive external magnet used on the Block III mdsers, and 2) dévelopment of an
evacuated coaxial input transmission line with the entire center conductor
cooled to 4.5 K., This TWM/CCR measured the lowest input noise temperature
achieved to date for a microwave maser amplifier - 2,0 K (Ref. 4-11). The
64-m antennas at Canbarra and Goldstone achieved a system noise tenperature of
13 K + 1 K for Mariner 10 Encounter with Venus and Mercury using this maser
(this 1s the Ilowest system noise temperature ever achieved on a Network
antenna). Today, a production version of this maser is in the S-band
Polarization Diversity (SPD) feedcone of each-64~m antenna in the Network.

9. Deep Space Network Moves to X-Band

Thé Network was aware of the need to operate at even higher
frequencies than S~band for future space missions. Preparation for this
eventuality began in 1964 when a multiple~cavity maser operating in a liquid
helium dewar was purchased from Hughes Research Laboratories (Ref. 4-12),
Thie unit was installed and evaluated in a 9~ R&D antenna at Goldstone, It

operated at 8448 MHz, providing 18 K maser noise temperature and 15 MHz
bandwidth.

The first X-band TWM/CCR system was designed and built at JPL using the
considerable expertise that had been gained during the S-band maser
development. This unit (Ref. 4-~13) was tuneable from 8370-8520 MHz, with
45-30 dB net gain, 17 MHgz bandwidth, and 18~22 K noise temperature. It was
installed on the 64-m antenna at Goldstone in 1966, and removed in 1968 to
await an improved, more reliable replacement. This improved TWM/CCR (Ref.
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4-~14) arrived at the 64-m station in early 1970, In addition to providing
7-13 K nolse tomperature, about half that of the previous design, this ayastem
also demonstrated the short~ and long-term gain atabllity neceasary for a
successaful fleld-operable maser.,

The first use of an X~-band spacecraft downlink in the Network occurred in
1973, when the Mariner 10 Venus~Mercury probe transmitted simultanéous 8- and
X~band signals for a transmission media charged-particle calibration exper-
iment., A tuneable X-band TWM/CCR (Ref. 4-15) was installed at the 64-m
Goldstone antenna in January 1973 for this occasion, and represented a further
improvement over previous designs., Noise temperaturée was lowered to 6.5 -
10.5 K over a 7750~8750 MHz tuning rangeé. This was the first JPL X~band maser
to use a superconducting magnet.

The 1975 Viking Orbiter/Lander missions to Mars and future Voyager mis-
sions to Jupiter and Saturn depended on X-band downlink comtiunications. The
9 years of orderly X-band maser development (1964-1973) had virtually assured
the Network that a well-engineered reliable system would be available for
implementation at all stations when needed., The implementation process began
by converting the tuneable maser design used for Mariner 10 to a fixed-tuned
design so that maximum gain bandwidth product could be achieved at the Network
frequencies. Most other features of the research maser were incorporated with
the addition of some innovations., The design effort was very successful:
noise temperature ranged between 5-9.5 K with over 50 MHz of bandwidth and 45
dB nominal gain at 8420 MHz. These systems, termed Block I X~band TWM/CCR
(Ref, 4-16), were manufactured and installed on all antennas during 1975-76.
At present all 34-m antennas are still equipped with these systems.

10,  New X=-Band Mase: fotr Jupiter and Saturn

After the Voyager Jupiter-Saturn spacecraft were launched, mission
planners found that the science value from Saturn would be greatly enmhanced if
the X-band data rate could be increased 63%. To accomplish this, three major
candidates for increasing downlink figure of merit were identified -~ one of
these was to design and build an X-band TWM/CCR with one-half the noise




temperature of the existing Block I aystems. The maser group at JPL found
this task to be a very challenging one, and the varsion that was developad
represented a major departure from then-current fechnology in the areas of 1)
amplifier slow-wave structure, 2) signal dinput transmission line, and 3)
superconducting magnet.

This maser provided the reduction in nolse température (over existing
Block I units) réquested: 3-4.5 K at the input flange. The 60-110 MHz band-
width (centér frequéncy 8450 MHz) also represents a milestorie for fiasers in
this frequéncy range. 8ix of these 8ystems, tetted Block II X-band TWM/CCR's
(Ref. 4-17), were hurriedly installed during 1980-8L in the 64-m anterna
Subnet as the Voyager spacecraft weré nearing encounter.

11. Ku-Barid Maser

The rugged, one-piece, copper, slow-wave structure developed by JPL
ih the mid-1960‘s, and which has served so successfully in all Network masers
(except for the new Voyager X-band maser development), reached its highest
practical operating frequency with the development of a tuneable Ku-band maser
system tuning 14.3 to 16.3 GHz (Ref. 4-18). 8.5-13 K noise temperatures were
demonstrated over the tuning range with 17 MHz bandwidth and 48-30 dB gain.
This maser, the first to incorporate a superconducting magnet, was installed
on the 64- antenna at Goldstone from 1971 to 1982 and used for antenna
calibrations and radio science.

12. ¥-Band Reflected-Wave Maser

The highest frequincy maser amplifier system that has been supplied
to a Network antenna is a K-band maser that has attracted a large amount of

interest among radio astronomers nationwide and worldwide.

The concept for this design was developed under a California Institute of
Technology President‘s Fund grant with the University of California at San
Diego and JPL (Ref. 4-19). The first field-worthy reflected-wave maser and
associated superconducting magnet were designed and developed at JPL in a
cooperative venture by personrel from JPL and the National Radio Astronomy
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Obsarvatory (NRAO) in West Virginia (Ref. 4-20). This maser is unique among
maser designe in that it can prpvide a very large inatantancous handwidth (up
to 500 MHz) and a large tuning range (19-25 GHz) over frequencies of particu~
lar intercet to radio astronomers. Tho intercset gonerated by this development
led to a number of additional cooporative ventures between JPL and various
radio astronomy centers whereby these centers have been able to develop and
operate similar K-band maser systems for their own use.1

Two of these K-band tasers are presently operating ou the 64-meter anten-
nas in support of antenna calibration and radio astronomy applications. Both
units have dual feedhorns for antenna beam switching and a cryogenically
cobled electronic Dicke switch. The maser at DSS 43 provides approximately
150 MHz bandwidth and 30 dB gain over a 18-25 GHz tuning range. The maser at
DSS 14 provides 110 MHz bandwidth and 30 dB gain at a frequency of 22.2 GHz
(tuning range limited by maser pump source). Input noise temperature for
these maser systems is in the range 10-16 K.

Table 4-2 summaries all maser amplifier systems built for the Network
from the first cavity maser in 1960 to the present.

C.  PRESENT (1982) MASERS

The Network at the present time (1982) consists of three Deep Space
Communication Complexes. Each complex has one 64-m-diameter steerable antenna
and one 34-m-diameter steerable antenna. Each antenna contains maser
amplifiers operating continu6usly at S-band and X-band. In addition to the
above the complex at Goldstone, California, has a 26-m antenra which 1is

lThese centers include the Massachusetts Institute of Technology (maser
installed on Haystack antenna), Princeton University (maser flown on high
altitude bdalloon), National Radio Astronomy Observatory, Commonwealth
Scientific Industrial Research Organization (CSIRO) (maser with cryogenically
cooled Dicke switch installed on the Network 64-m antenna in Australia), Max
Planck Institute in Bonn, Germany (maser with cryogenically cooled feedhorns
and Dicke switch installed on the Effelsberg, Germany, 100-meter antenna), and
California Institute of Technology (maser installed on the Owens Valley Radio
Observatory).

4-10




committed fo supporting research and development activities, and two of the
64-m antennas (Goldstone and Australia) have masers operating at K-band., All
TWM/CCR systoms are located in Cassegrainian feedcones on the antennas. FEach
system's associated helium compressor is locatad either at a lower clevation
on the antenna structure or on the ground.

A tabulation of the maser amplifiers operating on gach antenna in the
Network i8 summarized in Table 4=4, The typical operating paramaeters of cach
maser type presently in use in the DSN are listed in Table 4=3,

D.  MASER DESIGN PRINCIPLES

The maser is a Microwave Amplifier by Stimulated Emission of Radiation.
Masers (and lasers) are quantum electronic devices which operate according to
the principles of quantum mechanics, which include the concepts that (1) atoms
(or atomic-sized systems) can exist only in certain discrete allowed energy
states or energy levels, and (2) interaction between applied electromagnetic
radiation and the atoms can occur only in discrete amounts of energy corres-

ponding to specific frequencies.

All masers share a common requirement for one or more pump os¢illators,
which provide energy for the amplification of the desired microwave signal.
The power delivered by the pump oscillator rearranges the populations of the
various quantum states of electrons in the maser material such that the
material will emit radiation at the signal frequency, and therefore provide

amplification, when it 18 &timulated by a small amount of input signal
radiation.

A simple prdctical form of maser amplifier using a solid maser material
is shown in Fig. 4-1, The maser crystal is placed in a microwave resonator
which 1is designed to provide efficient interaction between the crystal and
both signdl and pump microwave frequencies. The signal to be amplified is fed
into the cavity via a coaxial transmission line. Regenerative amplification
then occurs in the cavity, and the amplified signal returns out the same
transmission 1line and is externdlly separated from the input signal by a
non-reciprocal device called a circulator. Microwave power at the pump

frequency is also sent to the cavity via the same signal transmission line (in
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most maser designs, a separate wavegulde pump transmission line is used), In
order to place the active electrons in the maser cryetal into sultable quantum
atates, a de magnetic field is applied to the crystal and a refrigeration
syatem is provided to cool the crystal to cryogenic temperaturas (typleally
1.8-4.5 K,

In tha Deep Space Network, the form of maser amplifier in general use
today is the trdaveling-wave maser, Typically, this type of maser construction
has a fwch greater gain bandwidth product than is available from a single or
dual cavity maser. A recent design of this type of maser is shown
schematicdlly in Fig. 4-2. The signal cirecuit consists of coaxial input and
output 1lines condected to a slow-wave structure having a4 long row of
conducting métal strips. This slow-wave structure is sandwiched on one side
by a slab of ruby crystal maser material and on the other side by a ferrite
isolator strip, The slow-wave structure lengthens the .nteraction timeé of the
input microwave signal with the maser material, and the isolator strip
prevents regenerative atplification or oscillation by absorbing undesired
signal frequency waves traveling in the backward direction.,

The sandwiched slow-wave structure is enclosed in a rectangular channel
which acts as a waveguide transmission line at the pump frequency. Pump
energy is fed into one end of this channel and illuminates the entire length
of ruby maser material,

A number of these maser amplifier channels are cascaded to provide the
desired signal gain and bandwidth, They are installed inside a supercon-
ducting eléctromagnet, the magnetic field of which adjusts the quantum states
in the ruby material to desired values, and biases the ferrite isolator strip
to provide reverse isolation at the signal frequency.

The maser amplifier-superconducting magnet assembly is cooled to 4.5
kelvine operating temperature inside a vacuum insulated closed-cycle helium
refrigerator. The system is completed with the addition of 1) signal input,

signal output, and pump transmission lines which connect the cooled maser:

amplifier with the outside room temperature environment, 2) external Gunn
diode pump oscillator(s), 3) remotely located helium compressor which provides
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purified high pressure helium gas to the rafrigerator, 4) elactronic controls
for the pump oscillator(s), magnef, refrigerator, compressor, etc., and %) a
monitor recaiver with which to calibrate maser gain.

Photographa of a rocent Network traveling-wave maser, the Block 1I X~bhand
maser, ar¢ shown in Figs. 4-3 through 4~8 with labels pointing out many of tho
components discussed abové, The low nolse tomperatures, wide bandwidth, high
stability and reliability of present Network masers are the rasult of over 20
years development of thesé components,which include:

(1) Slow-wavé structures with improved uniformity and low signal
frequency insertion loss.,

(2) Long-life solid-state pump 6&cillators.

(3) Compact persistent-mode superconducting electromagnets in place of
massive external permanert magnets.

(4) Extremely low noilse input signal transmission 1lines using
cryogenically cooled segments,

(5) Sophisticated ferrite isolator designs having lower forward
insertion loss than simple strips.

(6) High quality single crystals of ruby maser material.

(7) Highly stable closed-cycle helium refrigeration systems capable of
round-the~clock operation on steerablé antennas.

Figure 4-9 shows a typical S~-band maser installation in a Network antenna.
E. FUTURE LOW NOISE AMPLIFIERS

Future plans for low noise amplifiers in the Network include providing
additional high-performance 8- and X-band masar/CCR systems, and developing

new systems with more versatile performance chardcteristics to support a wide
variety of users, Specifically:
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1, Additional Block II~A X-Band Masers

The Network 1s implementing two now 3J4-meter antennas. These
antennas will he equippod with Bloek II-A  X-band TWM/CCR's similar to the
Block IT unite preacntly installed on the 64-m antonnas. Othar large non=NASA
radio teleoacopea are expectod to obtain Block II~A X~hband TWM/CCR's 1in support
of Voyagor Uranus and Néptune oficounters.

2, Additional Block IV 8=-Band Mascrs

Cartain Blotk III S-band TWM/CCR‘s will be cotverted to lower noige
Block IV S-band systems on 64~m antennas.

3. New Wide Bandwidth S~-Band Masers

Future S-band mission downlink frequency requiremerts include 2217
MHz for the Gilacobini-Zinner Comet Mission, various fréquencies in the 2270~
2300 MHz band, and 2320 MHz for planetary radar. The existiag Block III and
Block IV S~band masers will not operate over all those frequencies. Develop-
ment is now underway on a new maser which uses the concept of the half-wave
printed circuit slow-wave structure used so successfully in the Block II
X-band maser progcam. This new maser is expécted to have a noiseé temperature
similar to that of the Block IV $=band masér, but will provide a bandwidth of
over 60 MHz and a cénter frequency tuning range sufficient to permit operation
over the range 2217-2320 MHz. Two of these units will be built and installed
on the DSS 14 and DSS 63 64-m antennas.

4, Multifrequenéy Upconverter-Maser System
Recent advances in many arecas of technology have made possible the
davelopmient of a low-noisé receiving system that can exhibit noise temper=

etures similar to those of present maser amplifiers, while providing instan-
taneous bandwidths and tuning ranges many times greater than those of present
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maser amplifiera in the 1-18 GHz range. This ayatem comprises a eryogenically
eooled, upper=aideband parametric upcanvertor followed by a maser amplifier
(Ref. 4-21), Two recont devalopmants in particular have made these porior-
mance laevels ponsible: the filvst 1s the availability of very=high-quality
gallium arsenide varactor dioden with low package parasitic roaetancea, and

the socond ia the dovelopmont of wideband microwave masar tochniques suitable
for froquoncics abova 18 GHz,

A domonstration model multifraquency upconvarter-mdasar systom, shown 1in
Fig. 4-10, is being designed asd built at 3PL for ovaluation in the Network.
The eryogenie refrigerator package will contatn inputs at 2, 8, and 32 GHe,
thus having the potential to raplace threec separate masar/refrigerator
systems. Multiple frequency bands in one refrigerator package are possible
because of tha small size and waight of the parametric upconverter needed for
each frequency,

Present plans call for two modes bf operation. In the first mode, the 2
GHz and 8 GHz fnputs will be upconverted to adjscent bands in the 32 GHz
region, then amplified simultancously by a 32 GHz wideband maser amplifier now
being developed at JPL. Instantaneous bandwidths at S~ and X-band would be
approximately 100 and 400 MHz, respectively. In the second mode of operation,
the maser amplifier would be switched directly to the 32 GHz input line to
provide 500 MHz instantaneous bandwidth for the new 31,8-32.3 GHz space~to-
Earth downlink allocation. In addition, single band operation at etfther
S-band or X-band with full 500 MHz instantaneous bandwidth is possible, This
system will also be the first low-noise amplifier in the Network to have a
microprocessor-based remote data acquisition and control system.

5. FET Amplifiers

An S~band field-offect transistor (FET) amplifier will be provided
to the 34-m listen-only antennas at Goldstone and Canberra to support missions
that do not require the noise performance of a maser amplifier, These units
will provide a nominal 70 K noise temperature oveyr the frequency range of
2200-2300 MHz,
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F, CONCLUSION

As 8ean 1n previous sections, the long hiatory of davelopmont and
improvement of the Network has been accompaniad by a correaponding improvament
in porformance and raliability of maamor amplifiers and assoeiatod eryogonie
vofrigoratora. Much of this pust dovalopmont has beon aimed at tho roduction
of masor noisc t wiporaturcs With tho achicvamont of 2 K noisc tomparature
with tho Block 1Iv S-band maser, and 4 K with tho Blonk II X~band maser, offort
to furthor reduce those very low noise temperaturas is of 1ittle prasont valua,
Rather, development is now directed toward providing additional versatility to
economically support a wide variety of usors with various low=-noise amplifier
requirements by providing wider bandwidths, wider tuning ranges, increased RFI
protection, and eventually multiple frequency bands (including 32 GHz) in one
CCR. The Figure of Marit réquirements for Notwork raceiving systems in coming
years are not abating, but ate becoiing more stringent. Therefore, maser
amplifiers and associated cryogenic refrigerators are expected to remain a
necessary part of the Deep Space Network for a long time,
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Table 4-3. Typical operating parameters of present (1982)
Deep Space Network maser amplifiers
»
Net Half power Noise
Center frequency gain bandwidth temperature {
range ds MHz K
_ S-Band masers
Bloek IIL 2285 MHz 45 50(40) 5(8)
Block IV 2285 Mz 45 50(40) 2(3.5) -
: : |
R ‘ Research Block IV o
: : type at Station 14 2285-2388 MHz 40 40(10) 2(5) \
o § Research at 2200-2388 Miz a a a ;
et Station 13 ﬂ
. !
;J: E X-Band masers . 5
*.‘L i !
Block I 8420 MHz 45 70(40) 5(10) ]
_“- a
N Block II 8450 MHz 42 108(65) 3(4.5) : *
Research at 8410-8425 MHz 40 15P 5(10) S
‘i Station 13 : !
{ N
f K-Band masers ~f§
Research at 18-259 GHz 30 1509 124 '
i Station 43¢ i
A
i Research at 22.2° GHz 30 110 16 ;
} Station 14 1
i

8 pata not available

b Bandwidth can be increased to 30 MHz at 30 dB net gain

€ Maser/CCR on loan from National Radio Astronomy Observatory

d pstimate . 3

f € Operation at other frequencies in 19-25 GHz range is possible with imple-
mentation of different pump source.
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Table 4~4. Maser amplifiers in the present Deep 8Space Network (1982)

DSN Complex

Station

Maser amplifier/closed=cycle
refrigeration systems

DSS 12
34-m operational
station

One
Two

X=-band Block I
S~band Block III

DSS 13 One research X=-band
. 26=m research One reséarch S-band
Goldstone, station
Calif.
DsSs 14 Two X-band Bloek 1I
64-m operational One S-band Block IV
station One S~band R&D Block IV-type
One research X-band
One research K-band
DSS 42 One X-band Block I
34-m operational Two S~band Block I1II
station
Tidbinbilla,
Australia DSS 43 Two X-band Block II
64-m operational One S-~band Block IV
station One S-band Block III
One research K~band
DSS 61 Two X-band Block I
34-m operational Two S-band Block III
station
Madrid
(Robledo),
Spain
DSS 63 Two X~band Block I
64-m operational Two S-band Block TII
station
4-23
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CIRCULATOR
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FILL TUBE H
LIQUID NITROGEN —
FILL TUBE 11 PUMP POWER INPUT
_~— COAXIAL
| TRANSMISSION
/' LINE
_—LIQUID
o e NITROGEN
; . TANK
. A " 4
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" HELIUM
TANK

RUBY CRYSTAL
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X X
PERMANENT MAGNET

Fig. 4~1. Cavity maser amplifier
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SIGNAL SIGNAL
INPUT ouTPUT

? ?

SIGNAL OUTPUT sl 1]
COAXIAL LINE m

SIGNAL INPUT
COAXIAL LINE

Rusy

PUMP
ENERGY
POLES OF
SUPERCONDUCTIVE
ELECTROMAGNET
/ COPPER HOUSING
X FERRITE
SLOW-WAVE ISOLATOR
STRUCTURE STRIP
STRIP (typ.) 4.5 KELVIN HELIUM REFRIGERATOR
HELIUM
y { ons
LINES
MICROWAVE MAGNET CRYOGENIC
PUMP DC POWER SUPPLY  SENSOR HELIUM COMPRESSOR
OSCILLATOR ouTPUTS

Fig. 4-2. Schematic representation - . modern traveling-wave maser amplifier
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X-band Block II-A traveling-wave maser chanmnel
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X~band Block II-A maser assembly mounted inside superconducting

magnet

Figo 4-40
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Figo 4'50

X~-band

. W foe
= .

LOW NOISE INPL
7 TRANSMISSION,

"

N HELIM GRS
MANIFOLD

Block 1I-A maser/CCR assembly with radiation shields,

vacuum housing and fiounting frame removed
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Fig. 4~6, X=band Block II-A TWM/CCR package
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Fig. 4-7. Control room instrumentation
for X-band masers
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Fig: 4-8., Helium compressor for DSN closed cycle rufrigerators
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Fig., 4-9, 8-band TWM/CCR installed in

Cassegrain antenna assembly

30 GHz 24.GHz | [66 GHz " ‘
PUMP PUMP | [PUMP m‘;&‘%“&mﬁc ’
SOURCE [ | sourc| |souRce ' f
1 C
2 300z ~ CHANNELI ZING _f ~:
i | o] [E 1 | SRS | |
200 MHz FILTER UPCONVERTER ; | 1
w | SUPERCONDUCTING ;
l MAGNET | 14 i
8.4CHz | . | '
INPUT CRyogeNic | | X;BAND e 3 Gha 2 GHz !
PARAMETRIC ! TRAVELLING o i
o "z T FILTER 1, CONVERTER — WAVE MASER | oureur ;"
| l o
R6Hz | SWITCH | (S
INPUT CRYOGENIC |
500 MHz FILTER
w | |

4.5 KELVIN CLOSED CYCLE REFRIGERATOR |

Fig. 4-10. Multifrequency upconverter-maser block diagram

-
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V. RECEIVERS
Hs Donnelly

A.  INTRODUCTION

Before discussihg Dee¢p Space Network receivers, a brief déscription of
the functions of receivers and how theéy interface with other elements of the
Network will be presented. Not all the present capability described has been
functional 1in the receivers since the formation of the Deep Space Network.
Some of this capability has been gradually introduced over. the years, as
covered later in the history of receivers., Future receiver capability is also
described later,

Different types of receivers aré used in the Network for various pur-~
poses. The principal receiver type 18 used for telemetry and tracking. This
receiver provides the capability, with other élements of the Network, to track
the space probe utilizing doppler and range measurements, and to receive
telemetry, including both scientific data from the on-board experiments and
engineering data pertaining to the health of the probe.

Another type of receiver is used for radio science applications. This
receiver measures phase perturbations on the carrier signal to obtain infor-
mation on the ¢omposition of solar and planetary atmospheres and interplane~
tary space,

A third type of receiver utilizes very long baseline interferometry (VLBI)
techniques for both radio sclence and spacecraft navigation data, Only the
telemetry receiver is described in detail in this document.

The integration of the Receiver-Exciter subsystem with other portions of
the Deep Space Network is shown in Fig. 5-1. A description of the major
assemblies of the Receiver-Exciter Suvsystem follows. Here again, all
functions of the Receiver-Exciter are discussed briefly in the following.
Later, the focus is on the communicatiohs function, principally the reception
of telemetry data.
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2,

3.

4,

5.

6.

7.

Exclter., The exclter generates a carrior, modulated with command
and ranging signals, of sufficient power to drive the transmitter
amplifier., This signal 1is vsed to communicate with the spacecraft
over the ground-to-spacecraft uplink,

Phase Tracking Receiver. The phase tracking receiver maintains
pPhase 1loe¢k with the spacecraft-to-ground downlink carrier and
thereby generates a reference signal used to coherently detect
telemetry and ranging modulation signals for reéal-time data
procéssing or to record the data for processing some time later.

Doppler Extractor. From an exciter reference signal and a receiver

signal, the doppler extractor generates the doppler signal,

Subcarrier Demodulator Assembly. The subcarrier demodulator
coherently detects telemetry subcarrier signals in order to extract

data for processing.

Precision Power Monitor. This equipment provides a measurement of

received carrier level using the Precision Signal Power Monitor
assembly and a measurement of the system noise temperature using a
Noigce Adding Radiometer assembly.

Spectral Signal Indicator. This equipment provides a display of
the received signal spectrum and a measurement of the carrier

frequency to aid the receiver operator in the acquisition of the
received signal., The display also provides a gross indfcation of
telemetry modulation anomalies.,

Real-Time Combiner, During some critical mission periods (such as
a planetary flyby) when the signal levels are near threshold, it

becomes necessary to combine signals from two or more antennas to
obtain an adequate telemetry signal-to-noise ratio. The Real-Time
Combiner combines baseband telemetry signals from more than one

antenna.,
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8, Open-loop Recciver. The open~loop receiver is used primarily for

the support of radio science. The receiver 1s used to record the
carrier (tratislated to a low frequency) for later data processing
of occultation measurements. With the open loop receiver, data can
be obtained during the critical period of occultation when the
closed-loop receiver fails to maintain lock.

9. Very Long Bageline Interrerometry Receivers. Another open=-loop
receiver 1is used for very long baseline interferometry (VLBIL)
meéasutéments. This receiver utilizes VLBI techniques for radio
science application to catalog radio gources and for Deep Space
Network application to determine relativé station locations and. UT1
polar variations, to obtain intercomplex time synchronization, and

to provide navigation support for space probes.

The open-loop recéivers, which are used for both radio science and VLBI
measurements, are part of the Multi-Mission Receiver. It is planned at some
future date to use the front end of the Multi-Mission Receiver for part of the
phase tracking and telemetry receiving function as well.

B. HISTORY

The present Deep Space Network, which provides communications to lunar
and planetary probes, started with the tracking of Pioneer II and IV lunar
probes launched in December 1958 and March 1959 respectively. These Pioneer
probes used only one-way communications, downlink at L-band (960 MHz). Prior
to that time a worldwide network of four tracking stations was used to support
early Explorer earth satellites operating in the VHF band (108 MHz downlink).

Several lunar missions followed the Pioneer probes. These also operated
at L-band, using two-way communications, an uplink at 890 MHz being added to
the Network. L-band was selected as an interim frequency, used primarily
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because the capability of devices that existed for the early Pioneer prohes
extended only to this frequency range. '

During those early days of L-band tracking, the planning of lunmar
unmanned missions to obtain information on the lunar surface for the Apollo
program and the plannuing of planetary exploration brought to light the nced
for multiple channel assignments. As a result, S-band was chosen, both
because of the-availability of the spectrum and because of the application of
this frequency band to future deép space ¢ommunication. For example, galactic
backgreund noise is high at L-band, while at the higher S-~band frequency the
ncige level decreases. The higher frequency also provides additional advan~
tages, including increased gain of spacecraft anténnas (which are limited in
aréa) and increased bandwidth to accommodate higher telemeétry data rates. The
first application of S=band was in support of Mariner 1V during 1964.

S~band was wused . for command, trac¢king and telemetry in the two-way
coherent configuration and for occultation measuremients in the open-loop
configuration.

The equipment used was designated the Block IIIC Receiver-Exciter. It
was also used in the Manned Spate Flight Network and referred to as the
Unified S-Band Systems The Block IIIC receiver-exciter, both in the phase
tracking mode and open loop configuration, supported all of the S-band
missions during the decade of the 1960‘s.

By the end of the 1960‘s, three Deep Space Network tcomplexes existed.
These three complexes (located in Spain, Australia and Goldstone, California)
provided continuous tracking capability for the net. At each of these
complexes, one 64-m and two 26-m antennas with assoclated electronic’ were
operating. These antennas were grouped into one 64-m subnet and two 26-m

subnets.
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The Deep Space Nétwork capability and performance during the decade of
the 1960's is described in detail in Ref., 5~1, published in 1971, 8ince thon,
the Network communication link has further increased 1in capability and
impruved in performance. The changes that have occurred during the 70's are
described in the following text. Each of these changes is identified with the
mission for which it was first implemented., These newly added capabilities
then became standard features of the Network. .

1, Mariner 10 - X-Band Downlink

The addition of the X-band channels provided the capability to
communicate on the downlink at higher data rates due to the increased gains of
the ground and space probe antennas and the greater channel bandwidth avail-
able. X-band capability was obtained with the implementation of the Block IV
receiver-exciter sSubsystem. The initial X-band downlink of Mariner 10 was
used on an experimental basis as a radio science eéxperiment to gain experietce
in operating at these frequenciés. The higher data rate capability of an
X-band downlink was not utilized until the Voyager program.

2. Pioneer 10 -~ Telemetry Data During Planetary Encounter

Pioneer 10 presentéd a new challénge, tracking a spacecraft through
high doppler rates and a large doppler range durlng a single pass over a long
communications link. This occurred during the £lyby of the planet Jupiter in
1973, Due to the extreme . -2, a narrowband receiver loop was required,
which 18 inherently unable to track large doppler rates, A tracking aid was
needed during this period to maintain receiver lock. This was accomplished by
the addition of a controllable oscillator in the reéceiver local oscillator
chain, the first application of programmed frequency control in the Deep Space
Network. The controllable oscillator consisted of a synthesizer and a cortrol
unit that generated precisely timed frequency ramp contrdl inputs to the syn-
thesizer. Using the controllable oscillator, the signal doppler was sinulated
in the receiver incal oscillator by a sequence of linear ramps. The synthe-
sizer control unit was designated a Programmed Oscillator Control Assembly and
was iastalled in the Block III receivers to aid tracking during the Jupiter

encounter phase of the mission (Refs. 5-2, 3).




Programmed fraquency control of the recoiver local oscillator provides
two advantages for the telemetry channels

(a) The raceiver looy phase error is kept small and consequently the
signal-to-nolse «egradation in the telemetry channel 1g minimized.

(b) Operating in narrower receiver loop bandwidths reduces the signal-
to-noise degradation in the telemetry channel caused by receiver
oscillator noise.

3. Pioneer Venus - Multiprobe Mission

The primary objective of the Pioneer Venus multiprobe mission was
to obtain information about the planet‘s atmosphere. To accomplish this, four
probes were released from a bus spacecraft and directed to four selected sites
on the surface of the planet. During the descent, data on such physical
characteristics of the atmosphere as temperature, pressure, etc. were obtained.

Supporting tracking and data acquisition for the multiprobe mission
presented a significant challenge for the Receiver-Exciter Subsystem. The
probes entered the atmosphere sequentially, which Jdid somewhat simplify the
acquisition and tracking at the ground station. However, there was only one
opportunity to obtain tracking and telemetry data from each probe during the
descent through the atmosphere. The challenge was to obtain all of the data,
not to lose any during acquisition periods or from loss of lock in any of the
data channels.,

To assure no probe data was lost, a primary and a backup receiver channel
were provided for each of the probes. The primary channel, using closed=-loop
tracking receivers, supported real~time data handling. However, in closed-loop
tracking, some data is lost during the acquisition period. Therefore, a
backup open-loop channel was used to recover the datae during this period as
well as provide the capability to recover any data if the primary channel, for
any reason, failed to function properly. The data output of the open-loop
channel, in the form of the probe signal spectrum translated to a low fre=-
quency band, was recorded and processed at a Jlater time (Ref. 5=4).

5-6
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Three of the probes, called amall probes, provided downlink channels
only. The fourth probe, called the large probe, had two-way communication
! capability., To minimize the loss of real-tima data during the acquisition
phase, two closed=loop receivers were used to track the large probe. Ono Y
recaivor covared the period of time that one-way downlink only oxlsted (during
uplink acquisition) and tho other receiver coverad the period of time that
two-way communications was davailable.

The probe signals were turmed on just weeks prior to entry, and ¢on-
sequantly no history of power level or frequency of these probe signals was
available. To assure the signal frequency and laval of the probes were close
to nominal, a digital spectrum analyzer was developed and implemented to
support this phase of the mission. Although no anomalies occurred, the
L e existence of the Spectral Signal Indicator provided assurance during the

'§ tracking that the local oscillator frequemcy of the receiver was set properly
and the probe signals were within the passband of the receiver. The Spectral
Signal Indicator is now part of the Network serving as a tracking aid.

The entry phase of the probe mission was visible over both the Coldstone,

California and Australian complexes. The configuration of each of these ; !

“wi complexes used during the entry phase is shown in Fig. 5-2, As can be seen, a
LA total of nine receivers at each 64-m station was required. b

!

5; ) To effectively handle the tracking during the initial antry phase,

operating personnel had to be trained over a period of several months. To
assist in the training, a signal simulator was provided (Refs. 5-5, 6)., This

| Multiprobe Simulator provided four simultaneous dynamic signals which dupli- i

cated the four probe signals in power level variations, doppler frequency
variations dand relative transmission time periods.

' For the Pioneer Multiprobe Misaion it was not practical to implement
\ ﬁ permanent multimission equipment in the Deep Space Network. Much of the
o equipment used was of & special purpose nature and was not retained as part of i.»\
i the Network after the completion of tracking. The special purpose equipment
is identified in Fig. 5-2. ‘
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be Voyager ~ Antenna Array

Up to this time all X-band tracking was done at the 64-m subnet.
The 64-m eubnet, howover, did not have the capacity to handle all existing
X-band tracking plue Voyager as wall. Te provide additional X-band tracking
capability to handlc this increased trackinhg load, one 26~m subnot was
upgradad, This upgrade included tho modificatien of the Rlock III receivor+
exciter closed=loop recelvets to provide X-band capability., The antennas of
this 26-m subnet were extended to 34~m at this time.

For the first time the combining of telemetry baseband signals from two
antennas, to obtain an improvement in signal-to-noisc. over a single antenna,
was imposed as a mission requirement. The device used to conbine these tele~
metry baseband signals is called a Real=-Time Combiner (RTC)s The first use of
the Real-Time Coémbiner for telemetry data occurred during the Voyager 1
Jupiter encounter. An improvement of 0.62 to 1.0 dB was attained and a
significant improvement in picture quality was noticeable (Refs. 5-7, 8).

Another new capability being implemented in the Deep Space Network and
first used during the Voyager Saturn encounter was the Precision Power Monitor
assembly., Two measurements are obtained with this device: the system noise
temperature and the received carrier signal level. The received carrier
signal level can be determined tb an accuracy of 0.5 dB. Knowing received

catrier levels to this accuracy, the communications link can be optimized for
division of power between carrier and data,

C. PRESENT STATUS

As mentioned previously, thrae Deep Space Network complexes were oper=-
ational at the end of the 1960‘s (Spsin, Australia and Goldstone, California).
At each of these complexes, one 64-m antenna and two 26-m antennas with
associated electronic equipment were in operation. The telemetry receiver

equipment that existed at that time at each of the anteanas in these complexes
is listed in Table 5-1,
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Since the end of the 1960‘'s many changea have taken place in the net-
worke One of the 26-m tracking antenna subnets has been decommismioned, the
other has been converted to a 34-~m tracking antonna subnet. The capability
and performance of the network has aleo boon incrcased and impraved as pro=-
viously discusscd. Tho teolemetry rocoivor oquipmont that now oxiste in the
natwork aftor these changes have occurred is listod in Tablo 3-2., Changos in
the notwork are continuing as discusscd in Soction F.

D. THEORY AND DESIGN

The first telemetry and tracking receiver used in the Ddep Spaco Network
was an outgrowth of the development and implementation of missile telemetry
and guidance systems by the Laboratory (Ref. 5-1). These systems utilized
secornid-order phase tracking receiver designs (Ref. 5-9). This £irst Network
system actually used surplus hardware from these telemetry and guidance
systems modified to operate at L-band. The systems were replaced in a few
years with the new S~band solid state recéiver-exciter called the Block I.
Improvements in performance to provide the capabtlity to track both deep space
probes and the Apollo lunar craft were implemented and the receiver-exciter
was designated Block IIIC,

After the Block IIIC had been in use for about a decade operating at
S=band with both uplink and downlink, additional capability was provided in
the network by adding X-band downlink. A new receiver subsystem, called the
Block IV (Ref. 5-10), was impleménted at the 64-m subnet to provide both the
8- and X-band downlink. Thé Block IV included several other improvements in
performance over the Block IlIC, such as:

(1) More accurate tracking.

(2) Increased receiver signal bandwidths to handle higher telemetry
data rates.

Narrower loop noise bandwidths for greater carrier signal

sensitivity and consequent reduction of oscillator noise
degradation of telemetry data.

5-9
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(4)  Automatic acquisition of carrvier signal (Ref. 5-11),

(5)  Programmable frequency eontrol for both the uplink and dawnlink to
provide the abllity to operate 1in narrow Jloop nolse bandwidthn
during poriode of largo spacceraft dynamics (Refa. 5-12, 13),

(6) Capability of computor control (Rof. 5=14),

X=band downlink tracking bocame available with the implomontation of the
Block 1V recoilver-oxciter at the' 64-m subnat. Supporting all the X-band
missions soon overloaded the 64-m subnet. Tv share this tracking load, the
34-m subnet wae upgraded for X-band reception. This was accomplished with
modifications to the Block IIIC receiver-exciter (Refs. 5-15, 16, 17). The
objective was to accomplish thiy task with little or no change to the existing
8-band equipment. This was done by do.mconverting the X-band signal to 8- %and
(Figs 5-3) using a coherent reference signal derived from the exciter. The
doppler frequency range capability was also increased to that of the Block IV
to handle expected X-band doppler ranges.

Two other devices éenhance the tracking function of the receiver. The
first device is a Spectral Signal Indicator, using digital Fourier transform
techniques (Ref. 5-18), which displays the receiver output spectrum. For the
closed-loop receiver, this device is used during acquisition to determine the
frequency offset of the local oscilldtor sighal., A frequency correction is
then applied to the local oscillator signal to assist in carrier acquisition.
For the open-loop receiver, the display of the receiver output spectrum will
verify whether or not the signal is within the passband of the receivet. This
provides a quick look to assure that data is betng delivered to the recorders.

The second device, which supports tracking, measures system noise
temperature and carrier signal levels This device, called a Precision Power
Monitor, contains two assemblies, a NoiBe Adding Radlometer and a Precision
Signal Power Monitor unit. The Noise Adding Radiometer adds a controlled
amount of wideband noise to the receiving system at the input of the Traveling
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Wave Maser. The increase in nolse at the receiver output measuved by a aquare
law detector, uaing tha Y=factor technique, provides cthe ayatem operating
nolRe temparature (qu). Knowing the syecem nolse temperature, the receivaed
signa: powar level can be determined wusing the Preecinion 8ignal Pawor
Monitor. The Procision Signal Puwer Monitor porforms a Fourier transform of a
100 Hz rogion. The ratio of tho power in a sogment of this regioen contnining
the carfior to an oqual siza segmont not containing tho carri-r providis a
measuromont of tho ratio of noise + carrlor signal to noise. Knowing tho
gystom noise temporaturo, thoe noise powor coan be caleulated, and from the
moasurced ratio valua, the signal power level i3 obtaineds The Noise Adding
Radiometer is capable of measuring a system noise temperaturc over the range
of 10 K to 400 K with an accuracy of 0.5 K. This results in a signal power
measurement accuracy of 0.5 dB over the range of =120 dBm to =165 dBm.

During the early days of the Network, the decp space stations raceived
telemetry from spacecraft at a wide range of subcarriér frequencles, date
rates and types of modulatio.. FKach flight project selected ite ¢  para-
meters for its telemetry requirements, and because each pre oo we. different,
the ground demodulation equipment differed. The interface Evom the receiver
to th. demodulators was the telemetry signal containing the subcarriers
modulated with data. This telemetry signal, called basaband, was obtained by
using a telemetry detector i. the receiver to extract the carrier (Fige. 5=4).

It became apparent that fucure flight projects had to standardize their
modulation node. The modulation mode selected was a square wave subcarrier
bi-phase modulated with digi:al data. On this basis, it was decided to begin
developing a multiple mission telemetry system consisting of general purpose,
mission-independent equipment capable of meeting the requirements of all
projects at any Deep Space Network station.

The receiver portion of this multiple-mission telemetry system consisted
of a flexible and efficient subcarrier demodulator, tuneable from 20 kHz to
1.5 MHz. Since the subcarrier signal 4is completely suppressed with data
modulation, the subcarrier demodulator design chosen was a Costas type second
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order phase tracking loop that accepted the 10 MHz IF signal from the receiver
containing the modulation apectrum. It is desirable that the bandwidth of the
10 Miiz receiver IF signal irput to the subcarrier demodulator pass the seventh
subcarrier harmonic so that no more than 5% of the modulation power i{s lost in
the demodulation process. The output of the Subcarrier Demodulation Assembly,
the telemetry data stream, is then delivered to the data processing équipment.

The maximum data rate that can be handled by the receiver i8 a compromise
between data signal-to-noise ratio and efficiency. tiith a poor data signal-~
to-noise ratio, efficiemncy 18 important. A receiver with a bandwidth that
will accept the seventh-order sidebands of the subcarrier is required.

If the data signal-to-noise ratio is good, some of the higher order sub-~
carrier sideboards can be deléted. This permits the use of a higher sub-
carrier frequency and, consequently, higher data rates. In additiom, the
required receiver bandwidth is also a function of the type of telemetry coding
that is used. Consequently, data rates that can be handled by the receiver

cover the range of:

Data Bit Rate (b/s) = Receiver Channel Bandwidth (Hz)
30 to 150

At the timé the Block IV receiver, which provided the capability to
program the local oscillator in order to track the high doppler rates of
planetary flyby at low signal levels, was implemented, the Block IV Subcarrier
Demodulator Assembly was also added to the Ne .work. This problem of high
doppler rates was resolved in the Block IV Subcarrier Demodulator Assembly
with the use of a third-order tracking loop (Refs. 5-19 through 23).

Another capability added to the telemetry system is the combining of
telemetry signals from more than one anteuna. The baseband signal output from
the telemetry detector, comprised of subcarrier and data, 1s used in this
coafiguration. The combining 1is performed in the Real-Time Combiner Assembly
(Refs. 5-24, 25, 26). Telemetry combining is becoming a mission requirement
to handle high data rates over long space communication distances. The Real-
Time Combiner automatically adjusts for the different propagation time of the
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signal from tie two antennas. The decision whether or not to combine two
telenetry streams is made by the operator based on signal-to-noise ratios as
measured in the data Processing equipment. The combined baseband signal can
then be processed through the Subcarrier Demodulator Assembly, which will
accept either the IF signal from the receiver or the baseband telemetry signal,

E.  PERFORMANCE

The prineipal receiver parameters affecting the pérformance of telemétry
are listed in Table 5-3. Reference 5-27 deséribes the performance of thé Deep
Space Network systems in more detail,

F.  FUTURE

Advancement of Deep Space Network capabilities and performance is a con-
tinuing process. During the 1980‘s advances will be implemented in radio
metric data accuracy, improved telemetry perfotmance, added radio science
capability and improved operation efficiency. To contribute to these

advances, improvements in the receiver subsystem are planned in the following
areac,

1. Network Consolidation

Improved performance on the communitations 1link from a space probe
can be obtained by combining received signals from more than one antenna at a
Deep Space Network complex. This, in effect, ircreases the aperture of the
ground antenna. Studies have been made to determine the most effective way to
handle this, The plan, at the present time, is to comstruct a new 34-m High
Efficiency antenna at the Deep Space Network complexes in Goldstone, California
and Australia (Fig., 5-5). These wiil be equipped with the Block III receiver-
exciters thdt had been installed in the decommissioned 26-m antenna subnet.

At each of the three complexes all antennas will be colocated at the 64-m
sites except for the 34-m tracking antenna in Goldstone, California. This

antenna will remain at the Station 12 location and transmit baseband telemetry
ovet a data link to the 64-m site.

5-13
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The next generation of the real-~time combiner, which was first used to
combine telemetry signals from two antennas for Voyager Jupiter encounter,
will have the capability to analyze the telemetry signals from each antenmna,
measure the ratio of data power to noise spectral density, automatically
determine what improvement in performance will be obtained by combining the
telemetry signals, make a decision whether or not to switch to the array
configuration, and if the array configuration is selected, to automatically
adjust time delays in the data streams for optimum combining, The combiner
will continuously monitor the effectiveness of the array atid remove any data
stream that is no longer contributing to an improvement in the data quality
(Ref. 5-26).

Real-time combining together with refinéments in the design of the RNet-
work antenna groups will produce a signal-to-noise¢ ratio improvement of 1.5 dB
or more in the spacecraft teélemetry signal.

Also under consideration is the use of existing radio science antennas
with the Deep Space Network antennas to provide increased aperture by com-

bining telemetry from all these antennas.

Computer control is another feature that is continually being advanced.
Presently, some operational functions such as exciter frequency are under
computer control. It is planned to provide more computer control for oper-
dtions, monitoring and maintenance functions. The planned controller for the
receiver-exciter is covered in Ref, 5-28.

2. Telemetry

Falemetry capability is being increased in two areas., The first is
the combining of signals from two or more antennas discussed previously. The
second is an increase in the data rate that can be handled, which translates
int6 increased bandwidth of receiver data channels. The plan is to increase
the Block IV receiver telemetry channel at the baseband output to 8 MHz band-

- width (-3 dB). This represents an increase in receiver data rate capability

to approximately 100 to 500 kbps. The Block III receiver telemetry channel
baseband output bandwidth (-3 dB) will remain at 1.3 MHz (15 to 8G kbps).

5-14
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3. Digital Recelver

A plan for converting the existing analog receivers to partially
(or fully) dagital units is currently under study. Digital receivers, under
fmicrocomputer control, will be able to automatically acquire signals via a
parallel frequency search using fast Fourier transform techniques, After
acquisition, the receiver will be able to automatically optimize tracking loop
parameters based on observed signal and noise statistics in order to obtain
the maximum pérformance attainable., Digital receivers are expected to be more
flexible; for example, digital IF filters can be realized that are stable and
insensitive to environmental variations (in particular, temperature), These
filters can be quickly and éasily modified should requirements change, It is
also expected that the digital approach will result in a simplification of the
hardware (e.g., multiple filters will not be required, since the desired
filter can be programmed) and in lower life-cycle maintenarcé costs,
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Table 5~3., Receiver-Bxcitar Subsystem Performance

remrererena sy e T T P T e T T T TR

Block ITIX
34-m antonna
Exciter
Frequency band 8
Frequency programming Msca
Command
Subcarrier frequency, Hz 100 to 16,000
Modulation bandwidth (=3 dB), kHz 100
Data rate; b/s 1 to 128
Receiver
Quantity 2
Frequency band g&X
Loop noise bandwidth, Hz 12 to 152
Frequency programming csb

Telemetry channels
10 Hz IF output

Bandwidth (~3 dB), MHz +1.7
Baseband output
Bandwidth (-3 dB), MHz 1.3
Combiner
Channels NA
Symbol rate, s/s NA
8/N degradation, dB NA

Subcarrier Demodulator

Subcarrier frequency, kHz 200 to 1000
Max. S/N Degradation, dB 0.5

Block IV

64-m antenna

8
M8c8

100 to 16,000
1000
1 to 128

2
8&X
1 to 300
POCAC

+5.0
8.0
2

10 to 2000
0.2

0.4 to 1250
0.5

a Msc microprocessor synthesizer controller
b ¢cs commercial synthesizer (no programming‘papability)

C POCA programmed oscillator synthesizer centroller
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VI. TELEMETRY MODULATION AND CODING
P. We Kinman

A. INTRODUCTION

Digital telemetry has supplanted analog telemetry for deep space commun-
ications., Not since thé Rangers and thé Lunar Orbiters of the 1960s has
analog telemetry béen designed into a deep spaceé mission. Accordingly, only
digitdl telemétry is discusdged here.

With digital telemetry, the telecommunications systems design engineer
may use error-correcting codes. This allows increased error protection at the
cost of increased bandwidth. All science telemetry returned from the Voyager

and Galileo spacecraft are protected by error-correcting codes.

Both the modulation and coding of digital telemetry for the deep space
channel are considered below. The descriptions include relative performance
of some competing schemes. .However, the treatment <qiven here 1is, of

necessity, cursory. The reader should consult Deep Space Telecommunications

Systems Engineering (Ref. 6~1) for a comprehensive treatment of the design of

coding and modulation schenes for the deep space channel.
B.  MODULATION

A small class of modulation schemes has proven to be best for the deep
space channel. The digital telemetry is either phase-shift-keyed onto a
squarewave subcarrier and then phase modulated onto the carrier (PCM/PSK/PM),
or the digital telemetry is directly phase modulated (i.e., phase-shift-keyed)

onto the carrier (PCM/PM). 1In the abbreviations PCM/PSK/PM and PCM/PM, the
acronym PCM means "Pulse Code Modulation" and serves as a refiinder that the

telemetry is digital.

PCM/PSK/PM and PCM/PM are well suited to the deep space channel because:

(1) Phase-shift-keying is the most efficient binary signalling scheme
(Refs. 6-2, 3).
(2) A phase modulated carrier has a constant envelope
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The constant envelope property is important because the final downlink
amplification stage on the typical spacecraft 1is a travelling-wave tube
operated in a nonlinear (saturation) mode. If the modulated downlink carrier
does not have a constant envelope, distortion will result.

Before proceeding to the mathematical descriptions of PCM/PSK/PM and
PCM/PM, the issue of data formats needs to be addréssed. Various data formats
are illustrated in Fig. 6-1. With a non-return-toé-zero-level (NRZ-L) data
format, a logical “one'" is represented by one level and a logical "zero" by
the other., With NRZ-M (mark), a logical “one" is represented by a change in
level and a logical "zero" by no ¢hange. NRZ~S (space) is the same as NRZ-M
but with the roles of “one" and “zero" reversed. NRZ-M and NRZ-S are often
referred to as differential encoding. It is important to note that differen-
tial encoding is not an example of error-correction encoding. With bi-phase-
level (Bi~¢~L), a logical "one" 18 represénted by one cycle of a squarewave
and a logical "zero" by one cycle of a square wdave with reversed polarity.
Bi-¢-L is often called a Manchester code; but, again, it is not an error-
correcting code. Bi-¢-L is identical to NRZ~L data phase-reversal-keying a
squarewave subcarrier whose cycle period equals the bit period and such that a
transition occurs at mid-bit. Thus, PCM/PM with Bi-¢-L data formatting is a
special case of PCM/PSK/PM with NRZ-L data formatting.

A modulated carrier, in the cases of both PCM/PSK/PM and PCM/PM, may be
represented mathematically by (assuming nothing else modulates the carrier)

\/ZPt sin (w t + 8 s(t)) (6-1)

where

Pt: = total signal power, W

w, = carrier angular frequency, rad/sec

6 = modulation index, rad

and s(t) represents a normalized data sequence (in the case of PCM/PM) or a
notmalized modulated squarewave subcarrier (in the case of PCM/PSK/PM).
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In the latter case, the telemetry is invariably phase-reversal-keyed (i.e.,
phase-shift~keyed with signalling levels of :90°) onto the subcarrier.
Furthermore, phase-reversal-keying a squarewave with a data sequénce 1s the
same as multiplying the squarewave by the data sequence. 8o

d(t), PCM/PM (6~2)
s(t) =
ae)  SinCuget), PCM/PSK/PM
and
lstoy|= 1
where
d(t) = normalized data sequénce (ofie of the waveforms of Fig, 6-1)
ld(t)l =1
in(wsct) = gquarewave subcarrier
kain(wsct)l = 1
wsc = gubcarrier angular frequency, rad/sec
Using Eq¢ (6-2) and trigonometric identities, Eq. (6-1) may be expanded
as

Viflsin(wct + 0 g(t)) = 2Pt cos(e)sin(wct) + VEF; s(t) sin(e)cos(uht) (6-3)

If 0° < o < 90°, this phase-modulated carrier comprises a pilot tone
(residual carrier) and a double-sideband (DSB) modulated carrier. A system
with 6 < 90° 1s called a residual carrier system. A system with 6 = 90°
is called a suppressed carrier system. A residual carrier receiver employs a
phdse-locked loop to track tne pilot tone and provide a coherent reference for
demodulating the DSB modulated carrier (Refs. 6-1, 4). A Costas loop may be
used as a suppressed carrier receiver (Refs. 6-1 and 4)., Until now, all deep

space probes to Network digital telemetry systems have been of the residual

carrier type.
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The power in the telemetry sidebands is Pt sinz(e). and the energy-per-
bit-to-noise-spectral-density ratio is given by

By/Ng = (B,/N) i in%(0) (6=4)
where

R = data bit rate
Ny = one-sided noise spectral dengity.

Equation (6~4) undérlines the advantage of suppressed carrier systems: they
suffer no "modulation loss." For this reason, suppressed carrier systems will
play a role in the future of the Deep Space Network.

With residual carrier systems, it is important that the telemetry
sidebands not interfere with carrier recovery in the phase-locked loop
receiver. Pigure 6-2 illustrates the spectrum of (a) PCM/PM with NRZ data
format, (b) PCM/PSK/PM with NRZ data format, and (c) PCM/PM with Bi-¢
format. Thuse spectra make clear that a subcarrier is desirable when the data
format is NRZ, and that a subcarrier might be unnecessary when the data format
1s Bi-¢-L. For the low-to-medium data rates, PCM/PSK/PM with NRZ data
format provides better spectral isolation between telemetry sidebands and
residyal carrier than does PCM/PM with Bi-¢ format. An advantage of
Bi=¢~L which is not evident from Fig. 6-2 is that symbol synchronization at
the receiver is easier since a transition occurs every mid-bit. PCM/PSK/PM
with NRZ-L data i8 the most common modulation scheme in the Deep Space Network.

With respect to ninimizing the bit error rate, there is an optimum
modulation index for residual carrier systems. The optimum index depends on
the data rate, the characteristics of the recelver, and the coding scheme (if
any). Figure 6=3 gerves as an example. The curve of Fig. 6-3 appears to have
a minimum at a modulation index of 74°, For smaller modulation indices,
Eb/Nb decreases. For larger modulation indices, the power in the pilot
tone (Pt cos? 8) is so small that the phase-locked loop tracks the pilot

with sizable phase error, resulting in added inefficiency for the demodulation
of the double~sideband modulated carrier.
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For a given modulation index, the bit error rate performance of PCM/PSK/PM ‘

with NRZ-L data formatting 1s the same as for PCM/PM with Bi-¢~L data for- .
matting. However, PCM/PSK/PM with NRZ-M (or NRZ 8) data formatting has poorer '
performance (Fig, 6-4), In Fig. 6-4, the curve marked "NRZ-L uncoded" repre-
sents the performance of NRZ-L formatted PCM/PSK/PM (or Bi-¢~-L formatted
PCM/PM) with no error-correcting code. Also, an assumption of perfect
carrier, subcarriér, and bit synchronization at the receiver was mades More
will bé.said about Fig., 6=4 in thé paragraphs to follow.

C.  CODING -

el IUES LT

Error-correcting codes improve the bit error raté performance of digital
telemetry by adding redundancy to the channel digits. This improvement 1is
readily seen by plotting the bit error rate performance of coded and uncoded
i systems vs the energy-per-informat1on-bit-to-noise-epectral-density ratio, f X
'?E Eb/N0° Figure 6-4 is such a plot. The left edge of the Fig. 6-4 plot is ;

' Shannon‘s fundamenta. limit, Eb/No = ~],6 @8, It is impossible to design .
a code with arbitrarily good performance when the cperating Eb/N0 is -1.6 [
dB or less (Ref. 6-3).

FOPIVE

i

The curve marked "convolutional code (k=7, r=1/2)" in Fig. 6-4 represents ;
the following coding/modulation scheme: convolutionally ¢oded with constraint ‘
length = 7, rate = 1/2; Viterbi decoded with eight-level quantization; and
NRZ-L formatted PCM/PSK/PM. This is the most common coding/modulation system

presently in use on the deep space channel.

One important advantage to convolutional codes 1is thé simplicity with
which their encoders may be implemented (se¢ Fig. 6-5). Also, good hdrdware
decoders exist. Short-constraint-length convolutional codes (e.ge., k=7) are
decoded by the Viterbi algorithm (Refs. 6-6, 7). Long-constraint-length
convolutional codes (esgs, k=32) have also been used on the deep space 1
channel; they require sequential decoders (Refs. 6-3 and 8)

s R T RS A m e s s

The Fig. 6-4 curve marked "Reed-Solomon/Viterbi concatenated code" ;
represents the following coding/modulation scheme: concatenated coding with a § ‘

6-5




Reed-Solomon (J=8, E=16) outer code and a convolutional (k=7, rwl/2, Viterbi
decoded with eight-level quantization) inner code; and NRZ-L formatted
PCM/PSK/PM., As with the other curves of Fig., 6-4, perfect -carrier,
subcarrier, and bit synchronization at the receiver have been assumed.

The Reed-Solomon/Viterbi concatenated coiing system described above is
11lustrated in Fig. 6-6. Interleaving is required because Viterbi decoders
tend to produce errors.in bursts. The Reed-Solomon/Viterb! system will be
used by Voyager 2 for {ts Uramnus and Neptune éncounters and was the design
choice for Galileo‘s imaging telemetry. Further details of the Reed-
Solomon/Viterbi system can be found in Refs., 6-9, 10, 11.
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Fig. 6~3. Optimization of the modulation index )
for a residual carrier system \
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system (Reed-Solomon/Viterbi)
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ViI. PLASMA EFFECTS
J. W. Armstrong ORIGINAL PAGE IS
OF POOR QUALITY

A,  INTRODUCTION

Radio communication with space probes requires sénding signals through
the earth‘'s ionosphere and usually the solar wind. During planetary flybys,
the signal may also pass through the ionosphere of another planet. These
ionized media can perturb the radio signal in a variety of ways. Examples of
these perturbations are variations in the electrical length between the space-
craft and the ground station, Faraday rotation of linearly polarized signals,
amplitude and phase scintillations, and spectral and angular broadening.
These plasma effects can have undesirable influences on telemetry pérformanc:
and thus need to be undérstood from a communications engineering viewpoint.
The plasma effects are, however, useful from a scientific viewpoint, since the
effects on the communicdations link can often be inverted to estimate the
physical conditions in the plasma.

B. CHARGED PARTICLE INFLUENCE ON RADIO WAVE ¥ROPAGATION

There exists an éextensive literature on the interaction of radio waves
with plasmas (Refs. 7-1, 2): Fortunately, most of the communications link
effects observable with the Deep Space Network can be understood in terms of a
relatively small subset of the full plasma theory. In particular, for cases
where the magnetic field and particle collisions can be neglected and where
the frequency of the radio wave is high compared with the plasmd £frequency,
the radio waves are propagated without attenuation but with effective index of
rtefraction, n, given by (Ref. 7-1)

n=c/ve= 1-(wp/w) (7=1)

where
¢ = speed of light = 3 x 108 m/sec
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ORIGINAL PAGE |3
OF POOR QUALITY

2 -1/2
phase velocity = c[l- (wp/ w) , m/sec

1/2
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plasma frequency = (Nezl eom)

€
[ ]

,» rad/sec

3

electron density , m
electron charge = =1,6 x 10~19 coul
permittivity of free space = 8.9 x 1
eléctron mass = 9.1 x 1072} kg

angular fréquency of thé radio wave, rad/sec

0"' 12

™
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| ]

farads/m

B
]

€
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There 1is 4lso an associated group velocity Vg such that .vg v = cz.

The sdituation when & substantial static magnetic field is present (for
example, for the earth's {ionosphere or the near-sun solar wind) 1is more
complicated (Refs. 7-2, 3), In this latter case the phdase velocities of
orthogonal circularly polarized waves differ, with the result that a linearly
polarized wave cannot propagate without rotation of its plane of polarization
("Paraday rotation"). In the quasilinear approximation the Faraday rotation
 (in radians) is given by (Ref. 7~4, integrating from the source to the
observer):

Q = (e3/8nc n’ eofz) NC®) B . ak (7-2)

where

B = magnetic field, weber/m2

f = radio frequency (assumed much higher than either the plasma
frequency or the gyro frequency), Hz

wg = gyro fréquency = eBz/m, rad/sec

These plasma effects mahifest themselves in a number of physical observables.
Those that are relevant to the link and its analysis are ranging, Faraday
rotation, amplitide and phase scintillation, and spectral and angular
broadening.
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1. Ranging

Ranging is the measurement of the distance between a station and a
spacecraft performed by computing the time interval between transmission and
reception of a coded signal (range code). Because of the presence of plasma
between the station and spacecraft, the measured timé-of-flight will be
different from that which would have been obtained without the intervening
plasma. From the equation for group velocity (above), in the high-frequency

linit of interest v becomes v8 = c[l-wﬁ/mzlllz. Hence

because the trange code travﬁis with thée group speed v8 < ¢ thé presence of
charged particles causes time-6f-flight to be larger than it would be in the
absence of the plasma. Thus precision ranging for navi, ‘ion or radio science
is complicdted by the existence 6f the plasma: This i8 particularly sévere
for ranging measurements close to the sun, where ome would like ultraprecise
ranging to do tests of relativistic theories of gravity. Genéral relativity
predicts that the round trip time-of-flight to a spacecraft far behind the sun
is increased by about 250 microseconds for ray paths that come very close to
the sun. This effect must be measured in the presence of a plasma-induced
time increase on the ordcr of 10‘'s of microseconds for S-and X-band signals
(Refs. 7-5, 6, 7, 8). The experimental situation is complicated further by

the fact that the radial gradient in the coronal electron dénsity causes the

ray paths %60 be bent inward toward the sun in a frequency~dependent way (Ref.
7-9).

2, Faraday Rotation

As noted above, a magnetized plasma causes orthogonal circularly
polarized waves to propagate with different speeds. If a linearly polarized
wave is synthesized from two circularly polarized waves, thu effect will be to
rotate the plane of polarization as the wave propagates through the plasma.
The magnitude of the effect depends both on the electron density and the

projection of the (assumed static) external magnetic field onto the axis of
propagation. Figure 7-1 shows an example of a transient solar wind Faraday
rotation effect observed using Pioneer 6 in Novembet 1968. Faraday rotation
"events" have also been widely observed in the transionospheric radio channel,




including some anomalous situations whare there is a loss of correlation
between two circularly polarized signals (Ref. 7-10). (That is, the usual
concept of Faraday rotation which relates to linearly polarized waves, is not
valid.) Although apparently rare, such events have implications for frequency
reuse schenes based on polarization diversity.

3. Phase and Amplitude Scintillations

Variations in the received amplitude or phase of the radio wave can
be caused by irregularities in the intervening plasma. There is a fundamental
difference between phase and amplitude fluctuations: amplitude scintillations
are essentially a diffraction phetiomenon while phase scintillations are prin-
cipally a refraction effect (Ref. 7-11) Amplitude fluctuations are caused
mainly by irregularities that are smaller than or approximacely equal to the
effective Fresnel zone size at the plasma irregularity:

Fzs = (z )'/? (7-3)
where

FZ8 = Fresnel zone radius, m
A = radio wavelength, m
z, = effective distance to the plasma irregularity, m
=2 z, /(zl + z,)
24 = source to plasma distance, m
2, = plasma to earth distance, m

Auplitude scintillations can be caused by the solar wind (Refs. 7-12 and
13), the earth‘s ionosphere (Ref. 7-14), or planetary ionospheres (Ref.
7-15)¢ If the scintillations are weak (rms intensity fluctuation ¢ mean
intensity), then the typical time scale for amplitude fluctuations is FzS/v,
where v is the speed with which the irregularities cross the line of sight
connecting the spacecraft and the ground station. If the scintillations are
strong (rms intensity = mean intensity) the time scale can be much shorter.
Figure 7-2 (a-c) shows a set of intensity time series due to solar wind

7=4
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scintillations as the ray path offset between the spacecrs°t and earth
approaches the sun. In Fig. 7-2, the top panel shows S8-band dat.: taken at a
sun-earth-probe (SEP) angle of 35 solar radii, while the midd’e and bottom
panels show S~band time series taken at 20 and 10 solar radii, respectively.
Figire 7-3 shows a plot of the scintillation index (= rms intensity fluctu-
ation /mean intensity) as a function of SEP angle for S-band observations.

Phase scintillations differ fundamentally fiom amplitude scintillations
in that they respond to large as well as small scale plasma _‘regularities
(Ref. 7-16). 1If, as 1s the typical cas¢ for astrophysical plasmas, the
spatial power spectrum of the density fluctuations is approximately power law
(spectrum = constant wavenumber-P), thén the observed phase power spectrum
is also power law, except near the Fresnel wavenumber. Thus, unlike amplitude
scintillations, there is no characteristic scale to the phase fluctuations.
Fig: 7-4 ghows a time series of phase, while Figure 7-5 shows power spéctra of
phase in the solar wind (Ref. 7-17). Phase scintillations due to plasma
fluctuations in the earth‘s ionosphére (Ref. 7-14) and in planetary iono-
spheres have been observed.

4, Spectral Broadening

Broadening of a radio frequency carrier can be caused by propa=
gation if the source-plasma-observer are in relative motion (Ref. 7-18), The
physical idea is that the received signal is composed of "rays" that are
scattered off of the irregularities. If these irregularities are moving
transverse to the source-observer line, theh some of thé received rays will
have come from plasma blobs with a velo¢ity component toward the receiver;
that is, they will appear blue~shifted with respect to the carrier.
Similarly, some rays will be scattered off of blobs moving away from the
obs.wver and appear red-shifted. The net effect i3 to produce a carrier with
a finite line +sidth. The radial dependence of spéctral broadening caused by
the solar wind is shown in Figs 7-6 (Ref. 7-17). Spectral broadening caused

by scattering in a planetary ionosphere has also been observed (Ref. 7-13),




S Angular Broadening

Irregularities in an intervening plasma cause a loss of trahsverse coher-~
ence in the wave due to scattering. The result is that an initial plahe wave
is scattered into a burndle of rays with finite angular width (Ref. 7-18),
This phenomenon is most pronounced at lower radio frequencies (cf. equation
for refractive index fluctuation, above). Observations of this effect have
been made in the solar wind (Ref. 7-20), and at very low frequencies in the
earth's ionosphere. Angular scattering causes pulse énergy to arrive at the
receiver over a finite time (some énergy comes direct; some energy c¢omes via a
scattered path .and arrives later), Thus angular scattering gives rise to
pulse broadening and hence to a loss 6f ¢oherence of a widebdnd signal.

C. COMMUNICATIONS LINK EFFECTS

The propagation effects discussed above can significantly affect earth-
spacecraft communications 1links. Both data transfer (uplink commands and
downlink telemetry) and radio metric data can be seriously affected. The
influence is substantial when the propagation path comes close to the sun.
(All outer planet space probes have periods when the spacecraft-earth
propagation path comes close to the sun,)

Command and telemetry degradation due to phase scintillation is related
to the receiver phase error produced by the receiver‘s inability to track the
plasma phase scintillations with complete precision. The amplitude of the
demodulated command or telemetry signal will fluctuate as the cosine of the
receiver phase error. The impact of this amplitude variation on performance
is determined by the statistics of the average of the cosihe of the phase
error over a data symbol, For telemetry data rates less than the loop
bandwidth of the phas¢~-estimating section of the receiver, this averaging can
substantially reduce the data channel performance degradation. Thus, low-rate

data channels (e.g., the command channel) suffer less degradation than the
high-rate (telemetry) channels.
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The magnitude of the phase error depends on both the magnitude and time
scale of the phase scintillations., The magnitude of the phase scintillations
can be quite large (see, e.g., Fig. 7~4). Expressed as a fractional frequency
stability, the scintillation-induced variations are typically orders of magni-
tude worse than that of the ground-based hydrogen maser. Howevet, these
fluctuations octur on all time scales with the principal effect (in terms of
phase variance) on the longer time scales (Fig, 7-5). Thus, the phase-
estimating séction of the receiver can follow most of the phase scintillation;
only high-frequency components of the scintillations (those outside. the loop
bandwidth) will produce significant phase error. Onhe method for reducing the
impact of the phase scintillation is to increasé the receiver carrier tracking
loop bandwidth. This can reduce the scintillation-induted phase error to an
acceptable level: However, increasing the loop-bandwid:h proportionately
increases the receiver rms phase error due to thermal noise in the receéiver.
Thus, additional signal 'power may bé needed to maintain the phase error
contribution due to recéiver thermal noise within acceptable limits.

Amplitude scintillations can have a very severe impact on command and
telemetry performance., One mechanism for this performance degradation is
similar to that discussed above for phase scintillation. Unlike phase
scintillation, however, amplitude fluctuations directly alter the signal
lévels seen at the telemetry detector, In addition the amplitude scintil-
lations tan adversely affect carrier tracking, 1increasing the receiver
carrier-tracking loop phase error and cteating, as discussed above, an
additional source of telemetry degradation. Fortunately for telemetry
purposes, solar wind scintillations at S-band are fairly weak unless the ray
path comes close to the sun. . (Fig. 7-3 sghows the £fractional intensity
fluctuation, m, versus -sun-earth-probe angle for a source far behind the sun,
As outlined in the previous section, the geometry is crucidl, Thus, for
telemetry analysis of, say, a spacecraft embedded in the plasma, Fig. 7-3
would have to be scaled appropriately depending on the radio frequency of the
link and c¢n the source-sun-earth geometry.) Ionospheric amplitude
scintillations are generally stronger at night than in the daytime. While
they can be severe at VHF frequencies, the 1ionospheric amplitude

scintillations are usually weak at Network allocation frequencies
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(Ref, 7-14). Combinations of Faraday rotation fluctuations with amplitude
scintillations have been observed in the transionospheric channel (Ref., 7-9),
however. These have to be considered in frequency reuse schemes using
polarization diversity. Scintillations can be important if the communication
link uses bursts of telemetry that are short compared to a typical fade
duration or if they require a coherence bandwidth that is latger than the
channel will support due to scintillation. There are of ¢ourss coding and
diversity schemes for suppréssing the scintillation effects, For example,
amplitude scintillations are correlated over fairly short distances on the
earth's aurface. Thus ome can gét uncorrelated fluctuations by arraying
antennas —separated by a few Fresnel zZone radii. Since the Fresnel zone size
is wavelength and geometty depetident, theé exact required separations have to
be calculated for each situation, but would typically be in the range 10‘s to
100's of kilometers., Also, coding schemes which distributé the message ovet
many independent amplitude fades can be é¢mployed to reduce the telemetry
sensivity to amplitude scintillations. Appropriate coding c¢an very
substantially reduce the impact of the amplitude and phase scintillations on
command and telemetry performance. Generally, the objective of such coding is
to make the command or telemetry performance depend on the average of the
amplitude variation seen by the telemetry detector, instead of the extreme of
these variations. Time-diversity transmission, multiple transmission of the
same data with time spacings greater than the correlation time of the
amplitude variations sdeen by the telemetry detector, with suitable
recombination in the telemetry detector is one possible technique., However,
this requires a yvery large increase in the data channel symbol rate. It
appears that suitable interleaving of a convolutionally encoded channel may
also yield acceptable performance with no increase in the data channel symbol

rate,

~ Spectral broadening can be characterized as a combination of amplitude
and phase scintillation on short time scales (Ref. 7-18), Thus it can cause
problems with carrier synchronization and with fluctuations in signal-to-noise
ratios. Fortunately; spectral broadening is only ifiportant either very close
to the sun (see Fig: 7-6) or during some planetary encounters (Ref. 7-19) when

the earth-to spacecraft line is moving very rapidly.
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Angular broadening can affect telemetry 1f power is scattered out of the
beam of the receiving antenna, thus reducing the atrength of the received
gignal, For eingle dish antemnas operated at DSN microwave fraquency allo-
cations the effect is negligible, except very near the sun. However, angular
scattering also causes pulse broadening and loss of coherence of the gignal,
Thus it needs to be considered in communications systems that require short
bursts and/or large coherencé bandwidths,
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VIII. ATMOSPHERIC EFFECTS
C. T. Stelzried and S. D. Slobin

A.  INTRODUCTION

The earth's atmosphere (Ref. 8-1) consists mostly of the dry cofporients
oxygen (about 21% by volume), nitrogen (about 78% by volume) argon (about 1%
by volume), and wet compottents (water vapor, clouds and rain). Water vapor at

100% relative humidity ig approximately 1.7% by volume assuming the U.S.
Standard Atmosphére, 15°C, at sea level.

A communications 1link through the atmosphere suffers attenuation from
both the dry and wet compouents (Refs, 8-2 through 8-9). This results in a
décreased signal-to-noise ratio (SNR) of the communications 1ink due to both

the signal attenuation and the increased noise temperature resulting from
thermal emission.

B. THEORY

From the theory of radiative transfer (neglecting scattering,1 and
assuming hf << kT, Ref. 8-10), the sky noisé temperature (atmosphere and

cosmic background) contribution at the recelving system input is given by
(Fig. 8-12)

’ -
Toky = Te/W) + [ 160 a0 ¢ "y (kelvins) (8-1)
(&)

where

a(x) = absorption coefficient of the atmosphere at x, nepers/m
x = slant distance along propagation path, m (x = 0 at aurfacez)

1 Scattering should be considered for rain at frequencies above about 10
GHz, and for clouds at frequencies above about 100 GHz (Refs. 8-11 and 12)

2 It is sometimes convenient to integrate from the "top" of the atmosphere
to the surface (Ref. 8-13),

R=-1
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%2 = total slant distance along propagation path, m

T = source temperature (usually about 2.7 K, due to the cosmic
background noise temperature), K

T(x) = physical temperature of the atmosphere at x, K
L = total atmospheric absorption, ratio QL
A ' el m 10A/ 10
A = total atmospheric absorption, dB
= 10 log L = ¢t (10 log e) = 4,343 7

T = total atmospheric absorption (optical depth), nepers
L

- f a(x) dx = 2,303 A
)

(k) = atmospheric absorption bétween 0 and X, nepers
b4
4 ’
= [ a(x ) dx
°

For an homogeneous, irothermal atmosphere, ao(x) = % s and tempér-
ature T(x) = Tp. From Eq,. (8-1),
Tsky - (Ts/l‘) + (1 - 1/L)1‘p {8~2)

where

L =e" =e%*

T = equivalent atmospheric physical temperature, K
(= 260-280 K; Ref. 8~14)




Atmospheric loss (see Section E) can be determined from solving Eq.
(8-2),

L= (Tb - Ts)/(Tp - Tsky) (8-3)

where Tsky is usually obtained from radiometric measurements. The total atmo-
spheric loss in dB is given by

A=101log L (8-4)

C. CHARACTERIZATION

3 atmospheric attenuation and noise temperature

Computed clear sky
contributions in the zénith direction are shown inh Fig. 8~-2 and Table 8-1 as
functions of frequéncy, Surface water vapor density (i.e., absolute humidity),
and station altitude. Microwave absorption is directly proportional to the
total integrated water vapor content along the line of sight. For temperate
latitudes in summer (20°C), the average surface water vapor density is about
7.5 g/m> (Refs. 8-15 and 8-16). At Saturation (sea level, 20°C), the
density 4is about 17 g/m3; 3-S'g/m3 may be more appropriate for arid
reglons such as Goldstone, California. Operating frequencies are usually
chosen to be well away from the water vapor line (22,235 GHz)., Minimum
attenuation occurs with low humidity, low frequéncy, and high elevation angle

(Fig. 8-1, 2 = 0°).

The effect of clouds and rain (Ref. 8-2) is to both further attenuate the
signal and increase the atmospheric noise temperature. The calculated effect
of a one- or. two-cloud model (Ref. 8-17) is tabulated in Table 8-2 at S-; X-,

3 "Clear sky" indicates an atmosphere containing only gaseous tonstituents
(oxygen; nitrogen, dnd water vapor) with no 1liquid water (rain or clouds).




and K.~ bands. This is shown as a function of frequemncy in Fig. 8-3 for
cloud water particle density of 0.5 g/ma. Statistics of clear-sky and cloud
noise temperature and attenuation at various sites in the United States,
Alaska, and Hawaii are available in Ref, 8-18.

The combined effect (Ref. 8-19) of variations in clouds, rain, and clear
8ky surface water vapor dersity on the communication link performance can bé
determined experimentally. These effects are measured as a function of fre=-
quency, geographical location, and time of year, Figure 8-4 shows the cumu-
lative distribution of X-band zenith atmospheric noise tempérdture increase
above the clear sky baseline for Goldstone, California. Data for curves
labelled by year were obtained with 4 noise adding radiometer. Also shown are
curves for the CCIR arid region rain-only model (Ref. 8-21) and the very
pessimistic Deep Space Network 810-5 Design Handbook (Ref. 8-22) cloud-only
modél. These curves are read (for example): "90-percent of the time the
zenith noise temperature increase was 1 K or less for 1980." This is fre-
quently designated as "90% weather,"

There 1s a one-to-one correspondence between atmospheric attenuation
increase and system noise temperature increase. From Eq. (8-2),

-1 .-l
A Top = (Lo =L )(Tp-Ts) (8-5)

where

A Top = increase in system fioise temperature due to
atmospheric absorption increase from Lo to L, K
=Top ™ (Top)o
.Top = system nolse temperature assuming atmospheric absorption loss L, K

(pr)g = system noise temperature assuming a baseline atmospheric
absorption LO’ K

L = atmospheric absorption, ratio ( = IOA/IO)

Ly = baseline atmospheric absorption, ratio ( = IOAD/IO)

Ts = cosmic background noise temperature, K

.
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Atmospheric absorption and noise temparature are related as shown in Fig,
8-2 and Eq., (8~2) and an appropriate choice of (TP-TB).

The increased noise temperature effects of water collecting on the
antenna feed horn cover have been evaluated at X-band (Ref. 8-2)). Special
tech.iques are required to minimize the resulting increased hoise¢ temperature,
especially with "weathered" plastic horn ¢over material (Ref. 8-24).

For "90% weather" and 30° elevation angle pointing, the Goldstone atmo-
spheric noise temperature contributions are tabulated in Table 8-3, The "90%
weather' and 30° elevation anglé pointing conditions are useful for baseline
system performance studies.

D. COMMUNICATIONS LINK PERFORMANCE

The signal-to-noisea ratio of a 1linear receiving system is given by

(Ref. 8-25, hf << kT; otherwise see Ref, 8-26)

SNR = 8, /k(T; + T)B (8-6)
where
si = input signal level, W
h = Planck's constant = 6.6262 x 10 >° J-s
k = Boltzman's constant = 1,3806 x 10'23 J/K
Ti = gource input noise temperature; K
Tg = amplifier effective noise temperature, K
-]
B = noise baudwidth, Hz [ = 1 f G (£) df
G Jo

4 In the context of this section, signal power refers to the power in the
carrier; therefore, the SNR is strictly the ratio of signal carrier power to
noise power. Gulkis (Ref. 8-27) discusses noise power from a f£luctuations
viewpoint and provides insight into quantum and thermal noise for linear and
incoherent amplifiers.
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G(f) = available power gain, ratio
G = maximum available power gain, ratio

f = opardting frequency, Hz »

It is instructive to c¢onsider this relationship for a receiving system ﬁ
degraded by at additional 0.1 dB of idput absorption loss due to atmospheric
changess With high system noise temperatures (Top > 300 K), this degrades
SNR by ~ 0.1 dB due to the additional direct signal attenuation. With low
system noise temperatures ‘pr < 30 K), this has a very much larger effect

due to the increase in Top caused by the added thermal noise contribution.
The degradation in signal-to6-noise ratio is given by

j A SNR = AA + 10log [ro e p)0], a8 (8-7) 1

where

AA = increased atmospheric absorption, dB
= (A = 4j)

10 log (L/Lo )

10 log Lo

Ay

The increase in atmospheric attenuation may be inferred from measurements
of increased system noise tempetature. Thus, using E4q. (8-5),

i

; T -7
b AA = 10 log P__8 a7To | » dB
10

Tp - Ts + ATOP

(8-8)

where ATOP is taken from Fig., 8-4 for a particular percent-weather, and
Ao 1s the baseline, or clear sky attenuation. \
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For the previous "90% weather" example (using Ao = 0,04 dB at X-band), an
inerease of 1 K at zenith results from an attenuation increase of 0,016 dB,

Figure 8=5 indicates the degradation of SNR as functions of the baseline
system temperature, bascline atmospheric absorption, and increase 1in atmo-
spheric absorption. This analysis technique indicates a nat improvenient of
better than 8 dB in sensitivity (90% of the timc) for a 32-Gle receiving
systom relative to an 8.4-~Ghz receiving system in the Goldstone anvironment
(Ref. 8-28),

E. MEASUREMENT OF ATMOSPHERIC LOS3

It is shown in Section D that the receiving system sensitivity of a low
foise system can be degraded severely, even with a relatively small amount of
atmospheric loss.

It is frequently conveénient to perform a radiometer tipping measurement
to determine Tat n and the atmospheric loss. Assuming a flat earth with a
stratified atmosphere

2 (8-9)
where

Z = zenith angle

L, L, = atmospheri¢ loss at zenith angle 2 and zenith respectively,
ratio (L, I.z 2D

For the tipping measurement, the system temperature ('rop) is measured at
zenith and Z. Assuming an antenna with no sidelobes and an infinitely narrow
beamwidth, the change in To p is given by

-1 ~gec’
ATop = (L, -1, *% (Tp = Tg) (8~10)

It is convenient to perform this measurement between zenith and 2 = ¢0°,

8-7
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-1 -2
A'l'.‘z - (Lz -1, )(‘l?p - Ta) (8~11)

A tipping measuroment porformed ndar the water vapor resonance (22,235
GHz) is convenicnt for monitoring atmosphoric wdter vapor econtont in tho
antenna beam line of sight with a water vapor radiomater, Tha precipitable
atmospharic water vapor contdnt is monitored by repeated tipping measuroments
or by switching between horts mounted at suitable zenith angles. For clear
gky conditions, this technique has the simplicity and accuracy of a reldative
measuremant of ATop as compared to the difficulty of the absolute measure=-
ments ‘required for two-frequency instruménts, Although the single-frequéncy
water vapor radiometer should perform well in clear sky conditions, derious
performance degradation occurs during cloudy weather. The primary effect of
liquid water (clouds) in the troposphere is to increase the noise tempera~
ture, Most of the tropospheric delay is due to water vapor and very little {is
due to 1liquid water, Thus, two frequencies are needed to gseparate the vapor

and liquid effects; only one frequency 1s needed if no liquid component is
present.,
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? Table 8~3., Tabulation of the Goldstone atmospheric noise temperature ,
: contribution for "90%7 weather" and 30° elevation angle
: pointing as a function of operating frequency (Ref., 8-28). R
¢
Freqiency Atmospheric noise temperature contribution i
2.3 3.5
8.4 449
32 29 -
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IX, COMMAND
N+ A. Burow and M. K. Tam

A,  INTRODUCTION

The Command System providés the means by which a project controls the
activitied of it# spacecraft from the earth. This section ptesents anh over-
view of the Multimission Command (MMC) System., The major components within
the MMC System are discussed, with emphasis on the telecommunications-related
implémentations, Two vérsions of thé spacecraft command detection gystem =~
the Viking Heritage command detector and the NASA &tandard command detector -
are summarized. The former prévails in the existing flight projects and the
latter will likely be adopted by the missions of the near future. (An in-
depth discussion of these command systems is contained in Ref. 9-1). The
preparation of Design Control Tables for the control of command link perfor-
mance bétween Deep Space Stations and the spacecraft is also discussed.

B. MULTIMISSION COMMAND SYSTEM

The Multimission Command System (Ref. 9-2) extends from the point at
which validated commands are entered at the Mission Operations Center (MOC) to
the point on the spacecraft where commands, after error detection and correc-
tion, are distributed to spacecraft subsystems. Thus the MMC System includes
the command functions performed by the MOC, the Deep Space Network (DSN), and
spacecraft command detector and command decoder subsystems., The MMC System
does not include the project-dependent Mission Sequénce System where commands
are formulated and validated, nor does it include the spacecraft subsystems
which interpret and respond to the commands. The Command System, thus
delimited, performs a multimission command delivery and accounting function.
A block diagram showing the boundaries of the MMC System is given in Fig. 9-1,

The MMC System employs a store-and-forward method for delivery of com-
mand sequences to a spacecraft. The ability to store commands at various
points in the command delivery system eliminates time criticality from the
transport of commands. Large files of spacecraft commands may be generated by
a project, sent by the MOC to the tracking station, and correct receipt at the




Deep Bpace Station verified before a command 18 to he "forwarded" to the
apacecraft. This allows a project to prepare large files of spacecraft
commands in advance and then to .orward several files to the Station at the
beginning of a spacecraft track.

The same store-and-forward concept is employed between the Station and
the spacectaft. Commards may be radiated from the tracking station to the
spacecraft, correct receipt at cthe - spacecraft verified, and the commands
stored on board the—spacecraft for later execution. It should be noted that
this store-and-forward mode of operation doés mnot préclude nedr-real-~tite
commanding of the spacecraft. The MMC store-and-forward operations are
repreéserted functionally in Fig. 9-2, :

For discussion purposes, the command system may be divided into a ground
segment and a gpacecraft sagment. The functional operations for these two
portions are briefly described below.

1, Ground Command System Operations

Command sequences generated by the Projects for the different
spacecraft are stored in command files at the MOC. Commands for a particular
spacecraft are selected from the MOC command files, formatted into messages,
and transmitted, via the Ground Communication Facility (GCF), to a specified
tracking station. The command messages contain the commands to be radiated to
the spacecraft, timing instructions to the DSS for the radiation of the
commands, and érror detection/correction coding. The Station verifies correct
receipt of the command files or requests retransmission of files containing
errorss Theé spacecraft commands are extracted from the messages by the
tracking station Command Processor Assembly (CPA) and stored in the CPA until
the time specififed for their radiation to the spacecraft. When 4 command is
to be radiated from the Station to the spacecraft it is pldaced in a queue in
the CPA and sent to the Station Command Modulator Assembly (CMA). The CMA
modulates the command bits onto a subcarrier, which then todulates the Station
transmitter for radiation of the command to the spacecraft.

Sborans . -
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2, fpacacraft Command Syatem Operations

The spacecraft portion of the Command 8ystem consista of two
subassemblieat the command detector and the command decoder. Upon roceipt of
the composite command signal from the spacaecraft receiver, the command datec~
tor removes the modulated eubcarrier, detects the binary command bits, and
presents tho detocted bit stream to the command decoder. The decoder thon
determines the validity of its input, and, if it is a valid command, decodes
it and passes the decoded command to the addréssad spdcdcraft subsdystem. The
decodar, therefore, depends only on command format and tends to be oriented
toward a specific tiissions The detector, on the othér hand, is dependent on
the uplink modulation sclemé and tends to be less mission dependent.,

C. DEEP SPACE NETWORK COMMAND SYSTEM CAPABILITIES

The capabilities of the Deep Space Network Command System that affect
spacecraft designs are described in this section., More detailed information
is contained in Refs. 9-3, 9-4, and 9-5,

The Deep Space Network Command System provides the capability €for
commanding one spacecraft from each Deep Space Station (DSS)., The functions

perforned by the Network Command System include the following:

(1) BEstablishing the Deep Space Network configuration for the specified

spacecraft,

(2) Receiving the command data from the MOC and 8toring it at the
Station,

(3) Queuing command data to be radidted to the spacecraft.

(4) Radiating the command data to the spacecraft.

(5) Monitoring and reporting Deep Space Network Command System status
and events.

P NS
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A detailad diagram of the Command Syastem (Mark TIT1-B80) {8 presented in Fig.
9"'30

The Command System at ocach Deop 8pace 8Station conafats of a Command
Procossor Assombly (CPA) for softwarc functions, a Command Modulator Assombly
(CMA) for gencrating the command wavoform, and the excicors, transmitters, and
antennds for RF carrier modulatiorn and transmission, (Note thc redundancy of
these units at each tracking sdtation as shown in Fig., 9=-3), The Command
Systam produces a Pulse Code Modulation (PCM) notireturn-to-zero (NRZ) data
waveform: This waveform is used to bi-plasé modulate a subcarrier in the
phase=-gshift~keyed (PSK) mode or to switch between two subcarriérs in the
frequency-shift-keyed (FSK) mode. Data rates are variable from 1 bit per
second td& 128 bits per second. An upgrade to 2000 bps is planned (Ref. 9-6).
PSK data rates can be either noncoherent or coherent with the subtarrier
frequency. PSK and FSK subcarrier frequancies may be selected in the range of
100 Hz to 16 kHz, with a resolution of 0.1 Hz, PSK subcarriers may be either
sinewave or squarewave., For FSK modulation, only sinewave subcarriers are
available. The RF carrier may be modulated at modulation index angles from
0.1 to 1.5 radians peak, for both sinewave and squarewave subcarriers.

Command carrier power suppreéssion and data power suppression as functions
of modulation index angle are:

(1) Sinewave subcarrier:

P

-1% (dB) = 10 log [Jy° ()] (9-1)
Pp 2
~— (dB) = 10 log [2J1 (eD)] (upper and lower sidebands) (9-2)
p

T

(2) Squarewave subcarrier:

Pg 2
= (dB) = 10 log [cos (8p)] (9-3)
T




o

Py (dB) = 10 log [ainz(ﬁn)l (all aidabanda) (9-4)

whara
6p = command data modulation index in radians, peal
PT = total powar
P

c "™ ¢arrier power

PD = data power

Cy
[ ]

0 gero-orddr Bessel function

first-order Bessel function

The nomiinal total radio frequency power output available for single-
channel command modulation is 20 kW at the output of the transmitter. At the
64-meter antenna stations (Deep Space Stations 14, 43, and 63), an additional
transmitter 1s available for emergency operation having a nominal carrier
output power of 100 kW. Figure 9-4 shows Network command bit rate capabil=
ities as a function of earth to spacecraft range, together with the bit rate
requirements and capabilities of past and current spacecraft command detac~
torss More complete definitions of existing and plannad Network command
capabilities are contained in Refs. 9-5 and 9-6.

D. SPACECRAFT COMMAND SYSTEM CAPABILITIES AND PERFORMANCE

The capabilities and performance of the spacecraft command system are, in
general, characterized by the choice of the command detector configuration and
the link design. The following specifications are important factors for the
hardware design of the command detector:

P T

e A,




(1) Maximom bit rate,

(2)  Minimum preamble to Acquire command bit synchronization.
(3)  Requiremant for extornal data ambiguity resolution. +
(4)  Modulatim charactaristies,
(5)  Subcarrior characteristics.
(6) Data transition dependency

The performance of the command link 18 specified by the following ... . .. ...
parameters:

(1) Required per bit energy to nolse spectral demsity ratio (STB/NO)
to achleve a given bit error rate (BER).

(2) Required duration (bit-times) to achieve bit synchronization, with
an associated false acquisition probability at a given STB/NO.

(3) Error statistics for in-lock and out-of=lock indications,

Past gpacecraft missions have employed the following types of command
detectors: a single-channel analog command detector, a two-channel PSK
command detéctor, and a single-channel digital command detector (Viking 4
Heritage). A new single~channel digital command detector (NASA standard) has ?
been developed and will probably be used on new missions of the near future.
Table 9~1 shows the general capabilities and performance of these four command
detectdrs. Their usage in terms of past and expacted future missions 1s also
iadicated. At present, only the two digital command detectors are in use.
The operation of thesc two command detectors is summarized below.




L Tl
\

1. Viking Havitage Command Detector Operation

The Viking Heritage command datector was originally developed for
the Viking Mission, and wae later adopted by the Voyagar and Galileo Projacts,
The block diagram for the Viking Horitage command detector 48 prosonted in
Pige 9=3. It accopts a 512-Hz mquarcwave subearrier modulatoed by tho ecommand
data bilts from the RF voceiver output. Tho bit rate is dofincd by soleeting
the numbor of subearricr cyeles por bit (donoted by "M," whoro M 1is con=
étraifned to bo an oven intogor)., Command data bit rates in the ratga of 1
through 256 bps may be seloctod (hard wired prior to launch). Theose rates
rasult from the uso of the 512-Hz squarewave subcarricr and the roquirement to
have at least two subcarricr cycles per bit,

The Viking Heritage command detector first cstablishes two levels of syn~
chronization, i.e., subcarricr synchronization and bit synchronization., To
accomplish this synchronization, transmitted commands are prefixed by a length
of unmodulated subcarrier, and then by a length of subcarrier modulated by the
bit synchronization signal., rhe Viking Horitage command detector first esta=
blishes subcarsier synchronization by comparing the received unmodulated sub=-
carrier with a local reference subcarrier signal. Then a local replica of the
bit-sync modulated subcarrier is used as a reference to establish bit syn=
chronization. After establishing these references the system can detect
data. 'The functions of synchronization and data detection are performed by
cross~correlation of the input signal with the appropriate local reference
signal, The system requirés a lock detector to ensute that the proper input
signal is present., The inlock condition is determined by comparing the sum of
the absolute values of five consecutive bits against a preset stored threshold
value. A unique design feature of this system is the use of discrete step
phase~tracking to compensate for small frequency offsets from Tuppler shifts
and/or oscillator instabilities, This phase~tracking is performed by accumu~
lating a sum of samples taken near the transitions of the sighal Jor an
interval of one data bit period. The polarity of the sum determines the
direction of the adjustment made to the demodulation reference.

As described above, the Viking Heritage command detector must detect and
acquire both subcarrier and bit synchronization references in sequence before
detecting data., To accomplish this synchronization in sequence, commands




transmitted from the Deep Space 8tations ara prefixed by a short burst of
unmodulated subecarrier and followed by a short burst of subcarrier bi~phagsa
modulated by the bit synchronization signal, During the data detection moda 4
the command information bits are bi-phasa modulated by the subcarrier and the
bit synchronization signal, The composite signal transmitted by the Station
for each mode described above can be written as:

2 VPyp sin [uet + 6p 3q(uwgt)] for subcarrier detection (9-5)
and acquisition modes

2 VP¢y sin [uct + 6p BS@®)Sq (ugt)] for bit sync detection (9-6)
and acquisition modes

. and o

2 VPr sin [t + op D(E)BBS@ S (ugt)] for data detection mode (9-7) )
where

W, = RF carrier frequency ‘

g = subcarrier frequency
i eD = data modulation index v
fa
§ n(t) = data bits 1
f BS = bit synchronization Squarewave of frequency “b/M or 1/’1‘B ¥
f; Ptr - transmitted power :
{{ Sq(wst) = 8squarewave carrier of frequency ug e ’

The ratio of data power, PD’ to total received power, PT’ is
determined by the modulation index as

-3 S tamtemes s o
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P

o atn® o (9-8)
T .
The ratio of carrier powar, PC, to total powoer with command modulation »
is givaen by
{
P
-1—,2- r;oaa2 8p (9-9)
T
whare
8y Pp» PC’ and Pry have been defined in Section C.
2. NASA Standard Command Detector Opération
) L
The NASA standard command detector was developed as an integral ; 4

part of the NASA standard transponder. It was desighed to be in compliance
with the NASA Planetary Program Flight/Ground Data System Standards (Ref,
9-7). The unit is operable in two modes =~ the NRZ mode without a subcarrier ]
for Tracking Data Relay Satellite (TDRS) applications and the PSK mode with a f i
16-kHz sinewavé subcarrier for near-earth and deéep-space applications. This ?
section is concerned only with the PSK mode. A total of nine command data bit
rates are in-flight selectable. The allowable bit rates are gspecified as 1
2000/2" bps, where N = 0, 1, 2, +esy 8. k

Unlike the Viking Heritage system, the NASA standard command detector '
establishes subcarrier synchronization and bit synchronization simultancously, ‘ i

eliminating: the cumbersome multimode acquisition process required by the i
Viking Heritage system. For the NASA standdrd command detector, detections of
subcarrier, bit synchronization, and data are performed simultaneously with a

single correlation process. The subcarrier and bit synchronization phases are

coherently related and are controlled by a quadrature subcarrier tracking loop
and a data-transition bit synchronization loop, respectively. SV




F B et e v e e ol

e e o

A disadvantage of this subcarrier demodulation acheme 1s that the sub-
carrler reference has two atable’ lock pointa. As a rosult, the polarity of
the datected data bits may be in~phaasc or 180° out of phase. This ambiguity
of data polarity must be resolvad in the decoding process. The docoding
function 4s wusually performed outside the command detector domain 1in a
sapatratc comtmand decoder.

Functionally, the NASA standard command detector consists of a coherent
automatic gain control (AGC) unit, a sample-and~hold (SH) circuit, an analog~
to-digital converter (ADC), a second-order data-aided subcarrier tracking
loop, a data transition bit synchronization loop, and a lock detector. Struc~
turally; it consists of the signal conditioning assemblies (i.e., AGC, SH, and
ADC), a read-only memory (ROM), a random-access memory (RAM) and a digital
processing assémbly employing a custom-LSi approach. Figure 9-6 illustrates
the functional architecture of this command detector. A block diagram for the
NASA standard command detector is shown in Fig. 9-7.

a. NASA Standard Command Detector Subcarrier Tracking, The NASA
standard command detector utilizes a coherent sampling scheme to implement a
second-order suppressed subcarrier data-aided tracking loop. The subcarrier
tracking loop utilizes a perfect integrator and a quasi~continuously variable
phase correction (resolution 1/f4 of one subcarrier cycle)s The maximum sub-
carrier phase correction step is 45 degrees. The entire tracking algorithm is
stored in ROM, with ROM-resident loop coefficients selected for the acquis~-
ition and the tracking phases so as to meet the acquisition time requirements
and minimize steady-state phase jitter,

b. NASA Standard Command Detector Bit Synchronization Tracking.
For bit synchronization tracking and data detection, the sampled values of the
data channel are accumulated over a one-bit interval. The bit synchronization
phase error is obtained by integration over a bit period centered on the
expected data transition point., This process is called the "mid-phase
accumulation," as dirtinguished from the "in-phase accumulation" performed for
data detection.

9-10




Co NASA Standard Command Detector Lock Datector, The lock
detector portion of the NASA standard command datector determinen whather or
not a command signal is present, and provides this decision to tha command
dacoder. The lock dotection algorithm and threshold coefficlents arae ROM~
resident, providing completc flexibility in tatloring the detector to meet
misaion-apecific acquisition and deacquisition performanco requirements.,

d. NASA Standard Command Detector Command Prefix. The NASA
standard command detector does not require a fixed transmission procadure to
acquire lock., However, to ensure that no valid command data bits are lost
before in-lock indication is declared, a Sequence of alternate 1‘s and 0's 1is
transmitted prior to the command data bit stream to assist rapid acquisition

of bit synchronization., A 132-bit préamble is required to meet the specified
lock acquisition performance.

é, NASA Standard Cotimand Detector Power Allocation. Since the
NASA standard command detector assumes a sifewave gsubcarrier, the ratios of
data power and carrier power o the total received power as a function of the
modulation index are

P

c 2
T
and
P
D 2
'ﬁf = 2J,°(8p) (9-11)
where
eD, PD’ PC’ PT’ Jo and Jl have been previously defined 1in
Section C,

3. Command Decoding

The functions of the spacecraft command detector are limited to
demodulation and detection of the compusite command signal, The contents of

9-11
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the command sequence are tranaparent to the command detector, In order to
process the command sequence and deliver the individual commanda to the users,
the detected command bit strecam must be dJecoded and distributed, Theso
functions are the responsibility of the spacacraft command decoder,

The proper decoding of the command sequence requlres a complete under=~
standing of the command atructure, word format, and contents. These elements
are mission dependent. Though the command decoding process is an important
discipline of spacecraft systém design, it is beyond the scope and purposes of
this discussion. The only detector-related décoding problem is the data
ambiguity inherent in the NASA standard command detector.

S8ince the NASA standard command detector nay deliver either normal or
inverted data bits, depending upon the axis at which the subcarrier is locked,
care must be exércised to assure that the right commands are executed, (Note
that the Viking Heritage command detector does not have thig data ambiguity
problem.) For an elaborate command decoding system utilizing a sophisticated
computer, the data ambiguity may be simultaneously resolved wheh command frame
synchronization is decoded. However, with a decoder of less sophistication, a
real-time ambiguity resolver may be implemented.

To resolve the data ambiguity on a real-~time basis, a sync word must
precede the command bit stream but follow the alternate 1 and 0 preamble.
Careful se¢lection of the sync word will minimize the probability of error at a
given length of the sync word. When the detector indicates an in-lock con~
dition, the ambiguity resolver will first search for this sync word and then
determine whether it is in 1its normal or inverted position. The subsequent
command bits will then be accepted in the polarity as indicated by the sync
word polarity decision. A seven-bit Barker code has been employed for 8uch a
sync word for near-earth application.

E. COMMAND CHANNEL DESIGN CONTROL

As a major function of the spacectaft telecommunications system, the
command chdnnel is subject to the provisions of the telecommunications design
control policy (Ref., 9-8). This section identifies the parameters relating to
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the command function and presents an example of the command channel design
control table,

1. Carricr Channel

This paragraph presents the defintcions of the parameters which
affect the performance of spacecraft receiver carrier tracking,

a. Total Transmitting Poweér at Antenna. This parameter is the
total power into a Station antenna., The nominal ground transmitted power is

20 kWs However, 100 kW (and possibly 400 kW) transmitted power tiay be used
for emergericy and other occasions.

b. Transmitting (Ground) Antenna Gain. This is the peak gain of
a Station antenna including pointing and circuit losses, and wind and gravity

deformation losses, Two anténna nets are normally in usé: 34-m and 64-m
antennas.

Co Space Loss. This is the loss due to the transmission medium.
In a normal mission, space loss is a function of carrier frequency and
spacecraft~Earth range. The absorption loss due to atmospheric and plasma
effects represents additional 1losses and should also be taken into
consideration,

d. Polarization loss. This is the loss due to mismatch in
polarization between the groutd and the spacecraft antennas. A measure of
ellipticity is used to determine the polarization loss.

e. Receiving (Spacecraft) Antenna Gain. This parameter repre-
sents the gain of the spacecraft antenna in the direction of the incoming
signal. Traditionally, the value of this parameter is derived by factoring

the expected loss due to antenna pointing error into the boresight antenna
gain.

£, Spacecraft Circuit loss. This is the loss due to trans-
mission cables or waveguldes from the spacecraft antenna terminal to the
receiver input port.
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g Total Racaivar Power (Pp). This ia the realizahle powor at
the receiver input port,

h, 8Syatem Noise Spectral Denaity (No). This 18 Gauasian white
noise power per unit £requency iniroduced by the environment, cabling,
switches, antenna and receiver. This parametet 1s proportional to the space~
craft circuit loss and the effective system noilse temperature., The latter is
a function of the receiver noise figure, cireuit loss, cable physical temper-
aturc and antenna noisd temperature,

i, Total Receiver Powar to Noise Spectral Density Ratio (PT/NO)‘

This is the ratio of total received power to noise spectral
density at the input of the détector.

3o Carrier Power to Total Received Power Ratio (Po/Py).
This parameter reflects the allocation of power to the catrrier as a fraction
of the total power. It is determined by the modulation indices for the com-
mand signal and ranging signal (if present),

k. Carrier Threshold Tracking Bandwidth (ZBLO). This is the

two-sided noise bandwidth of the receiver carrier tracking loop at threshold
Pp/Nye

1. Signal-to-Noise Ratio in ZBLO. This 18 the signal-to-noise
power ratio into the spacecraft carrier tracking phase-locked loop for a two-

sided receiver noise bandwidth of ZBLO‘

m. Threshold Signal-to-Noise Ratio in 2B,y. This is the
fiinimum value of the signal-to-noise power ratio in ZBLO acceptable for the
required accuracy of carrier tracking.

2. Command Channel

This paragraph presénts ths definitionr of the parameters relevant
to command detection,
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A, Bit Rate, This parameter refess to the number of command
bite transmitted over a period of one second,

b, Command Data Power to Total Received Powar Ratio (PD/PT).
This power ratio reflects the allocation of powar to the command chauncl am a
fraction of the total power. It is dotermined by the modulation index for tho
command signal. The power available to the commdnd datector can ba roadily
cotiputad from this alloeation.,

Co Command Detector Losses, This is tha aggregate loss within
the command detector. Factors contributing to the command detector losses
include radio loss, waveform—distortion loss, subcarrier demodulation loss,

bit sync detection losé, and circuit loss.

d. Command Detectoy Per Bit Energy to Noise Spectral Density
Ratio (STB/NO). This ratio raflects the net energy over one bit period at
the output of thé command detector to the noise spectral density.

e, Threshold STB/NO‘ This 1is the minimum acceptable value
of the STB/N0 to achieve a given bit error rate.

£. Performance Margin. This is the amount of command power in
excess of the minimum acceptable value required to achieve the specified bit

error rate as defined in E.2.e¢

3. Command Function Design Control Table

Table 9-2 is a typical Design Control Table for the uplink command
function. It consists of two parts - the carrier channel and the command
channel, The signal-to-noise ratio in relation to the bandwidth £for both
channels must exceed their respective thresholds for the command link to be
established.
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Table 9-2, Typiecal command design contral tahle
Part 1, Uplink carrier

Deaign Fav _tol Adv tol Maan __Varianco »
o Transmittor paramotors y
- ‘ 1) RF power, dBm 73,00 00 .00 73.0 .00
: Powor output = 20.0 kW
2) Circuit loss, dB «00 .00 .00 0 .00
. 3) Antonna gain, dBi 60,60 «30 =70 60,3 .08
- ‘ Elev angle = 10,00 dog
: ~ 4) Pointing loss, dB =10 .05 ~,05
=X Path paraméters
; 5) Space loss, dB -267.19 -267.2 .00
Freqs. » 2115.00 MHz
Range = 2,581 + 08 km
. - 1.73 AU
a 6) Atmospheric -0.02 .00 .00 0 .00
. attenuation, dB
3 Receiver parameters
% 7) Polarization loss, dB -.10 .05 .05
3 8) Antenna gain, dBi 34.50 +40 =40 34.4 .03
f 9) Pointing error, dB -.06 .03 -.03 -.1 .01
Limit cycle, deg «20 -.20 +00 ’
2 Angular errors, deg +00 .00 «00 !
. 10) Rec circuit loss, dB -1.50 +50 =50 -1.5 .08 ' )
" 11) Noise spec dens, dBm/Hz -169.26 -.21 .87  -168.9 .03
a Operating temp, K 860,00 -40,00 190.00 4
v Hot body noise, K .00 .00 +00 , t
. 12) Carr thr noise 3W, dB-Hz 12,55 =97 79 12,5 .13 i ‘A
SO Total power summary "
S 13) Revd power, pp, dBm ~101,1 .21 ' v
S (14+24-3+4+45+6+7+8+9+10) ' :
Lo 14) Revd Pp/Ng, dB-Hz 67.9 24 v ‘
| (13-11? ’
SO 15) Ranging suppression, dB .00 .00 +00 .0 .00 ,
J 16) Command suppression, dB ~3,06 +10 -.10 -3.1 +00
| 17) Carr pwr/tot pwr, dB, -3.1 .00
VI (15416)
o 18) Revd carr pwr, dBm, ~104,1 .21 A
I (13417) N
| S 19) Carr SNR in 2B;q, dB, 52,3 37 !
e (18-11-12) 3 = 1.8 |
- v
s 3
=t :
& y
I {
? v

TR




K Table 9-2, Typical command design contral table (contd)
X Part 2, Command channel
%; , : . —
E‘ PDeaign _ Fav tol Adv tol  Mean _ Varisnee )
28 Data channel performance
}1 20) Data bhit rato, dB 14,95 00 00 14,9 «00 T
i Bit rato = 31,3 bps
£ 21) Data pwr/total pwr, dB ~3,35 10 - 10 =3.3 +00
22) Data pwr to revr, dBm «104.4 W21
(13+15+21)
23) 8¢/Ng to revr, dB 49,6 23
24) Systom 103908‘ dB «3,00 +50 =450 =-3.0 04
Radio loss, dB 00 00 00
Demod, detect losse, dB «00 00 +00 '
Waveform digt loss, dB .00 00 00
25) 8p/Ng output, dB 46.6 29
(23+424)
26) Threaho.ld ST/NO, dB 9.60 00 00 906 «00 )
Threshold bit error rate 1.00-05 ]
27) Performance margin, dB 37.0 29 1
(25~26) 38 = 1,6
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Fig: 9-4. Command bit rate capabilities (S8-band uplink)
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X. NEW DIRECTIONS: 1982-2000
Ne A Renzetti, J. W. Layland, C. T. 8telaried, and A. L. Berman

A,  NETWORK OBJECTIVES

The major objective of the Déep Space Network in the periocd 1983-2000 is
the fulfillment of the extrémely diverse telecommunications requiroments of
the knowh and anticipated users. Deep space exploration projects will
continue to occupy a dominant role, although in the mid-1980s, with the
completion 6f_the Networks Consoelidation Program, high earth orbiter projects
will become substantial users of the Network. Also playing an increasingly
important role in the Network of the next decade will be non-flight projects,
such as Geodynamics, Radio Astronomy, Radar Astronomy, and the Search for
Extraterrestrial Intelligence (SETI).

The major challenge in meeting the primary Network objective of the next
decade will be that of providing increased performance as required by users at
costs which can be borne by NASA in an environment of limited resources.
Emphasis will be on increased comfonality, flexibility, and automation to
reduce maintenance and operations costs, and lower mission costs.

More specific goals during the next decade to meet the overall Network
objéctives are:

(1) Addition of new wider bandwidth and effective aperture capabilities
to accommodate higher bit rates and increasing spacecraft range.

(2) Developmént of new techniques and equipment to6 enable high
precision deep space and orbital spacecraft navigation.

(3) Improvement in frequency and timing to support more sophisticated
radio science experiments,
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(4) Implementation of state-of~tha~art frequency, bandwidth, aperture,
and timing to augment the Network role in support of non-flight
projaecta,

(5) Development of the use of K~band and optical, to mect dincreascd
link performance and reduce spectrum crowding.

(6) Development of long-lead-time advanced technology for Network
requirements anticipated for future projects, which will only be
designed to (then) existing and préven techiiology.

B. NEW REQUIREMENTS

New directions for the Network are determined by new requirements which
are generated by existing and approved projécts, and by the anticipated
requirements of future planned projects, Figure 10-1 presents the Approved
Program mission set, while Fig. 10~2 presents the Advanced Planning mission
set, which is subject to change as preproject planning evolves.

The Voyager 2 1986 Uranus and 1989 Neptune encounters are examples of new
requirements being generated by existing missions. These two encounters were
not firmly planned and approved until well into the Voyager mission, and
because of the tremendous spacecraft-earth distance, will require enhanced
communications link performance beyond the capability of the present Network.
This new link performance requirement will be met via the technique of
arraying multiple antennas, b-th Network and non=Network. Arraying technology
has been under development by the Network for a number of years, and will be
described in greater detail in the following subsection.

A second example of new requirements being generated by existing projects
is Pioneer 10, which will be at communications threshold at the beginning of
1990, Science interest in Pioneer 10 is high since it is the only spacecraft
which will exit the solar system through the tail region of the heliosphereq
Figure 10-3 illustrates the Pioneer 10 1link conditions over the next 10
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yeara., At the current time, 1t im expectnd that a Plonaer 10 telecommun~
ications requirement beyond 1990 will be met eithor through the upgrading of
the Network 64-m antonnas, or via antenna arraying techniques.

The Galileo spacocraft, a Jupiter orbiter with a planned May 1986 launch,
will be the first decp space probe to carry X-band uplink tapability. This
implementation of an operational X~-band uplink capability represents a most
significant benchmark in the NASA Planetary Progiam, as there are a number of
X-band telecommunications drivers which will act synergistically to move the
Planetary Program in the direction of routine X-band uplink and downlink tele=-
communications links. Foremost in the long~term view, the S=band frequency
spectrum allocation among all categoriés of users 1s and will continue to
become d{increasingly crowded and impinged upon by a myriad of interfering
sources. Hence, the move of Ylanetary Program telecommunications to the far
less crowded X-band frequency allocatioh will greatly relieve the congestion
being experienced in the S-band fréquency allocation. In addition, there are
very substantial technical enhancements to be reaped by the move to both
uplink and downlink X-band telecommunications, including improvements in
uplink performance and reductions in solar plasma and {onospheric phase
scintillation, which will improve near-sun commanding and telemetry and radio
science experiments, and enable the exciting search for the existence of
gravitational waves. S-band downlink would, in the above ecenario, most
likely be retained for occasis: * use because of its great value in providing

(with X-band) dual-frequency charged particle calibrations to Radio Science
and Navigation.

For X-band uplinkl, assuming equal Network and spacecraft antenna
efficiencies and sizes, the improved uplink performance is glven by the square
of the frequency ratio (7.2/2.1)2, or about 10:7 dB. This allows uplink
communications with the spacecraft at smaller sun-earth-probe angles, at lower

power levels, and to far greater spacecraft-earth distances, all other things
being equal. '

I"X~band uplink 1s presently implemented on the Goldstone Station 13

research antenna and 4s planned for the Network 34~m operational antennas
in 1987,
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Phase acintillation on the uplink 1a also reduced by the ratio of the _

frequencies squared; or by a factor of approximatoly 13, This will agroatly
enhance certain radio seiunce experimenta, where solar plasma and ionospharic
phase seinrillation become a limiting orror source. Foremo.t in this class of
experimonts is tho scarch for gravitational wavos, which requires a total
system frequoncy atability bottor than (W €/f) 2 1 x 10-15. Currcntly
S=barid phase séintillation on the uplink is the measuremont sensitivity
limiting source, and the move to X-band uplink will improve the sensitivity of
the gravitational wave search by a straightforward factor of about 13,

Finally, the reduction of phase scintillation on the uplink improves both
telametry reception and navigational data quality, as in the current S~band
uplink/X-band downlink spacecraft telecommunications systems, the relatively
large S-band phase scintillation 1s multiplied by the vatio of X=-band to
8=band (8.4/2,1) frequencies in the two-way link.

Th& Venus Radar Mapper (VRM), Mars Geoscience Climatology Orbiter (MGCO)
and Mariner Mark II (Refs. 10~1, 2) missions all plan to capitalize on the
X-band uplink implementation. The VRM and MGCO missions plan precision
sravity mapping of Venus and Mars respectively; the X-band uplink will greatly
enhance these radio metric data measurements. Some of the planned Mariner
Mark II missions will utilize the X~band uplink in combination with X~band
downlink to simplify the spacecraft design.

According to plans, the Russian Venera spacecraft will deposit balloons
in the Venus atmospheta. Precision tracking of balloon L-band transmitters
will provide atmospheric wind measurements. The Netvork plans to participate
in this experiment and will add an Leband receive capability on the ground
64-mt anternas to enable this. This capability will also be used when the
Venera spacecraft continues on to Halley‘s comet, Precision tracking in the
vicinity of Halley‘'s comet combined with Vener: comet tracking data will
provide 1increased comet orbital data. This effort, named Pathfinder, will
enhance the follow~on comet encounter by the European Space Agency‘s Giotto
Mission.,
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Plasmas in the near earth rogions will he inveatigated with the OPEN
(Origin of Plasmas in the Earth‘s Naighborhood) missiona, The OPEN misailons
ara designoed to operate with the planncd Mark IVA Network limitations of 250
kb/az. Ant.icipated approval for highar data rates hoyond this limitation to
600 kb/83 would allow enhanced selentific results.

Conveontional Very Long Baseline Intorferometry (VLBI) exploits tho
longest basalines available on the surface of the earth. Longer baselinas,
necessary to invastigate unresolved radio sources, require a radio talescope
in space (Ref. 10-3). Both Tracking Data Relay Stations (TDRS) and a free
flying satellite are under consideration for. use as an orbiting radio
telescope. In these configurations, the orbiting radio telescope and the
Network provide the data collection for the extended basaline. It is proposad
that the orbiting radio telescope provide the wide band data collection (about
50 Mb/s) to the TDRS White Sands receiving station. Some proposals assume a
direct 1link (about 10 Mb/s) to the Deep Space Network for real-time data
performance monitoring.

The Network will be required to handle a wide variety of spacecraft
missions under varying conditions, from launch to end of mission. This
requires configuration flexibility, high sensitivity, and large dynamic range
capability, High reliability, maintainability, and low operational costs are
all additional extremely important requirements the Network must meet,

C. FUTURE PLANS

Future plans are based upon achieving the goals ahd meeting the needs of
the next generation of flight projects in as cost-effective and innovative a
fashion as possible. This 4includes the ability to arrdy Netwo. and
non-Network antennas to provide enhanced link performance for critical mission
phases such as the Voyager Urat:.s and Neptuhe encouhters,

2 This requires 500 ks/s for R = 1/2 coding
This requires 2.4 Ms/s for the anticipated Manchester modulation and
R = 1/2 coding.
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The Network will support hoth U.S. and non-U.8, misslons as appropriate. Daap
8pace Network stations and three 26-fieter atations which are new part of the
Ground Spaceflight Tracking and Data Network (GBTDN) will be tntegrated to
provide a consolidated network for tracking hoth deep spaco probes and high

earth orbiters. Figures 10~4 and 10~5 show the planned consolidated Mark IVA
Natwork configurations for 1985 and 1987,

In the MK IVA era the tolemetry system of a Network signal processing
center comprises four groups of equipment which are selectable for mission and
antenna front-end requirements. These four groups are illustrated in the
telemetry configurations shown in Figs. 10-6 and 10~7, Telemetry groups 1 and
2 (Table 10-1) with the newly designed baseband assembly (BBA) have the
capability to perform real-time baseband arraying with up to six separate
antennas simultatieously. Telemetry groups 3 and 4 (Table 10~2) using the
symbol sync¢hronizer assembly (SSA) from the MK II1 era cannot perform baseband
arraying, The Maximum Likelihood Convolutional Decodér (MCD) will be modified
to extend the indicated 250 kb/s designed 1limit to include the 300 kb/s
required for OPEN missions. The Telemetry Processor Assembly (TPA) limits the
overall telemetry system data rate performance to 600 kb/s for record only and
200 kb/s real-time (limited by the local area network),

Figure 10-8 shows the baseline 1989 network and candidate non-NASA

antennds for future arraying plans., These areas are discussed further in the
following section.

The receiving system figure of merit (M-GR/TOP) is a key parameter
for defining system sensitivity used in telemetry link pérformance calcu-

lations. The reader may wish to refer to S8ections I, I, and III for detailed
discussions and for past and present capabilities.

Table 10-3 and Fig. 10-9 show the plarned improvement in the Network
receiving system figure of merit over the next two decades. This includes
upgrading the present (1982) 64-meter antennas which now operate at X-band
(8.4 GHz) with about 50% efficiency (M = 72 dB) to 70 meter diameter with
about 66X efficiency (M = 74 dB) as shown in Fig. 10~10, and subsequently

10-6
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Increasing the frequency capahility tao 32 GHa (Ref. 10~4), The ability to

array the large antennas together (Ref. 10=5), demonetrated at the Vayager

Baturn oncourter, will he expanded and made fully and convendently operational

#o that combinations of any or all of tho X-band antennas can be arrayed as

noeded for flight project support. The optimum anticipated improvemont of tho {
Australian array, consioting of Station 43 (64-m), Station 42 (34-m), Station

45 (34-m), and the Parkos Radio Astronomy Obsorvatory, 48 about 3.7 dB

rolative to the Network 64=motor antenna along.

‘ It 1s clear from Fige. 10-9 and 10-10 that providing the significantly ;
higher frequency capability to poseibly 32 GHz offers the most substantial
performance increase available for the foreseeable future. Changing fra=-
quencies requires compleméntary spacecraft work, and will not happen in the
N e near future. The planned upgrade of the 64~meter anténnas provides improve-
B ments to déxisting spacecraft telecommunitation links, such as with Voyager and
Pioneers, as well as future spacécraft using existing technology.

D.  VOYAGER: COMMUNICATING TO URANUS AND NEPTUNE

The August 1981 flyby of Voyager 2 past Saturn provided data into the
- Network at 4 rate of 44.8 kbps. As analyzed in Section II, this link at peak E ‘
3-ﬂ¢ji performance carried a margin of almost 3 dB into a single Deep Space Network - g;
‘ 64-meter antenna. The array, consisting of the 64-meter antenna and one ;f ':i
34-meter antenna, was in fact used to provide adequate immunity to weather- if v
induced link degradation, and to extend coverage to lower elevations. Due to N i
the increased distance, the signal level at the Voyager 2 flyby of Uranus in ‘
1986 will be more than 6 dB lower than it was at S8atutn, and the signal level : ‘
at the Neptune encounter will be some 3.5 dB lower still,

The Voyager project has two general requirements for these outer planet
encounters: (1) to acquire nearly continuous measurement of the fialds and |
particles surrounding the target planet, and (2) to acquire imaging data which
is adequate to develop a basic characterization of the planets, their satel-
lites, and rings. The software of the control computers onboard the Voyager
is being changed during the flight to Uranus to include image data compression
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to partially compensate for the decreased algnal atrvength, With compresalon,
Image data ecan be acquired at lh.h or £.4 kbps, which is comparable o uncom-
proafad data ar 29,9 or 19,2 kbps, veapectively. 8ince the data compreasion
vaquirven both anboard computers to be oparating, thera 1s some algnificans
riak that the data comprossion will not be avallable whon noeded,

At Uranus, tho arrayed 1985 configuration of the Notwork will support tho
l4.4=kbps data rate for Voyagor into tho Goldstono or Canbarra Comploxos with
adequate margine The Voyagor closcst approach to Uranus will occur over
Australia., Arrangemeénts are in proeess to avray the Parkes Radio Astronomy
Observatory with the Canbarra Complex for the most important days of tha
Uranus efcounter. This intaragency array will support the higher fallback
data rate of 29.9 kbps, as well as a 21.6-kbps data rate which will combine
the compressed imaging with replay from the tape recorder, thus substantially
inercasing the number of images which can pe returned at encounter.

At Neptune, the signal from Voyager will be some 3.5 dB weaker than at
Uranus, and the improvements from data compression which helped to provide the
required science return from Uranus may no longer be operative, As noted
above, the planned development of the Network to 1939 will make available at
each longitude an arrayed configuration of a high~efficiency 70-meter antenna
and two 34-meter anténnas to meet the basic requirements of the Voyager
Neptune encounter. This configuration will support the 8.4 kbps compressed
imaging at both Goldstone and Canberra, and will also support an intermediate
compressed imaging data rate of 11.2 kbps. It also gives good support of the
required general sclence coverage. Assuming that equitable arrangements can
be made to use the Parkes Observatory again for Neptune, the arrayed con=
figuration of the Canberra Complex plus Parkes will be able to support the
preferted data rate of 14.4 kbps. The l4.4-kbps data rate can also provide a
limited quantity of uncompressed imaging if needed.

Discussions hdave begun with other large radio observatories of the world
to ehlist their help in supporting the science objectives of the Voyager at
Neptune. These include the NRAO Very Large Array in Soccoro, New Mexico, the
64-meter antenna facility 4in Japan, and the 100-meter telescope in Bonn,
Cermany., It is hoped that by 1989 the organizational and technical
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arrangements will be in place to support the Voyager with an American array
conaisting of the Goldstone Complex and the VLA (configured for 2,5 aquivalent
64~meter antonnas) and an Asian array connilating of the Canberra caomplex, the
Parken Obaorvatory, and the Japanaso GhemeLov anftonna. Those arraya would bo
capabla of supporting tho Voyagor at olthor tho 19.2-kbpa fallback data race,
ov tha 21.6~kbps combined playback and comprossod imapging data 2atce "ne
potontial Europcan array of tho Madrid Complox with the Bonn oboorvatory would
bo capablc of supporting cithor 8.4 or 11.2 kbps data roturn from Naptuno.
Thus with tha help of the world'‘s large radio tolascopos, a scientific roturn
from the Voyager encounters at Uradus and Neptuné which rivale that achieved
at Saturn appears to be within our recach,
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- . Table 10~1, Telemetry subsystem channel capabilities for ,
. Telemetry Groups 1 and 2 !
Functions Channel 1 Chann.l 2
Subcarrier demodulation Approximately Approximatcly
10 kHz to 2 MHz, 10 kHz to 2 MHz,
square wave gquare wave
Bagsuband combining Up to six receivers N/A
Sequential dectding kw24, 32; r=1/2; N/A :

frame length: variable;
6 s/s to 10 ks/s :

Maximun 1ikelihood ka7 £ml/2 or 1/3; N/A
convolutional decoding 10 b/s to 250 kb/s f
S Block decoding Reed-Muller 32/6; N/A |
up to 2 kb/s
%{ Symbol rate 4 8/s to 500 ks/s 6 s/s to 250 k&/s
{i Uncoded rate 6 b/s to 250 kb/s 6 b/s to 250 kb/s¢
?i Data format NRZ-L, NRZ-M, Bip-L NRZ-L, NRZ-M, Bi@-L
on cavrrier on carrier
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Table 16-~2. Telemetry subsyatem channel
Telemetry Groups 3 and 4

capahilities for

Functions Channel 1 Channel 2
Subcarrier demodulation Approximataly Approximately
512 kHz to 1 MH2 512 kHz to ! MHz
Basebdand combining N/A N/A
Sequential décoding k=24, 32; r=1/2; freme N/A
length: variable;
6 8/s to 10 ks/s
Short constraint length k=7; r=1/2 or 1/3; N/A
corivolutiondl decoding 10 b/s to 125 kb/s
Block decoding Reed=-Muller 32/6; N/A

Symbol rate
Uncoded rate

Data format

up to 2 kb/s
6 8/8 to 250 ks/s
6 b/s to 32 kb/s

NRZ~L, NRZ~M, Bif-L
on carrier

6 s/s to 250 kb/s
6 b/s to 32 kb/s

NRZ-L, NRZ-M, Big@-L
on carrier
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Table 10-3. Tabulation of the Deep Space Network pradicted downlink
performance figure of merit (MnGR/Top) to 1989.

Parameter Calendar year
Post

1985 1986 1989 1989 1990
Frequency 8.42 8.42 8.42 8.42 32
£, GHz
System noise 22 - 20 - 45
temperature?
Top. K
Antenna diameter 64 - 70 - 70
DR’m
Antenna gain 72 - 74 - 84
Gg,dB
Figure of merit 59 63b 61 65¢ 67
(MBGR/TOP) ,dB

Assumes "90% weather" (sece Section VIII) and 30° elevation angle,

Assumes arrayed Network Australian 64-m antenna, .two 34-m antennas, and
Australian (Parkes) 64-m antenmna.

Assumes arrayed Network Australian 64-m antenna, two 34-m antennhas, and
Australian (Parkes) and Japanese 64-m antennas.
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Fig. 10-9. Profile of the Deep Space Network downlink
performance (M"GR/Top) from 1982 to 1990
(from Tables 2-1 and 10-3)
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