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PREFACE

; This report ts ouc in a series of _our that have been published
by the Jet Propulsion L_bora_ory to describe the capabi_it'[_s of the Deep
Space Network as of the early 1980s. The others arez

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

2) The 0eep Space Network -- An _ustrum_t for Radio Astronomy
• (JPL Publication 82-68)

" 3) The Deep Space Network -- An _nstrumeut for Radio Navigatiou
of Deep Space Probes (JPL Publication 82-102)

Those developments o_ the various elements that compose a Deep
Space Com_uni_attons Station and that have made it possible to increase
communication capability from space to earth by a factor of 100 i_ the last

,. _ ten years are prese_tedo This r_markable performance i_crease t_ due in
'i _ large part to a vigorous and imaginative research and technology development

I activity sponsored by the NASA Office of _pace Tracking and Data Systems at
the Jet Propulsion Laboratory.

ii ALthough the NetwOrk operates in the microwave region of the -
i_;'-'_ electromagnetlc spectrum wherein the effects o_ the media between the spac_-

'I craft and Earth operating at distances to the edge of the Solar System are
i!i'.,_ minimal, considerable research and development has been accomv_ished in

1 understanding the effects of the atmosphere and charged particles of the

1 iOnosphere and interplanetary regions on the radio linkS.
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h

: AI_STRACT

_ The l_ep Sp_ce No,work £e the Nntional Aeronautics and Space Admin_ ,_I

_,stratton (NASA) telecommunications instrument for deep sp_ce exploration.
Communications are provided between spacecraft and the various Network ground

facilitieS. The uplink communlcattons channel provides Instructions or com-

mands tO the spacecraft. The dowulink communie_,ttons channel provides command ,,

verification and spacecraft engineering and science instrument payload _ata. "

The Network evolved from the Microlock tracking and data acquisition

system developed by JPL tYt suppQrt of the flight of the ftrst U.S, earth

orbiter, Explorer I, In 1958, In the last decade, _pac_craft tracked by the

-" ., f_ Network have encountered all but the three outermost plane_Cs o_ our solar

system. In the latter hal_ of this decade, the Network will face the very ,_

_xcittng and exceedingly challenging task of supporting the Voyager 2 space-

-' craft as it _lies by Uranus (1986) and Neptune (1_89). "

/

: The Network consists of a sophisticated tracking network incorporating .

• ; state-of-the-art large antennas, ultra-low-noIse amplifiers, precision phase- :,

+_ii;!, ,,+':! lockad receivers, transmlttlng equipment and telemetry error-correct ion
;_: ;I systems. _Is report presents the history, theory, and implementation of each 'i

: 'r 'w''I_ of these separate SyStems. Particularly emphasized is the history and theory :
iL i
_ of system performance in terms of the telemetry data rate and receiving system

:_;.i+ Ptgure of merit. In addition, anticipated future Netw, rk capabilities are
.'ii discussed. This includes arraying techniques with other very large non-NASA

• _I,_ radio telescopes as necessary to support the Voyager Uranus and Neptune
_ encounters, and the upgrade to X-band upltnk and K -band telecommunications.

_¢:' i
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_, I_ODUCTION

A, PUR_OS_ ,I

i' The primary purpose of the DOop $p_co Network (DSN) is to serve as a oom-;! munications instrument _Or deep apace exploration. It provides eoSmunicattons

channel provides instruCtionS or commands to the spacecraft, The do_alt_k
m_

. communications channel provides co,emend verLgLcation and spacecraft engi-

neering and science Instrument payload data (Refs. 1-1, 2 and 3).
i

B. HISTORY

_ The Network is a continuously evolving facility (Ref. I-4). It _rew out

:, of the Microlock tracking and data acquisition system developed by JPL in

_ i:: support of the flight of the first U.S. earth orbiter, Explorer I, in 1958

!/i (Ref. I-5)o This system was inadequate for communicating at lunar and plane-

i_ tary ranges and was supplanted by the TEAt(E) (Tracking and Com_unicatlon,

_'_ Extraterrestrial) receiving system later that year (Reg. !-6). From that

.i::_ time, the NetWork has developed into a sophisticated telecommunications

._ network Incorporating state-of-the-art large antenua_, iow-nolse amplifiers,

,:, receiving systemS, and transmltttng equipment (Refs, i-I, 7).

-_.:. The Network has played a crucial rote tu all deep space missions

/_, undertaken by the Un£ted States in addition to Supporting the Apollo mannQd

"_ spacecraft project. _n the past ten years, spacecraft tracked by the Network

i!_,:i 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 I-8 through 1-12 glee detailed accounts of past

._, _

__..,,._I performance since the amount of data that can be successfully received from a !i

=_'__i']l spacecraft decreases as the square of the distance between the spacecraft and _t

_I_,".] the earth, For example, the range between a deep space probe at Saturn and ':

O0000001-TSA11



C. OVI_RVI_!_

Network complexes are approxirmtely equally spaced around the world so

that probes get from earth are always in view of at least one complex as long I

as they refaain near ttie equatorial plane of the earth. Each complex includes

one 64-m-diameter parabolic dish antenna and several smaller antennas along
tr_th associated subsystems (Fig. 1-2). The combination of a p_rticular ' !

antenna and its associa_ed subsystems is referred to as a Deep Space Station '_,
(DSS). "'

Communications between the earth-based station and the spacecraft are

classified as one of two processes: the upliuk process, denoting the

generation and communication of commands co the spacecraft, and the dotmlink

procese_ or telemetering of data from the spacecraft. The Network is an !. it

integral part of both of these communication processes. In the uplink ii

process, commands are generated by the flight project, processed by the I_

Mission Control and Computing Center (MCCC) at JPL and relayed by the Ground _

Communications Facility (_C¥) to the Network for transmission co the space- ,'i

craft (Fig. 1-3). Similarly, telemetry is received by Network antennas, !_

,- " 00000001-TSA12



',_i _elayad ova_ the GC_ go MCCC _or p_aae_atltga_d _ang to the _lCght pro_aag.

Network oporntlon_ _nd aeh_dutln_ _e hnnd1_d by _h_ N_work Oparn_ion_

Contro!L Canter (NOCC) at JPL.

_!!!!:i_I_!.. z-z 000i'T "
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_._-3_"_"_ , ._ •

"_ Table I-I. Deep Space Network Frequency First Usage History
sl ! L II w II .. I I I II I I I, - 11 i _ •

Ground "_

Dowullnk antenna FirsC
f raqUency dt.ameter spacecraft Launch

_fltz Receiver .1 usage date
ii ii i i L , I . I

108 MicroLock a Explorer Z January 1958

960 TRAC(E) 26 Pioneer 111 December 1958 I

2295 Block I 26 Mariner IV November 1964

8415 Block ZV 64 Mariner X November 1%73 _,_

P

p

:_ a Helical antenna

i,

,!

je
: i

"/ II

. .t_



FiB. 1-2. 1982 Deep Space Network Complex confisuration8
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OF POORQUALITY

I_LINK PRC)(_E_

I

" i l_,,,,," .oJ_c,

... i! Figure i-3, End-to-end flow of coo_ands and telemetry to and from-,deep spacei!
' !.i DOWNLINK PRO_.._SS
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I_ IIo THE SYSTEM VIEW

} ', G.K. Noreen and C. T. StelzriedA. INTRODUCTION

This section provides an analysi_ of spacecraft-to-ground communications

llnk performance and a de_crlptlon of the Deep Space Network system. Due to

the tremendous dlstancee involved i_ communicating between the spacecraft at

_:'" the edge of our solar system and earth, communications llnk performance IS

stretched to the limit of theoretical p_edlctlons. This is required in order i

to return the maximum amount of data possible during critical events such as .:,i

[i planetary flybys. The llnk analysis provides a basis £or the initial llnk

_: design before spacecraft launch and pergormance prediction and monltorlng i;

during spacecraft fllght. Addltlonally_ it indicates What performance up- :i:

_i grades are required for mission extensions and new missions. Performance can :

_i be improved through the use of a larger antenna collecting area_ greater
% ,i

,. transmitter power, lower receiving system noise temperature and more _ophls-

: i'ii_ tlcated data coding schemes. Later in this section the performance of the

:'_ Deep Space Station configuration which serves as the sround portion of the

"i_ communications llnk is assessed. The Voyager 2 Saturn encounter llnk per-

formance is analyzed to illustrate the relevant conceptS. The followlng

_:,_ sections provide detailed descriptions of the Deep Space Station configu-

ration, as well as the tranSm_ssion media, and modulation and coding schemes

_ appropriate to llnk performance ch_aracterlzatlon. '_
U !

_ B. SPACECRAFT/EARTH LINK ANALYSIS

i!
'_ The objective of an analysis of the telemetry llnk 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"

_,i! the minimum receive_ energy-per-bit-to-noise spectral density ratio (Eb/No_

see Eq. 2-8) must be high e_ough 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 slgnal carrier.

I2-1 *
/

• _ . : . _:=,: - _ _ : : . . , . _._ - . _-_ -_.. .... -_ ... _ . -_--_- .. .- _ .'.;,...-" :24_:.%;_ _,':'..._:_-._;,V._.,'._ --_:. _,.. . "_'-',>,,._ .- , .

" v"" -e"" ,. - "_ffi_. ..2_'._Y--'I"--'7"_i.::."_- "_'" :v-_'_." ',, _" "-_ . " "_' ,., ,: . ," " • _",'";"_ ". ,"" " _ '.........

................. O0000001-TSB05



! The required Eb/N 0 is dependent primarily on the type of coding used
and on the maximum tolerable bit error race (B_R). For example, with an

advanced Reed-Solomon/Vicerbi concatenated code, an Eb/N 0 of 2.2 dB is

sufficient to ensure a BER not exceeding 10-5 (Section VI) - assuming

perfect carrier, subcarrier, and bit synchronization ac the receiver.

Deep space telemetry is typically phase-shift-key modulated onto a

squarewave subcarrier _hich is _hen phase modulated onto a carrier (Section

VI). To demodulate the received signalj the receiver must firsC reeonsCrueC

the carrier and then use the reconstructed carrier to c',herently dAmodulate

the telemetry. Adequate performance of the demodulation process is thus

crucially de_endeflc on the ability of the receiver to track the carrier. This

tracking function iS per£ormed by a phase-locked-loop (PLL) receiver (_ection

V).

In the following, It is _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 encounCerJ

the required and actual receiving system figures of merits are compared and

1 the performance margin is calculated.

1. Received _ower

The first step in any telemetry link analysis is to calculate the

received po_er.

r .

li! :_

,_.,, 2-2 i :"

O0000001-TSB06



i where
i

Pg - received power, W "

:: _ PT - transmitted power, W ft

AR - effective area of the receiving antenna, m_
pa

AT - effective area of the transmitting antenna, mz

D - distance between transmitter and receiver

antennas,

X - carrier wavelength, m

' _R = losses between the transmitter and receiver

, antennas (= L for.an idealized system), ratio (_>1)

" LALpLpoL

_ LA - atmospheric loss (Section VIII), ratio (_>I)
t

- hp " pointing loss due to inaccurate pointln8 of the

transmitting and receiving antennas, ratio (_>I)
_ LpoL . polarization loss due to the polarization mismatch
i! between the transaltter and rccelver antenv_as
!i (Ref. 2-1), ratio (>I)

, "!.!
2. Noise Spectral Density

[/

_!'_ Assuming that the noise in the receiving system has uniform 1
!. spectral density (approximating white noise) in the frequency band con- ,

I"_.. raining the signal, the one-sided noise spectral density is ii .::/

NO- (2-2)

}; where
• 3 :!

k - Boltzmann's constant, 1.3806 x 10 -23 J/l !
_- ._.: ,_

::_':i; Top " system operating noise temperature, K I'

i
t j....

" • ..'_"":"/'-_,c/:o'-"_._:_::_',,':•:'•",*o:,"-:"':_.':._.'_:2.,_::_i,_:_......::.---_...::_,_.-_:_..:,-;-'_"'-_._......,•"-.........._,.,o_. _?.:i.:._-_. ,,,, - ._.":'.-_""" ".' jj'
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_ iI
L-_pi,, ORlaNAL PAIX li
i-_._ OF POORQUALITY

i L

_"_ T includes (Ref. 2-2) conCrlbutlons from the cosmic background radiation,i_:_: op
,. atmosphere (Section VllI)j ground radiat,_on, transmission line losses, the '

,.. low-noise maser amplifier (Section IV) and the follow-on receiver.

_ii 3. Carrier Margin

_i' Carrier margin Me on either the upl_.nk or .downlink is defined as

P

Mc" 2  oc.0 (2-3)
el where

Pc - portion of received power in the residual
carrier, U

_0 - one-sided threshold loop noise bandwidth, HzPc is 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 BLO NO watts. Thus, Pc

- 2 BL0 NO defines carrier threshold, Mc is often defined in ter_s of

P
m C ,

Carrier SNR in 2 BLO 2 BLO NO (2-4) i:

- However, this is a misnomer since BLO NO, not 2 BLO NO, is the

noise power in a thresholding loop. So "Carrier SNR £n 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,

I

00000001-TIB08



The siSnal energy per bit per noise spectral density at the

receiver input Is given by

, ST/No
i.

_: where
!,

S = portion of received signal power in the data

,,_ modulation sideb-ndm ; W
C

_" = PR sin2e

i:. i e = modulation angled degrees (typically, 20 ° < e <80 °)
:" T = tt_e per bit, s

i,li E = data rate, bps

_ For system performance calculations, the signal energy per bit per noise

_ spectral density at the receiver output Is

' (2 6),,... ST/%% -

_'.' where

!_, = system losses, ratio (_)1)

.,_t,_

,.:.. System losses are due to suboptimal demodulation of ..the signal. They are i
l:

""_ caused by such degraded conditions as a low carrier margin, which makes
il t

_,: coherent detection difficult.

_: Threshold ST/NoLs at the receiver output, or Eb/No, iS determined
!; by the maximum bit error rate that can be tolerated and by the error-correcting

" !'i code(s) protecting the link, aS noted earlier. With a Reed-Solomon/Viterb£

i1 concatenated code, the bit error rate will not exceed 10"5 as long as the
signal energy per bit per noise spectral density receiver At the output,

_ii ST/N Ls, does not drop below 2.2 dB (assu_tng perfect synchronization), the
threshold signal energy per bit per noise spectral density at the receiver

" output, Eb/N 0 (Fig. 6-4).

2-5

-'_, ,,-.;/-::_=_..'._::.;.,_:.._;,.._2_.=..... u_--'_ __...... _--._-....:/ ............ ,-,. ...... -=. :-,..:: ,.- _,...t_-:_-' ..:-_-_ _i.......... L.. o " . ._ _..... _ -:.- '' , " . - .........
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,:.,,oRoo,,.r,',
,_ Thus the maximum data rate R that can be tolerated giwn that the carrivr

• !i °
:1 margin te adoquate is

_ _ _<s/[.o%_/.oj (2-7) 1i'

?

:! whore,

i_ _/N 0 - threshold signal energy per bit per noise
power density, ratio

/

'_ AS an example, the maximum, data race is gound from gqe. (2-1) and (2-7).

.I

I Rmax " P_R/[LkTop(D_) _b/N0] (2-8)
: i

• 1 where

: 1 L ."LTlLsLMt°taltelemetry llnk loss, ratio (_>I),
11

i1 L_ .(%/s),ratio<_>_>,
• il = 1/sin2e

_ .:,',! 5. Receiving System Figure of M_rlt
', J

__:,, _i Equation (2-8) can be written ,

--_ ._i Emax = M P_[41kLD_b/N0] (2-9)

_: ' where

M1 = figure of merit, ratio (_>1),

= (GR/Top)

GR " effective galn of the receiving antenna, ratio (_>I), ',,

i | ,, ,

Q. *

1 For an "optimized" array, wlth individual antenna figures of merit :,
° I'

n i,

Hi, M- I Hi (Refo 2-3)° '"
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The downllnk communications process besins with the collection and

formatting o_ data by the spacecraft data system. The spacecraft telecommut_-

{_..'_ ications system encodes_ modulates, and transmits the data. The data at6

I") first encoded for efficie_t transmisslon_ then used to phase modulate a square

. wave subcarrier which in turn phase modulates the carrier as discussed in i;

_i_i_':'::i Section VI. The resultan, signal is amplifled and transmitted. A simplified ,"2-7 :,,
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2. Network Complexes and Antennas

The Network has three complexes (Fi_. I-2) located at Goldstoue,

California (Fi$. 2-2), Canberra, Australia (Fig. 2-3), aud Madrid, Spain (Fig. '
i! 2-4), about 120° apart in lonsi:ude and at about 35° to 40° latltude -

two in the northern he_isphere and one (Canberra) in the southe=n hemisphere.

1 These locations provide continuous contact with spacecraft in deep space tn or
near the ecliptic plane.

Each complex has a 64-m antenna (Fig. 3-I) and a 34-m antenna (Fig. 3-6).

The 26-m antennas (Fig. 3-3) and their supporti_g facilttias were removed _rom

the operational network in December 1981 as an economy measure. Goldstoue has

a 26-m research antenna (Station 13) used to support _etwork development.

_he antennas and facilities at _oldstone are located in separate sites.

At Canberra and Madrid, they _re located about 200 to 400 meters apart and are

supported from common facilities called conjoint stations.
tJ

'_ ' 2--8 "
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The _oldstona 64-m antenna also has a sophi_tlcated planetary radar

capability _or scientific measurements and for Network systems development and

de_onstration.

The Australian and Spanish stations each share a stnsle control room in

the conjoint confisuration for the 34-m an_ 64-m antennas. The single control

room at each of these complexes has individual sets of receivin_, transmittin_
and tracking electronic equipment associated with each antenna° Some

functions such as the hydrosen frequency based timiu_ system are shared.
f:
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The function of _h_ reflector an_nna_ a. unad in the Network (fl_c_ion

II_) l_ _o cap_ur_ a port,on of _h_ _lgna_ _ransmt_d by the _pacn_rafc. The

an_anuaa u,a subcof_oeCara en a Caaaagratnian configuration to focus _hia a_- ._
hal into ghfifood horn and manor ampl,if_or lacagod tu the cons aggaahad go the

sub,ace o_ _ho dtnho A reflex _cod system la uood _o p_ov_do a_mul_.anoou_ S- _

and X-band signal reccptlon an separate receiving ayago_s.

3, Masoro

Low not_e maser amplifiers (SeCtion _V) and _oltow-on receiving

systems (Section V) are used to amplify _he Signal received by the antenna

with a minimum of noise contamination.

_1 The cryogenically cooled maser solid state amplifiers produce _xtremely

low noise amplification through the process of _ransforming energy from a

radio frequency pump to the signal _requeney. This is accomplished through a ,.

• . process of stimulated emission in a cooled ruby crystal material _mmersed tu

the proper magnetic field,

The Coldstone 64-m antenna S-band receiving system has achieved a system

_: I noise temperature of 13 K with a maser noise temperature contribution of about

_ _, 2 K in a special low noise configuration. The present 64-m antenna systemstypicaLLy have an X-band (8,4 Ol:[z) 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-exciter

, provide the capability, with other elomenta of _he Network, to command the

spacecraft and to receive telemetry and radio metri_ da_a, The major exciter

and receiver assemblies for these functtons are:

] (I) Exciter. C_nerates a carrier, modulated with command and '!
t , , ,, i_ !

ranging signals, to drive the transmitter a_plifler. "

12"
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(2) Phase Track£n 8 Receiver. Maintains phase lock with the

spacecraft downllnk carrier, generating a reference signal

required to c,_herently detect telemetry and ranging

_ modulation signals for telemetry and radio metric data

:.,. processing.
4

i

.i
! (3) Doppler .... _3tractor. Generates a doppler sigwal from the

+ i, exciter rel_erence and receiver signals.

i (4) Subcarrler Demodula tion As sembl_ (SDA). Coherently

; tran$1ates the telemetry subcar-rler to baseband and

i demodulates the subcarrler for data extraction.

::' [:! Asse_blies as general-purpOSe, misSion-independent devic, es capable of meeting+,

_! _ the requirements of all projects at any Network station. This zequiresstandardized eubcarrier modulation schemes by the flight prelects, such aa the

'-iF widely used bl-phase modulation with digital data (see Section VI). The

ii! ;._ subcarrler demodulator design handles high doppler rates with the use of a
_Y

!i third-order tracking loop, The receiver intermediate frequency (IF) bandwidth

t+: required for a partlcular data rate is given by (Section V)

i: Data glt Rate (b/s) Receiver Channel BandwldCh (Hz)::.+ - (2-12) ,"
_:, 30 to 150

i! Demodulation loss is related to symbol rate and Eb/g0.

_ , 5. Symbol Synchronizer Assembly (SSA)

_" ii The function of the SSA is to perform symbol/bit synchronizat£on

.I and detection (conversion of the demodulated baseband analog signal to digital

.}i, bits). The present SSA upper symbol rate capability is 250 K symbols/s. _

+!i. 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

rii,. rate (125 Kb/s for rate I/2 coding).

_ 2-11
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_ : 6. Maximum Likelihood Convolutional Decoders (MCD)

Coding schemes are used to reduce bit error probability in digital

_ommunications systems or to maintain the same bit error probability with

reduced link capability compared to uncoded pergomance. Coding can _np_ove

fiI'
_ 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 (S_ction VI). i

i!

The cost to the _o_munidations system is in added bandwidth so that a

,' ii higher channel rate in symbols/s is required as compared to the original data

"/ [i rate in bits/s. This requires greater hardware data handling capability as :
. wall 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). In this scheme a Reed-Solomon outer code and a convolutional

inner code are interleaved (Figs. 2-7 and 8). This technique combines the

advantages o£ each coding method; the interleaving r_duces the effect of

' "bursty" errors.

The function of the Maxhnu_ Likelihood Convolutiona$ Recorder hardware is

to decode the Viterbi (convolutioual) code. The _eed-Solemon (block) decoding 'J

:!: and de-interleaving are prese_tly 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 si_es with the addition of the block

serial number, time, header and ending. The block header contains such '

information as spacecraft Identification number, destination code. etc. This

!:"i_:i data is then transferred via the Ground Communication Facility (GCF) to the

_':_. ] Jet Propulsion Laboratory,

! I i,._
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D. VOYAGER: COHMUNICATING TO SATURN i

Communications for the successful 1979 Voyager Jupiter flyby have been

_: described in l_f. 2-4. The August 1981 Voyager 2 (Fig. 2-9) Saturn flyby

(Fig. 2-10) with a telemetry data rate of 44.8 kb/s provides the most recent J

_ example of the spacecraft-to-Network downlink telemetry performance

i capability. Imagltlg telemetry was transmitted at X-band (8.42 GHz) and Was

convolutlonally coded to ensure a bit error rate less than 5xi0-3. The

!_ required receiving system figure o£ merit is 55 dB (using the parameter values

i f_r Eq. 2-11 tabulated in Table 2-3 with a DSS 64-m antenna). The actual

:_ receiving system £1gure of merit M = GR/Top of about 58 dB (tabulated in :_
_ Table 2-1 and plotted in Fig. I-I) obtained with the 64-m antenna provided

i,i, about 3 dB llnk performance margin. This link margin is based on mean

_: parameter values; adequate planned margin is required for variations in the i

actual parameter values - particularly the system noise temperature as a

i_! function of weather conditions.

•_i Future (Section X) Uranus and Neptune flybys will require arraying

'if:' techniques to obtain the total figure of merit required for the desired data _.

ii_i rates at those distances. A Network array was demonstrated during the Voyager _

•I, 2 Saturn flyby using a 64-m antenna and a 34-m antenna (Table 2-I and Fig.

_i I-I). This resulted in a measured average increase in signal-noise ratio of
%

_-

i;_i about 0.6 dB relative to the 64-_n antenna only (_f. 2-5). Assuming 50% Ii

i:_ efficiency for both antennas and no array losses_ the potential improvement

,,_ was about I.I dB (Fig. I-I). Future refinements of the array techniques

_ _:i should reduce the implied approximate 0.5 dB average loss.

i1
• 2-13 _ .,
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;_ i** ORI_NAL PAGEI_
i OF OU.Lrrv
:;" Table 2-3 Tabulated Voyager 2 spacecraft

Saturn fly-by (August 1981) X-band

(8.42 GHz) downllnk parameters

Parameter Value

Transmitter power 21.3

(PT),

Space,raft antenna 5.4 '.'
effective area

!, (AT), m2

•, {!
I,i

,.. i l Distance 1.557 x 1012

! (D), m

t;

; _: Total llnk loss i.I

_:!, (L). ratio

_. _,:: Data rate 4.48 x 104

' ' _':,i (R),b/s

}i;_':l Threshold signal to noise ratio 1.8

_ .... for 5 x I0-3 BER

[_.:_ (Eb/No)T, ratio

i--"i?t Threshold figure of merit 55

!@:1 calculated from Eq. 2-11, ii

;i-,i.:j (MT) ,dB !i!
. ,, u

't 2-17 "
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Fig. 2-3. Photosraph of the Canberra, Australia, Network_ left,
the 34-m antenna, Station 12, right, the 64-m antenna,
Station 43

Ft8o 2-4. Photosrapb of the aobledo, Spain, Network Complex_
left, the 64-m antenna_ Station 63; riBht, the 34-m
antenna_ Station 61
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FiS. 2-6. Photosraph of the Deep Space Network control console in the JPL
Space Flisht Operatio_s Facility
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Fig. 2-10. Picture of Saturn taken 4.5 days past closest
approach obtained from Voyager 2 on August 29, 1981
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Ili, ANTENNAS

° D. Slobin

A. INTRODUCTION

Reception of the exceedingly small signals from spacecraft typical of

deep space communication requires antennas of enormous size, complexity, and
t

precision. The two Voyager spacecraft each have 20-watt X-band transmitters;

and _t their Saturn-encounter distances from earth of ap_roxlmately 1.5
i

billion kilometers, the power density received on the earth was les_ tha_l

10.19 _watts per square meter. :'

The thrust in deep-space communications improvement has been in the. areas

o_ ground and spacecraft antenna size and performance increases, Spacecraft

_ transmitter power increase, ground receiving system design, and telemetry

li information coding, to name but a few. This section of the report deals with

_i! 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-i. Over this period the antenna gain will have increased a

I': factor of 1260; and the system noise temperature will have decreased a factor
_J

il of 60, resulting in a slgnal-to-nolse improvement of 75_600, or 48.8 dB. In

1960 the Network consisted of six 26-m-dlameter antennas operating at L-band _

(960 MHz). Since then, numerous larger antenna_ operating at higher fre-

ii quencles have been added to the System so that spacecraft can be tracked

_ continuously even beyond the edge of the solar system.

_i B. ANTENNA FUNDAMENTALS AND HISTORY _

Reflector antennas (Fig. 3-I) 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 _1%
receiving horn (feedhorn) and then into the waveguide portion of the microwave

receiving system. At the distances involved in deep space communications the _

. 3-I ii -.
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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 iOto the low noise amplifier. The concentration process

involves transforming the incident plane wave into a converging s_herical

wave. Th,e techniques for carrying out this process are well known in optical

telescope systems; microwave reflector autenna_ use primarily the same methods

and geometrie_

Several basic equations must be presented in order for the reader to

understand the relationships involved among the numerous parameters of a

_, telecommunications system. The ability of a receiving system to distinguish a

: spacecraft signal from the 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)

I

PT%ARf2
_ SNR = S/N 0 =, 2 D2 (3-1),i c Lk T

op
D

,} where

_', S = received power level, W :.

_ NO = thermal noise power density, w/Hz

':' PT = transmitted power, W
2

-, AT = effective area of transm_ttlng antenna, m
2

AR - effective area of receiving antenna, m

f = frequency, Hz

c - velocity of light, 2.9979 x 108 m/sv

D = distance to spacecraft from receiving antenna, m

L = loss of atmosphere and waveguide (ratio > 1.0, typically = 1.1)

! k = Boltzmann_s constant, 1.3806 x 10-23 J/K

, Top = receiving system noise temperature, K

] '

00000001-TSD03



: !; From this equation it can be seen that the elements of a ground system

il that can be controlled to increase the SNR are Ar, fj Top _ and L. Hidden '

'_ in Eq. (3-I) are expressions for antenna ,gain (GT or GR in terms Of _A" #
or AR)

2
.: G = 4_A/_ (3-2)

:i

i
_ which also depend on area and frequency. The 3-aB beamwidth (B3dB) of an

_ axlsymmetric parabolold_l reflector antenna is given by (app_oxlmat_ly)

iI B3dSffiO.70_/D,d_g (3-3) ii

E. i l where i

::.: i_i _. = wavelength_ cm (=c/f)

d ,j-__. D - antenna diameter, m
if! i

:_ Thus, a 64-m-dlameter antenna operating at X-band (f-8.5 GHz_ _ - 3.53 cm) i

_=_-_i has a 3-dB beamwidth of about 0.039 degrees, The simplest form of receiving

/_'!i:!,,_ antenna is shown schematically in Fig. 3-2. i' i_ _., The first large antennas operated by the Network in 1958 were 26-m-diam- :;

_! _ eter reflector antennas operating at L-band (f- 960 billz,_ - 31.2 cm) wlth a _

i.. the Echo Station at Goldstone in its original 960-_Iz ffocal-polnt feed config- ii :

:-,;,_,.,._ uratlon. The antenna operated with an HA-DEC (hour angle-decllnatlon) mount I__. i

_="_ similar to that used on large optical telescopeS. The polar (hour-angle) axis I!

_ _ is aligned parallel to the earth's axis and tracking is accomplished almost ii

'-"_;I entirely by the antenna's hour angle rotation about thls axis. The position ,.

__" '! of any spacecraft at a large distance from earth Is almost fixed wlth relation i

_.._.:_ to the stars and planets over the period of one day, although the small varla-

_.=_,_'__....._ tlon from sidereal rate is accounted for In the tracking scheme. All micro-

" or conjunction point of the trusswork (or tubular) structure (quadrlpod) pro-

.] _ectlng from the front of the antenna. The feed horn and maser ampllfler I:

I package can be located at the apex; or the maser can be located behind the ;'

!i!' surface of the dish and connected to the feedhorn by a long length of wave- I.

,i guide. !

3-3 '_
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=i'0 The nature of microwave horns and reflectors is such that they receive

---_'"_ some amount of energy from directions other than the principal direction

_f: toward which they are pointed, Because of this, apex-moUnted feed horns see

beyond the edse 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 partlal solution to the ground noise problem

lles in the use of an antetma design k_own as Cassegraln, derived grom early

optical telescope design_ The Cassegrain antenna system (Fig. 3-4) consists

! " of the large parabolold as before, and an additional reflector of hyperbolol-

' dal shape (the subreflector or hyperbolold). The receiVing horn is then
t

,, located near, or even behind, the surface of the paraboloid. Figure 3-5 ShoWs
!
il an 85-_oot (26-m) diameter antenna (with _-band feed) in the CasSegraln con-

:_ flguration.

il From 1976 to 1981, three existing 26-m antenna_ were enlarged to 34-m

diameter (cf. Table 3-2). One of these, Station 12 at Goldstone, is sho_n 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 _f, 3-I. 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 quadrlpod structure then supports only the subreflector and

can be made thin and llght to reduce interference with incoming radio slgnals.

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° elevatlon) the spillover ::

from the feedhorn receives signals from the cold sky (3-5 K) instead of the i.

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

I'_--_ single S-band feed and cone, The 64-m antennas have AZ-EL (azimuth-elevation)

mountings in which siRnlficant motion about two axes is needed to track a

ill ,,o°o,,.
1
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_ To improve the usefulness of the 64-m antenna, a tri, : _ system was.w_ o

_l!i _', developed (Refo 3-2) which allowed operation of the antenna ,tt three fre-

i: quencte_ (identical or dissimilar) without the need to remov6 one cone and

_ replace it with another. Figure 3-8 shows the 64-m antenna at Goldstone in

its original tricone congiguratlon. The phase centers of the three feed horns

are no longer on the axis of _ymmetry of the parabolold; and if the antenna

_ were operated in this manner with the original subreflector, three separate

antenna beams would be produced, each pointing iu a dlffere,, llrection. To

i_ solve this problem, the subre£1ector is. tilted so that its phase center

1 re_ains concldent with the phase center of the parabolOid, but its vertex

i points in turn to each of the three feed horns aS the subreflector is rotated
I_ about the parabolold ax'.s of symmetry. The subreflector must still reflect

rays from the edge o£ the parabolold, and in order to do this, the tilted

ii! hyperbolold shape is made asymmetric. This unusual geometry is shown in Fig,
i! 3-9. BecauSe of the asymmetries of the antenna geometry, the feed horns are

iI each tipped inward so that the horns do not point at the hyperbolOid vertex. "
--/ _!i

_' ii This tends to equalize the fields at the edges of the hyperbolold and thus to

_i equalize the illumination at the edges of the paraboloid.

•:i'ii A further improvement in 64-m antenna performance was made in order to

i] make use of the simultaneous rpacecragt downllnk transmission at both S- and

'it X-band frequencies, in addition to being able to transmit S-band uplink and

_:i- receive X-band downllnk simultaneously. This new development, In_talled 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
d

il a schematic view of the reflex feed in the trlcone geometrT. The reflex feed

, _i utilizes the geometrical princlple that all rays emanating from one focus of

II an ellipse will, after reflection, converge at the other focus. An ellip-

• '!!:; soidal reflector is placed over the S-baud horn and a perforated reflective
p T

_i,.!i plate is placed over the X-band horn so that the S-band wave appears to i

emanate from the phase center posttion of the X-band horn. The reflective i

..it plate does not have a solid surface but contains numerous closely packed 2-I/2

:' (1-inch) diameter holes. The plate itself is about 4 cm (I-I/2 inches)

!j cm i
thick and 1.5-m (5 feet) in diameter. The holes are too small to allow the I:

_':"_._;', S-band (longer wavelength) signal to pass through, and It is completely ,'i!'3'

_ 3-5 *
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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 S- and

X-baud beams are thus coincident. The reflective plate in the reflex feed _

system is known as the diehroic (two-colbr) plate.

C. ANTENNA OPERATIONS AND CHARACTERISTICS

The Complete operational Deep Space Network consists of 9 large antennas

i locaued around the world in the United States (Goldstonej California), Spain

;_ (Madrlc_j and Australia (Canberra) . This global spacing allows continuous 24-
i

!_ hour-a-day spacecraft telecommunicationS; in fact_ for small portions of the

day, a spacecraft can be seen by two antennas at once, the spacecraft setting

'' at one location and rising at the next westerly location. .This is know_ aS

the "handover" or "overlap" period and is usually characterized by reduced

i, slgnal-to-nolse ratios du_ to atmospheric effects (long radlowave path length

:_ through the atmosphere).
'i

_J
i

Table 3-2 lists the 1985-era Network antennas and pertinent data con-

_ cerning each one. Several new 34-m-dlameter 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 typlcal S- and X-band system noise temperature measure-
p'

ments made du_Ing 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

g_ound noise temperature increases as the antenna is pointed toward the east

and west horizons at spacecraft rise and set, respectively. A typical X-band

zenith atmospheric noise temperature is 2.5 K, increasing to 15 K at 10

degrees elevatlon. A typical X-band ground contrlbutfon due to spillover is

4 K at zenith and 7 _ at I0 degrees elevation,

For S-band, the atmosphere increases from about 2.2 K at zenith to 13 K

at 10 degrees elevation. Corr_sponding 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

"•.........' " ........." " "----""'uuuuuuu-,-
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noise temperature of about 25 K. For S-band, thesQ elements contribute 7.9 F,

,. _ (3+2,2+2,7) of the baseline noise temperature of about 20 K. Additional sys-

tem noise temperature contributions are due to the maser noise temperature, _'

_' and wavegt'.ide and horn losses. i

f AdditiOnal dedcripttons o_ the antennas, microwave receiving systems, and

mission support activities are giVen in P_fs, 3-5, 6, and 7.

i.

D. FUTURE DEVELOPMENT

.,, _t

•_ As c&_ be seen in the preceding sections there has been a long hI_tory of

._ _ development and improvement off Deep Space Network a_tennas, Future wor_ in

_/?_i the Network will Invol_e both improvement8 in the ground antenna syste,_s, and

-)._::I eventually the addition of orbiting antennas.
_:•.i

-_:':'i! One type of antenna system that is undergolug testing at the Jet Propul- :

_i,i_ slon Laboratory is a 32-GHz (EA-band) clear aperture antenna (Figs. 3-14 and

_: i 3-15). In this system_ there is no blockage of the main beam as In the con-

....j ventional symmetric Cassegrain antenna system. The reflectors in the clear
J _,.!

}_} aperture system are portions of a paraboloid and hyperboloid so that the ... classical ray optics geometry still applies (in fact, the reflectors are

_':?i'I "shaped'* for purposes of illumination and beam efficiency, but closely !:

i_ resemble the classical shapes), i"i

i?_I A_other method of increasing r_c_ving system performance is to use ii
[_' larger antenna_. This usually has an upper limit of about 100-m diameter

,,,_ because of wind loading_ gravity d_formations, material strength, surface

!_,,,i tolerances, etc. A third method is to array or llnk together a numbe__ of

!_ smaller antennas (64-m, 34-m, 26-m) and combine their signals in phase to

_!i_I' achieve the effect of a much larger antenna. This technique is being testedat Coldstone and will be operational for the Voyager 1986 Uranus and 1989

_i1 Neptune Encou:_ters. _
A 100-m-diameter X- and S-band antenna design has been studied (Ref. _.:_

i'". 3-8). Although this antenna is basically a Cassegrain design, it uses ,_

i-
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:i shaped reflectors and a common aperture S/X-band feedhorn (described later),

thus eliminating the present reflex feed system and asymmetric rotating

hyperboloid. Large antennas such as the lO0-m design will probably not be

constructed tn the foreseeable future; instead_ the arraying technique will be

used because of the expense and difficulty of constructing and maintaining

large antennas.

Higher frequencies _a_ be used to increase the gain of existing anten_as|

o_ conversely, smaller antennas operating at higher frequencies will have the

same gai_ as existiztg large antennas. The 1.5-m (5 it) diameter cl_ar-

aperture antenna is being tested at 32 GHz and, because of its superior

efflcleney (85%), it will have the same gain (53 dB) as a 26-m antenna

ii operating at S-band. An analysis of system performance operation at K_-band

(32 GHz) is presented in Refs. 3-9, 10, and II.

1 For future missions such as Voyager at U_anuS and Neptune, the antennas

1 will be arrayed to increase receiving area as requlred. Figure i0-5 shows a

schematic of the Ii 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 a_ each site.

The newest improvement in the antenna system is the installatlon of

common-aperture S/X-band feed horns (Fig. 3-16) on the 34_n antennas. This

type of feed system will allow reversion to the original single-cone, sym- '_ii

metric hyperbolold system that Was used nearly 20 years ago. The improvement, i

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

i 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 ii

S/X-band common aperture feedhorn. Although the antenna efficiency appears to
L_

have dropped from 60.6% to 59.4%, this is _ore than compensated for by the _'

greatly increased versatility of the dtml-frequency system, i_

I?_. i



_e existing individual elements of the antennas are eon_luually being

upgraded. Recent work _o upgrade the 64-m antenna a_ C_oldstone structure and

subreflector ia described in Ref. 3-13.

Development programs for new high-perfor_ance antenna systems are

probably not feasible at the present time for a variety of reasons, primarily

ft_nclal. With this conslderatton, some _erlous thought has gonQ into

d_elopment p#ograms that ca_-up_rade performance on existing antennas. These

programs would involve increasing the collecting area of so_e of the.. larger

antennas, and replacing the parabolic surface of the dish with shaped, pre-

ciSion panels, To control gravitational surface contour deformations, the rib

backing structure for both the _ain dish and the subreflec_or can be restruc-

tured and braced. Contour-deforming the Subreflectors ("1 m axis deformation)

_"_ to electrically compensate for distortions is another method got increasing

the efficiency og the large reflector 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-

llng the phase front illuminating the subreflector. Any or all of these

programs could conceivably increase the gain of the large antennas by as much i.
as 2 dB. _

_!i As higher frequency bands come into use, a multLpllclty of feed horns ..__.

ii necessary to cover ever wider frequency bands will have to be included on _ach !i

!li antenna. Single- or dual-frequency feedhorfis would be selected by multiple i!

i_ movable subreflectors. These multiple feed systems, coupled with newly !i
ii developed upcouverter masers that operate ove_ extended bands, will give _he ,

_ DSN unparalled diversity in science, research, and development and will keep

:, it an international science resource.

3-_

UUUUUUUl IOLJ/U



-'-_' _ REFERENCES

3-I• Burnell, E., et al, "26-Motor Antenna S-X Conversion Project," Publi_...._._-

cation 82-26, Jet Propulsion Laborntory, Pnsadonal Callf•p Mar. 15_ 1982• #

i
.. 3-2. Stolzrlod C,T., et at,, "Hulti-Foed Cono Cassograln Antonna," US PaCozlt

No• 3,534,375, Oct• 13, 1970•

. 3-3• Bartok, C,D., "Anaiysls of DSN I_PM Support During VOyager 2 Saturn

.; ,:, EnCounter", TDA Progress Report 42-68, Jet Propulsion LaboratoryD

Pasadena, Calif•, Apt• 15, 1982•

=*_*i_:. 3-4• Potter0 P.D•, Efflclent_..,Antenn&_ys_ems: .Callbr_t.lonof the Mars I)eep

:, Space Station 64-m Antenna System Noise Temperature De6radati6n Due to

.i:i'_ Quadrlpod Scatter, Technical Report 32-1526, Vol XVI, Jet Prc,pulslon

=7_ Laboratory, PaSadena, Callf_, pp• 22-29, Aug• 15, 1973,

%-.. ; 3-5• Edelson, R•E, Madsen, B•D•, Davls_ E•K•, and Garrison, G.W•, "Voyager

-_ Telecommunlcatlons: The Broadcast from Juplter", Sclence, Vol• 204,
:--._L i

:-"'-_' pp• 913-921 June i, 1979•

A.x, -

_'_ 3-6• Reid, H•S•, Clauss, R•C•, Bathker, D•A•, and Stelzrled, C•T•_ "Low-Nolse
L, i i

Microwave Receiving Systems in a Worldwide Network og Large Antennas", _

,: Proc• IEEE, Vol• 61D No• 9, pp•1330-1335, Sep• 1973• tL

_I 3-7• Larkln, W.E•, Telecommuuicatlon and Data Acquisition System Support for _
_._ .

i'__ the Vlkln8 1975 Mission to Mars, JPL Publlcatlon 82-18, Jet Propulslon _

_:'_ Laboratory, Pasadena, Calif., Apt• 15, 1982• i[

. 3-8• Wllliams, W.F.j DeN lO0-Meter X- and S-Band Microwave Antenna Desl_n and 12_

Performanee_ JPL Publication 78-65, Jet Propulsion Laboratory, Pasadena,
_L

L.t,:"_ Caltf,, Aug• 1, 1978,

i_:' •
3-9 Potter, P.D., "64-Meter Antenna Operation at KA-Band", .TDA Progress

Report 42-57, Jet Propulsion Laboratory, Pasadena_ Call,., June 15_ 1980.

_- , 3-10

O0000001-TSD11





3-12 .,_

O0000001-TSDI3



._;..,...<.,..., .. Table 3-2, Deep Spac_ Notwork an_onnns _n tlmIi_!:_'_, Bt_tion No. Di_m_or Do_ertptton 3.-dB b_amwidth tt_ll_ht _bow-_ (:lain

:!_'_i.,,['_;,._,: m 8-banddag X-band ne,amlovol 8-band d g X-band i1

i .ai."" - " ....... " .... '---- .......................... .,_,,_:: ................................

___:... Goldstona p

,_.,, 11 * 26 Dooommtssioned O. 33 -- 1036 53.3 -- 41.
":_,'9

:_!2:: 12 * 34 T/R, DS_ HEO 0.26 0.075 1001 56.1 66.9 21

-_:_% 13 * 26 R&D O.33 O.I0 1094 53.7 63.7 27
._ _,

* o. ,o
15 34 VLBT, DS, HEO, HE 0.26 0.070 1005 55.8 67.3 151

_4.k_%

_i_ Canber ra,
i-_.. Australia

i.,_:;,,.,,,._. 42 * 34 T/R_ DS, HEO 0.26 0.075 664 56.1 66.9 21_
'_:3

_,_.:.", 43 * 64 T/R_ DS 0.140 0.036 670 61.7 72.1 14_

_-,:_ 44 * 26 Decommissioned O.33 -- 1130 53.3 -- 41

i _,..::_.. 45 34 VLBI, DS, HEo, HE 0.26 0.070 670 55.8 67.3 151

_""... Hadrld,
._:<' Spain

@-
.!,,.._,. 61 * 34 T/R_ l)S_ IiEO 0.26 0.075 796 56.1 66.9 21_

_',::.-, 62 * 26 Decommissioned O.33 -- 789 53.3 -- 41'

_ 63 * 64 'I)/R, DS 0.140 0.036 812 61.7 72.1 141

:_:_:,, T/R - transmlt/recelve R&D - Research and development station
--'..:._ DS deep space support VLBI - Very Long Basellne Interferometry
_-:"i:_ HEO -=High Earth Orbiter support HE = hlgh efficiency
_o," * = Existing as of mld-1982
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Deep Space Network antennas in the 1985 era

......... _ ....... p

w

Height above Gain System noise tamp. Uplink Downllnk Feed System
sea level S-band X-band S-band X-band , _

m dB K

| . _ i i _ i i ±.J i i i ill J
r

;=

i: 1036 53.3 -- 41 .... S One-cone, S-band
feed

/
I001 56.1 66.9 21.5 21.5 S S, X One-cone, reflex

i_ 1094 53.7 63.7 27 23 S, X S, X S/X common
aperture feed

C

1032 61.7 72.1 14.5 20.0 S S, X Tricone, reflex

! 1005 55.8 67.3 150 18.5 -- S, X S/X common
:_ aperture feed

664 56.1 66.9 21.5 21.5 S S, X One-cone, reflex

670 61.7 72.1 14.5 20.0 S S, X Tricone, reflex

1130 53.3 -- 41 .... S One-cone, S-band
feed

670 55.8 67.3 150 18.5 -- S, X S/X common
aperture feed

796 56.1 66.9 21.5 21.5 S S, X One-cone, reflex

789 53.3 -- 41 .... S One-cone, S-band
feed

_: 812 61.7 72.1 14.5 20.0 S S, X Tricone, reflex

t ,i l ,H

_nt station
',=err erometry
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Fig. 3-I. Goldstone Station 14 64-m-dlameter _
antenna with trlcone and reflex

feed, 1983 era S/X-band

PLANE WAVES_
OM SPACECRAFT _ l,_
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Fig. 3-3 One of the first 26-m-diametet antenna_

at Coldstone in 1961, Echo Station 12

i "i

ARA_DLOID

_i FEED

Fig. 3-4. Geometry of a two-reflector Cas-

segraln antenna system with a
symmetrlcally posltloned hyper-
boloidal subreflector (F and Q

are focl of hyperboloid)

:, 3-16 _
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Fig. 3-5. 26-m S-band Cassegrain antenna system, showing subreflector,
feedhorn, and cone

" 3-17 -.
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--i_ Fig. 3-6. 34-m antennaat Goldstone,Station12,

-1" with S/X-bandreflexfeed system

[.;i:1

_Co ::

91g. 3-7. CanberraStation43 64-m antenna
showing subreflector and single
S-band feedhorn

3-lS
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-. '_,.,i.i Fig. 3-I0. Goldstone Station 14 64_n antenna with i
,;_ trlcone, Teflex feed, and asymmetric ,_

_;_! subreflector

,, ._ ,.. _.',..::_.-. _.. :. _,,_,r__, ._,_l_:
]

_; Fig. 3-I1, Close-up view S- and X-band feedhorns,
elliptical reflector, and dlchrolc
plate in reflex feed assembly

, 3-20 I'
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S-BAND X-BAND
SIGNAl, SIGNAL

I
I s

- HYPERSOLOIbAL_L._ I

t i"
'" EU._sOID,.---i / I\i ".._!._--OICH_OIC• Dr=/_e'1't_o _1._/ / _ i A_,_',. i REFLECTOR

......... •1 ' '. ' P

i , MAIN
'" , PARABOLOIDAL

i_i::" "F.2°.,=o=,/'
r

L.:.!':":;_' Fig. 3-12. Geometry of S/X-band reflex feed "

i . "," .'.t

r:_ i!

_. _; ',,' 35- _;

i_b_'i _"°30"

! '; _1 _l S.BAND 1.

',-i':_:".,i 20 li ', ,, i_s , , ., , , , _,Y_;_o_,f_ i _ "
i_.... ii'_ 16 18 20 22 0 2 4 i
_-=i_"'.I, TIME.HOURS

!__i,_ _ig. 3-13. S- and X-band 64-m system noise temper-, atures measured al: Goldstone DSS 14

i-ii_'''i during Voyager Saturn encoun_.er

' I
!
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Fig. 3-14. 32-OHz clear aperture
antenna (l.5-m diameter)

_ undergoing testing at the
_i Jet Propulslon Laboratory

_" /'CIRCULAR MAINBEAM

"i

"-POR'I'IONOFPARA_OLOID

Fig, 3-15. Geometry of clear aperture
antenna system
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IV, LOW NOIgE AMPLIFIER8

S, M, Potty nnd D, L, Trowbrldgo

#
i

A, INTRODUCTION

Durln8 itn history, one of the Rr_a_ tochnioat ehntlonRon f;actn8 the Deep

8pace Network has boon to receive signals from a severely weight-limited

:.. spacecraft that Is hundreds o_ thousands to billions of kilometers _rom

:" earth. This weight limitation ha_ always imposed strict limitations on the

i" size of the spacecraft antenna and the amount of trans_tltter power radiated.

"? The communication burden is therefore placed upon the ground systems of the

.... Deep Space Network which must recover an extremely weak signal tn the presence

_: of nearly overwhelming amounts of noise,
St

-._:_ Two key parameters that determine the signal-to-noise ratio of a received

_. signal using a deep space station are i) the collecting area _nd efficiency of '

':_ the antenna, and 2) the amount of noise which is generated in, as well as
_." 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

-_i.. signals. The communications llnk receiving system figure of merit M is given ;
._:" , by (Sections I and II):

__ i_

:'= where gR is the receiving antenna effective gain, and Top is the operating ,,
,:" system noise temperature, As spacecraft-to-earth communication distances have "fi

_: increased over the years, the Deep Space Network has been engaged in a

Ii relentless effort to increase the figure of merit through larger and more i'

i_ efficient antennas, higher frequencies, and lower system noise temperature. '
' I

1
Reduction in system noise temperature has bean brought about primarily by

improvements in the low noise amplifier. In this section, the evolution of

low noise amplifiers will be described from their beginnings to the maser !t

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

.i then be presented, and finally, the high performance systems being planned for !

i!_}_"._ the late 1980s will be described, Table 4-I summarizes the performance o_
'b;

_ili low-noise amplifiers from'f960 to 1982, and gives the expected additional I'5'

,i: 4-t | "
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B. HI STORY

I. Vacuum Tubes and Patametrlc Amplifiers

In 1958, when JPL was designing the world-wlde network which would

become the future _ep Space NetWork, a new 26-m antenna had Just been con-
i

,.,i structed in the MoJave Desert at Goldstone, Cali_ornla, and two similar

antenna were about to be built overseas. The space race was in full swln8 and

the Goldstone station was equipped with mixers operating at 960 MH_ with a

nominal system operating noise temperature of about 1500 K. This antenna was

tracking Pioneer 4, the first U.S. spacecraft to leave the Earth's gravita-

tional field, and it was already obvious that lower noise parametric ampli-

fiers would b_ needed for future missions. In fact, General Electrlc's

L:= Schenectady facility, equipped with a tiny 6-m dish and a 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 .ii
the Echo satellite experiment. Parametric amplifiers had been under develop- I

'I
_' merit at JPL for several years, and the Echo experiment saw their first

i] operational use on both Goldstone antennas. These early units reduced the

ii system noise temperature by an order of magnitude--from 1500 to about 220 K

--and plans were made to upgrade the entire network (Re£. 4-1).

'_!I 2. The First Maser Amplifiers
I

i _ Another type of amplifier device was appearing on the scene that

had the potential of reducing system noise temperature another order of mag-

;_i 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

,', 1

_! 4-2 °,
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' m_nnor different from any previously known principle of ampllflcation, In

1954 and 1955, 0.8, and Russian group_, u_ing the_e Idoa_ Independently,

succeeded in obtaining amplification and o_cillat_uf _t 23,fl70 GHz, u_Ing a

beam of ammonia moloculeo operating on a natural resonance of the ammonia

molecule, They callod _holr dovlc_ a mooor, for Microwave Ampli£1cntlon by 1

Stlmulated Rmtoslon of P_dlatlon. The ammo_i_ ma_or _ound application as an

_. ultrastablo frequency standard, but was not suitable as _ tuneable amp1_ior

with reasonable bandwidth, ThoO, Pro_essor B1oemborgcn of Harvard publishod

his proposal for a solld state microwave manor ampltfior which could provide

... tuneabillty, rOasonable bandwidthg, and noise temperatures lower than any " 'i

other known device. Boon after, in 1957, th_ flr_t successful solid state i

maser 'amplifiers were developed by groups at B_ll TelephOne Labs and btassa-

_ chusetts Institute of Technology (Ref. 4-2).

_he potential for this new maser amplifier in the Deep Space Network was

not lost on Dr. Walt Higa and his group at JPL. They stopped work on the

_! ammonia maser frequency standard, and began development of a maser amplifier

for the Goldstone antennas. The result of this effort was a slngle-cavlty

_ reflectlon-type ruby maser which operated at 960 _Iz with 20 dB net gain, 750

kHz bandwidth, and an input effective noise temperature of 30 K (la_er units

. measured 22 K, Ref. 4-3). The necessary 4.2 K cryogenic environment was
; h

:_; provided by an open-cycle llquld-hellum dewar which could function on a moving _'i

_,=_ antenna without spilling refrigerant. In 1960, the first of these masers was i!:: /
:,! installed at the prime focus of the Pioneer 26-m antenna at Goldstone, Later, I_

:"_ a similar unit proved its worth by receiving satisfactory signals _rom Ranger _i

;. 3 when the paramp-equlpped Echo antenna could not because of unfavorable !i
spacecraft orientation. I,

• ,t

_ ,i

3. Goals of the JPL Maser Program

J

:• q

• These early events marked the beginning of an ultra-low-nOise maser

developmen_ program that has continued at JPL to the present day. Then and

now, major Baals in the development and implementation of maser amplifiers
have been_



(l) Provide state-of-the-art performance to continually increase

the capacity tO acquire data at 8reoter distances.

p

(2) Introduce new technology on an experimental, non-interference

; basis, and then implement as an oporational capability on a

later mission.

:= (3) Respond "beyond the call of duty" to flight programs with

needed new technology, _specially in emergency situations.

(4) Steadily improve overall reliabil_ty in _pite 6_ inceeased

perfbrmance and complexity.

!i:i (5) Provide for operation and _aintatnability by field personnel.
l

_:=-i,_ 4. Planetary Radar At Goldstone

;I'L,i

...." JPL's planetary radar program at Goldston_ wag proving tO be an

_i,! astronomical tool that could provide astronomers and mission planners alike

!_/ with valuable infor_atlon. It was also an excellent proving ground for new

_; antenna, low noise amplifier, and transmitter equipment that would eventually

_ become operational in the Network. Very soon after the 960 MHz maser was ',:

-'_ developed, a similar maser was built for 2388 MIiz operation on the Pioneer
:i

antenna at GoldStone. The first major JPL success at interplanetary radar was

achieved from the planet Venus with the use of this maser (R_f. 4-4). In

i=ii::i! _962, a 2388 MHz dual-cavlty maser was developed with 34 dB net gain, 2.5 MHz

_.!_"i bandwidth, and 18 K noise temperatt're (Ref. 4-5). A Cassegralnlan antenna

_.! feed con_Iguratlon made it possible to achlevea total system temperature of

-_ti_!_, 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

:;i liquid helium dewar required b'. the maser amplifier would have to be replaced

:: with a reliable closed-cycle refrigerator (CCR) if masers were to become an

4-4
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-:'_ operational reality. There was a commercially manufactured CCR available in

i: 1962 from Arthur D, Little, Inc. JPL procured one of these units, installed a .

_ 960 t_i_ cavity maser inside, and operated it at Ooldston_ for a short time.
d

-i! Meanwhile, the maser group started development wo_k on _ tr_veliug-wave
-. maser (TWM) structure _or the planetary radar project that would provldo much

_} larser gain bandwidth products than wore available with cavity masers. In
'i':

_" September 1963, the first JPL travellng-Wave maser/closed cycle refrl_erator

; (T_4/CCR) system wa6 Inst_lled in the Venus antenna. Performance at 2388 MHz

-4/ exceeded previous cavity masers by a wide margin: 40 dB net gain, 12 MHz

bandwidth, and 8 K noise teSperature. Half the known planets of our solar t

system were probed With earth based radar using this maser system.

As far as spacecraft tracking operations were concerned duriflg this time i

• _ period (1962-63). the Echo and Veflus stations were both equipped with 960 MHz : !
i

liquid helium-coOled cavity masers in a CaSsegrain feedcone_ providing a

{_ nominal system noise temperature o£ 50 K. Overseas stations were Still
equipped wiRh 300 K para_etric ampligiers,

6. Move to S-Band ! i
!

L

f, In 1962, the recommendation was made that the entire Network switch i

_' over from 960 MHz to 2295 MHz (S-band). The resultlng IncreaSe in figure of _'

i me_it would be required fer future missions to Mars and beyond. While the
li r
i., Network was engaged in tracking the Mariner Venus Flyby in late 1962, plans'4

....i! were made to develop and test the S-band TWM/CCR discussed previously on the

i:i 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

t

Airborne Instruments Laboratories to provide traveling wave masers (TWM's) i

t''__ii_'/i mounted on Arthur D. Little, Inc. CCR's (Ref. 4-6). These TWM/CCR systems
'_i*. were more complex than any amplifiers used previously in the Network and

_! consisted of a i) CCR mounted in the cassegraln feedcone, 2) TNM contained "

within the CCR, 3) large helium compressor mounted in a lower portion of the ,i

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 "
I

of vacuum and cryogenic support equipment. The first _ystem was installed at

Goldstone in March 1964 and all antennas were so equipped by the 1965 Mariner

. 4-5 _,
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¢ i _lyby of Mars. These masers provided 35 dfl net gain, 17 MHz bandwidth, and
/

' 2270-2300 MH_ tuning range, _t_aar input noise temperature wa_ 9 K, and .

Ii nominal system noise temperature was 55 K, a _acter of 4 Lmprovement over

parametric amplifier-equipped systems.

The Network was now aommlttod to maser amplifiers and CCR_s for Eull-tlme

field uaQ on all antennas. This first experience with full-scale maser

implementation was not _ithout problems. Both the refrigeration and maser pump

systems proved to have reliability problems, and the new and sophisticated

nature of the equipment made field repairs by Network personnel very difficult.

:, Parallel efforts _ere begun at JPL to develop a more efficient and reliable

_; CCRj and a more ruggedj stable maser ampli_ier assembly.

,, 7. Field-Operational M_sers Come of Age

q

A very ambitious Mariner mission to Venus was being planned for

1967 encounter. The first of the 64-m antennas had been built at Goldstonep

i and would be equipped with a very low noise recelve-only feedcone (gel. 4-7)
_i for tnls mission. The backup for the 64-m station would be the DSS 13

il _esearcn 26-m antenna equipped wlth a similar feedcone. The two masers
I
i_ developed _or these "ultra-cones" represented a successful milestone in the

program to make the TWM/CCR system a dependable hlgh-performance component

I (Ref. 4-8). The maser tuned from 2270-2400 MHz , covering both flatwork and :
_I °

I! planetary radar frequencies with net gains of 50-35 dB. An input noise tem-

i perature of 5.5-7 K was achieved with the help of a cooled coaxial input llnecenter conductor. The rugged one-piece slow-wave structure proved very roll-

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

I reliability (MTBF was increased grom - 500 hours to - 3000 hOUrS), 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 15 K a_d these two systems accumulated over 10,000 hours run time by

January 1967 without incident. During 1970-71, all Network stations received

JPL-built T_t/CCR systems similar to _he above research units. These systemsj

_i_}i.:i_ denoted Block III S-band TW_/CCR (Ref. 4-10), are still operating on

_;o_"I • 4-6
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°

Network antennas at the preaent time (1982)• Radar capabi.iity was not needed,

ao they were designed _or ma_/mum galn (45 dB) and bandwidth _40--50 t@i_) At a

l_ixed frequency of 2285 MHz• Input notaa temperature eanSee I_rom 5 to 8 K•

8• Lowest Nolee Ma_er Amplifier

" A cr.ash research and development program was initiated in 1973 to

develop an S-band mass[ with a lower noise temperature than existing units•

TWo signi[ieant JPL technological developfnents contributed to the success of

._ this effort" l) use of a superconducting magnet inside the CC_, replacing the

.'.. massive external magnet used on the Block III m&_e_s, and 2) development of an

evacuated coaxial input transmfssioa line with the entire center conductor
• :#

!_i cooled to 4,5 K. This TWM/CCRmeasured the lowest input noise temperature
• , !!

• _ achieved to data for a microwave maser amplifier - 2•0 K (Ref• 4-11). The
.,_ 64-m antennas at Canberra and Goldstone achieved a _ystem noise temperature of

_._ 13 K + 1 K for Mariner 10 _ncounter With Venus and Mercury using this maser
i

i; (this is the lowest 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.

'!i 9. Deep Space Network Moves to X-Band
[

i I .;

71:i.i The Network was aware of the need to operate at even higher

-'I_ frequencleB than S-band for future space missions, Preparation for this

_ _ eventuality began in 1964 when a multlple-cavity maser operati_tgin a liquid

_:'_iiI helium dewar was purchased from Hughes Research Laboratories (Re£, 4-12),

-.-_i Thi_.unit was installed and evaluated in a 9-_ R&D antenna at Goldstone, It

"¢'_" operated at 8448 MHz, providing 18 K maser noise temperature arid 15 MHz

;"I bandwidth.

...._, The first X-band T_H/CCR system was designed and built at JPL using the

-, i 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 MHz bandwidth, and 18-22 K noise temperature. It was _

installed on the 64-m antenna at Coldstofle in 1966, and removed in 1968 to

_ awai_ an improved, more reliable replacement• This improved TWM/CCR (Ref.

UUUUuUU1-lbr-u
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4-14) arrived at the 64_m station in early 1970. In addition to providing

7-13 K noise temperature, about half that of the previous design, this system

also demonstrated the short- and long-term galn stability necessary for a

successful field-operablo manor.

i
The first use of an X-band spacocraft downlink in tho Network occurred in

1973, when the Mariner 10 Venus-Mercury probe transmitted simultaneous S- 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 thls occasion, and represented a furtherL

improvement over previous designs. Noise temperature was lowered to 6.5 -

10.5 K over a 7750-8750 MHz tuning range, This was the first JPL X-band maser

to use a superconducting magnet,

s_ The 1975 Viking Orblter/Lander missions to Mar_ and future Voyager mis-

sions to Jupiter and Saturn depended on X-band downlink comf_unlcations. The

_;<o 9 years of orderly X-band maser development (1964-1973) had virtually assured

_!i: the Network that a well-englneered 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 i0 to a flxed-tuned

_i design so that maximum gain bandwidth product could be achieved at the Network

_" _I frequencies. Most other features of the research maser were incorporated with
the addition of some innovations. The design effort was very successful: I

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

.7 (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.

...._ i0. New X-Band Masec for Jupiter and Saturn

i! After the Voyager Jupiter-Saturn spacecraft were launched,

mission

planners found that the science value from Saturn would be greatly enhanced if

the X-band data rate could be increased 63%. To accomplish this, three major

--i:i_ candidates for increasing downlInk figure of merit were identified - one of

=_ these was to design and build an X-band TWH/CCR with one-half the noise

t _ 4-8
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,_ temperature of the exlsting Block I aystems, The maser group at JPL found !

th_s task to be a very challenging one, and the version that was developed . I

represented a major departure from then_current _echnology in the areas of 1) • i

amplifier slow-wave structure, 2) slg_al input transmission llne, and 3) _

superconducting aagnet,

This maseC provided the reduction in noise temperature (over existing

Block I units) requestedz 3-4.5 K at the input flange. The 60-110 HSz band-

".' width (center frequency 8450 Mgz) also represent_ a mileS_one for masers in

this frequency range, _ix of these _ystem_, termed Block II X-band TWN/CCR's

(Ref. 4-17), were hurriedly installed during 1980-81 in the 64-m a_tenna

Subnet as the Voyager speceeraf_ were nearing encounter.

11. Ku-BaSd M_Ser

::!! The rugged, one-piece, copper, slow-wave structure developed by JPL
in the mid-1960's, and which has served so successgully in all Network masers

_"!'i'_i (except for the new Voyager X-band maser development), reached its highest

i_I practical operating frequency with the development of a tuneable Ku-band maser
i_ system tuning 14.3 to 16.3 GHz (_f. 4-18). 8.5-13 K noise temperatures were

demonstrated over the tuning range with 17 Mllzbandwidth and 48-30 dB gain.

_,_ This maser, the first to incorporate a superconducting magnet, was installed

,,,, on the 64-4n antenna at Goldstone from 1971 to 1982 and used got antenna ,::,,
_._ _

'_'_i calibrations and radio science.

t';

12. K-Baud Reflected-NaVe Maser 'i

The highest frequ_:ncy maser amplifier system that has been supplied 1
ito 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 Presldent's Fund grant w_th the University of California at San t

Diego and JPL (Re£. 4-19). The first fleld-worthy reflected-wave maser and

associated superconducting gagnet were designed and developed at JPL in a

cooperative venture by personnel from JPL and the National Radio Astronomy



i..i Observatory (NRAO) in West Virginia (_f, 4-20), Thin maser is unique among

, maser designs in chat it can provide a very large instantaneous bandwidth (up

Co 500 MHz) and a large tuning range (19-25 GHz) over frequencies of particu_

lar interest to radio astronomers. The interest generated by this development

led to a number of additional cooperative ventures between JPL ann various

radio astronomy centers whereby these centers have been able to develop and
I

operate similar K-band maser systems for their own use.

Two of these K-band faasers are presently operating on the 64-meter anten-

nas in support of antenna calibration and radio astronomy applica_ions, Both

units 5ave dual feedhorns for antenna beam switchiflg and a cryogenically

cooled electronic Dicks switch. The maser at DSS 43 provides approximatdly

f' _i 150 MHz bandwidth and 30 d_ gain over a 18-25 GHz tuning range. The maser at

i:: DSS 14 provides 1i0 FRtz bandwidth arid 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 al1 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-dlameter steerable antenna "i

_ and one 34-m-dlameter steerable antenna. Each antenna contains maserli
!I amplifiers operating continuOusly at S-band and X-band. In addition to the

_"_ II above the complex at Goldstone, California, has a 26-m antenna which is
il
]i

IThese centers include the Massachusetts Institute of Technology (maser
installed on Haystack antenna)_ Princeton University (maser flown on high i:

altitude bslloon), National Radio Astronomy Observatory, Commonwealth i

Scientific Industrlal Research Organization (CgIRO) (maser with cryogenlcally
cooled Dicks 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 l_stltute of Technology (maser installed on the Owens Valley Radio
Observatory).

4-I0
i'



commir, r,ed Co supporting research and development activities, and two of l:he

':_ 64-m antennas (Goldstone and Australia) have masers operating at K-band. All ,

TWM/CCR systems are located in Oassegraiutau _ecdcoues on tho antennas. Each

: system's associated helium compressor is located either at a lower elevation

on the antenna structure or on the ground. ,

A tabulatioa of t,ha maser amplifiers operating on oach antenna in the

Network iS summarized in Table 4-4. The typical operating parameter_ of each

maser type presently in use in the DSN are listed in Table 4-3.

't

.... D. MASER DESIGN PRINCIPLES
:r

:.:_i The maser is a Microwave A_plifler by Stimulated Emlsglon o£ Radiation.

•._ Masers (and lasers) are quantum electronic devices which operate accordln8 to
• 4_

_.!_'i the prin_iple_ of quantum mechanics, which include the concepts tl',at(1) atoms

"i_'i (or atomic-slzed systems) can exist only in certain discrete allowed energy

.,., state_ or en_.n._ylevels, and (2) interaction between applied electromagnetic

"_i radiation and the atoms can occur only in discrete amounts of energy cortes-

,:: pending to specific frequencles.

r;:i

_:i{_._., All masers share a common requirement for one or more pump oscillators,

• ,.', which provide energy for the amplification of the desired microwave signal• .'

=,_ The power delivered by the pump oscillator rearranges the populatlonS 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 i_' '_-rJ

::_, ampllflcatlon_ when it iS _tlmulated by a s_all amount of input signal
,-Lk_

_:' radiationv! •

::_! A simple practical form of maser amplifier using a solid maser material

-/_)
:,_ is shown in Fig. 4-I. The maser crystal is placed in a microwave resonator

:":;I:_ which is designed to provide efficient interaction between the crystal and

._i{ both slgn_l and pump microwave frequencies. The slgnal to be a_plified is fed

_I into the cavity via a coaxial transmission llne. Regenerative ampllfication i

then occurs in the cavity, and the amplified signal returns out the same t

transmission line and is externally separated from the input signal by a f

,.,j
_ frequency is also sent to the cavity via the same slgnat transmission llne (in

, i!
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-i_! most maser designs, a separate waveguide pump transmtssten line is used). In

_I order to plac_ the activv electrons in the n_ser crystal into Quttabl_ quantum
states, a de magnetic field is appliod _o the crystal and a refrigoratton

i system is provided to cool the crystal to eryoganic temperaturos (typically _'

t.8-4.s K. !

In the Deep Space Network, the form of maser amplifier tn general use

today Is the traveling-wave maser. Typically, this Eype of maser construction

has a Such greater gain bandwidth product than is available £rofa a single or

dual cavity maser. A recent design of this type of maser is shown

schematically in Fig. 4-2. The signal circuit consists of coaxial input and

output lines connected to a slow-wave structure having a long row of

conducting metal 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 ferr£te

isolator strip_ The Slow-wave Structure lengthens the interaction ti_$ of the

i input microwave signal with the maser material, and the isolator Strip

_; prevents regeneratLve ampliflcation or oscillation by absorbing undesired

signal frequency waves traveling in the backward direction.

_ The sandwiched slow-wave structure is enclosed in a rectangular channel

i_ which acts as a waveguide transmission llne at the pump frequency. Pump

energy is fed into one end of this channel and illuminates the entire length

o£ 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 gupercon-

ductlng electromagnet, the magnetic field of which adjusts the quantum states

in the ruby material to desired values, and biases the ferrlte isolator strip

to provide reverse isolation at the signal frequency.

_' The maser amplifier-superconducting magnet assembly is cooled to 4.5

kelvlns operating temperature inside a vacuum insulated closed-cycle helium

refrigerator. The system is completed with the addition of I) signal input,

signal output, and pump transmission lines which connect the cooled masSr

:,,_.... ampli_ier with the outside room temperature environment, 2) external Ounn

diode pump oscillator(s), 3) remotely located helium compressor which provides



(1) Slow-wave structures _lth improved uniformity and low signal

frequency insertion loss.

(2) Long-li_e solld-state pump O_cillators.

_, (3) Compact persistent-mode superconducting electromagnets in place of '
' t

massive external permanent magnetS.

(4) Extremely low noise input signal transmission lines using

cryogenically cooled segments.

i_i (5) Sophlstlcated ferrlte isolator designs having lowe£ forward

" insertlon loss than simple strips.

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

_i (7) Highly stable closed-cycle helium refrigeration systems capable of

_ round-the-clock operation on steerable antennas. _

(! Figure 4-9 shows a typical S-band mase_ installation in a Network antenna. ,I
>

,i E. FUTURE LOW NOISE AMPLIFIERS

I_: Future plans for low noise amplif_ers in the Network include providing

i i additional high-performance S- and X-band maser/CCR systems, and developing

:_,. new systems with more versatile performance characteristics to support a wide

" !I
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, I. Additional Block II-A X-Band HasQrs i

, i

.' _ha Nntwo_k is impl_m_nting two now 34_m_t_r antennas. Thone

,. on,anna, will ba aquippod wlth Black II_A X_bnnd TNH/CCR_n similar to gha ,

Block II unlta pro_ougly tn_tallod on tha 64-ra antonnnB, Othor large non-NAaA

radio golaacopoa aro axpacted to obtain Block II-A X-baud TNHICCR_ tn support

of Voyagor Uranus and N_ptuno o_countors,
,!

:,. ' 2. Additional Block IV S-Band _sorS

Cortain Block Ill S-band 11_M/CCR's wlll be converted to lower nolSo

" !i Block _V S-band oystems on 64-m antennas.

3. New Wide Bandwidth S-Band Hasers

._I Future S-band mlsslo_ dowullnk frequency r_qulreme_ts includ_ 2217

I_ HRz for th_ G£acobini-Zinner Comet Mission, various frequencies in the 2270- .

_:--i.i 2300 MHz band, and 2320 HHz for planetary radar, The existl'_g 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
!i printed circuit slowlwave structure used so successfully In the Block II

: ii X-band maser progcaa. Thls new maser is expected to have a noise temperature :.

I '4, similar to that of the Block IV S-band maser, but wlll provide a bandwldth of ._

Over 60 Nttz and a center frequency tuning range Sufficient to permit operation _:
-_: over the range 2217-2320 HHz, Two of these units will be built and installed

on the DSS 14 and D_S 63 64-m antennas, i

: 4. Multlfrequency Upconverter-Maser System

Recent advances in many a¢eaS of technology have made possible the

development of a Iow-nolse receiving System that can exhibit noise temper-

e.tures similar to those of present maser amplifiers, while providing instan-

taneous bandwld_hs and tuning ranges many times greater than those of present
t



_ .I°,

L
maser ampllfler_ in the 1-18 Qli_range. This _3_m aompri_e_ a cryogenically

coolod, upper-_idoband parame_rlc upconver_or followed 'by a ma_er amptlfier

(Rof_ 4-21). Two r_cont dovolopmont_ in particular have mado the_ por£ow ,
mance lovol_ po_eib_o: _ho first IA t:he availability of vory-hlgh_quallty

8alltum ,r_ontdc varactor diodon with low packagc parnni_tc resonances, and

_ho _ocond in tho dovolopmont of widoband microwavo ma_or _ochnlquo_ _uttabte

£or _rcquonc_,osabovo 18 Oils.

:, A domonstration model multtfrOquency upconvOrtor._asor system, shown in

Fig. 4-I0, is being designed a_d built at JPL for evaluation i_ the Network.

-I:: The cryogenic refrigerator package Will contain inputs at 2, 8, and 32 OHz,

•;::i thus having th_ potential to replace three Separate maser/refrigerator
j:

_,_ systems, Multiple frequency bands in one r_friga_ator package are possible .
•.'] because of the small sl_e and weight of the parametric upconwrter needed for

" _'.l
_""' each _requency o

._!

i._I Present plans call for two modes of operation. In the first mode, the 2

::_t GHz and 8 GHz inputs will be upconverted to adjacent bands in the 32 GHz

:_._ region, then amplified simultaneously by a 32 Otlz wideband maser amplifier now

!__t being developed at JPL. Instantaneous bandwidths at S- and X-band would be

it approximately 100 and 400 MHz, respectively. In the second mode of operation,the maser amplifier would be switched directly to the 32 GBz input llne to

i_ provide 500 _Hz instantaneous bandwidth for the ne_ 31.8-32.3 GHz space-to-

ii _arth dovnllnk allocation. In addltlon, single band operation at eitherS-band or X-band wLth full 500 _ instantaneous bandwidth is possible. Th{s

i!I system will also be the first iow-nolse amplifier in the Network to have a

"_i mlcroprocessor-based remote data acquisition and control system.

i4_ 5. FET Amplifiers

An S-band field-effect transistor (FET) amplifier will be provided

to the 34-m listen-only antennas at _oldstone 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 ove'_ the frequency ranBe of

2200-2300 Mliz.
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Table 4-3. Typical operating parameters of present (1982)
- Deep Space Network maser amplifier_

Net Half power Noise

Center frequency gain bandwidth temperature
i range dB HHz K

S-Band masers

Blo_k Ill 2285 MHz 45 50(40) 5(8)

-_ Block IV 2285 MHz 45 50(40) 2(3.5)

_o Research Block IV

type at Station 14 2285-2388 MHz 40 40(10) 2(5)

!i Research at 2200-2388 MHz a a a
"_-,_ Station 13 i

,j

__:- X-Band masers

Block I 8420 MHz 45 70(40) 5(I0) i

_'_ Block II 8450 Mllz 42 108(65) 3(4.5)

Research at 8410-8425 HHz 40 15b 5( i0)
Station 13

_ ii K-Band masers :'

-_;'._ Research at 18-25d GHz 30 150d 12d ,,4
_._. : Station 43c :i

_i: Research at 22.2e GHz 30 II0 16
_.._: Station 14

:: a Data not avallable

-_i-::_ b Bandwidth can be increased to 30 M1lz at 30 dB net galn

-._ c Haser/CCR on loan from National Radio Astronomy Observatory
_' •

_- d Estimate

e Operation at other frequencies in 19-25 GHz range is possible with imple-
-_,!...... mentatlon of different pump source.

• , 4-22 "
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I _ i,
:Ii i Table 4-4. Maser amplifiers in the present Deep Space Network (1982)

e

DSN Complex Station Maser a_plifier/closed-cycle
refrigeration systems A

i Jl .H ii Jl i .

DS8 12 One X-band Block I

34-m operational Two S-band Block Ill
station

, , |

DS9 13 One research X-band
26-m research One research S-bdnd

Goidstone_ Station
Callf.

DSS 14 Two X-band BiOdk ZI
64-m operatlonal 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 _II
station

Tidbinbilla,
Australia

DSS 43 Two X-band Block II ii

64-m operational One S-band Block IV _
station One S-band Block Ill :i

One research K-band :.

i._ DSS 61 Two X-band Block I
_.._ 34-m operational TWo S-band Block Ill
_,_,i station

'_- Madrid
_"_"_ (Robledo),
_. Spain
_'_ DSS 63 Two X-band Block I

)., 64-m operational Two S-band Block III _,

4-23 .
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Fig. 4-60 X-band Block II-A _4/CCR package
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_ V, RECEIVERS
i;

"_ H, Donnelly i

A. INTRODUCTION i_

Before discussing Deep Space Network receivers, a brief description of

the functions o£ receivers and how they interface with other elements of the

Network will be presented. Not all the present capability described has been

functional in the receivers since the formation of the Deep Space Network.

_-i- Some of this capability has been gradually introduced Over,.the years, as

_:, covered later In the history o£ receivers. Future redelver capability is also

_'" described later•

=_,, Different types of receivers ar_ used in the Network £or various pur-

_!, _ poses• The prln_Ipal recelver ty_e iS used for telemetry and tracking. This

!=_,:. receiver provides the capability, wlth other _lements of the Network, to track i

Vi',E:_I: the space probe utilizing doppler and range measurements, and to receive

,q_. telemetry, including both scientific data from the on-board experiments and
i-_

_--_: en_Ineerlng data pertaining to the health of the probe•
iI_ ,

_': , Another type of receiver Is used for radio science applications• This

=_!_L<._. ii: receiver measures phase perturbations on the carrier signal to obtain infor- _:'_
i__. matlon on the Composition o_ solar and planetary atmospheres and interplane-

!==#*:: tary space,

: A third type of receiver utilizes very long baseline Interferometry (VLBI) ,

i techniques for both radio science and spacecraft navigation data. Only the '_

'!'"'. . !i telemetry receiver Is described in detail in this document.

_:_iii: ,_ The integration of the Recelver-Exclter subsystem with other portions of
/i. :' the Dee., Space Network is shown in Fig. 5-I. A description of the major

_, assemblies of the Receiver-Exciter Su.system follows here again, all

i'!' ii functions of the Receiver-Exciter are discussed briefly In the following.

:_, _" Later, the focus is on the communicatlohs function, principally the reception

i-i"!_i':';_ of telemetry data.

iI 5-1
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_" _ 1° Exciter. The exctter generates a carrier, modulated with command

;, and ranging signals, of sufficient power _o drive the transmitteramplifier. This signal is _sed to communicate with the spacecraft $

I: over the ground-to-spacecraft uplink.

_ 2. Phase Trackiu_ Receiver. The phase tracking receiver maintains

( phase lo_k with the spacecraft-to-ground downlink carrier and

i _ thereby generates a reference signal used to coherently detect

telemetry and rangln_ modulation signals for real-time data

processing or to record the data _or processing some time later.

3. Doppler Extractor. From an exciter reference signal and a receiver

signal, the doppler extractor generates the doppler signal.

4. Subcarrier Demodulator Assembly. The subcarrier demodulator

!, coherently detects telemetry subcarrler signals In order to extract
data for processing.

5. Precision Power Monitor. This equipment provides a measurement of

received carrier level using the Precision Signal Power blonitor

assembly and a measurement of the system noise temperature using a

:" Noise Adding Radiometer assembly. '_

#

6. Spectral Signal Indicator. This equlpmeRt provides a display of

I the received signal spectrum and a measurement of the c_rrier

: frequency to aid the receiver operator in the acquisition of the

received signal. The display also provides a gross indication of

1 telemetry modulation anomalles.
9

! 7. Real-Time Combiner. During some critical ml,;sionperiods (such as _

!i a planetary flyby) when the signal levels are near threshold, it

becomes necessary to combine signals from two or more antennas to

i obtain an adequate telemetry signal-to-noise ratio. The Real-Time

_; Combiner combines baseband telemetry signals from more than one

,'4;.,,. i. f':":



8. Open_LoOp__.Re_O__yer. The open-loop receiver is used primarily for

the support of radio science. The receiver is used to record the 0

carrier (translated 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. ya_y Lon8 Baseline Inter_erometry ReceiverS. Another open-loop

receiver is used for very long baseline interferomerry (VLB_)

measurements. This receiver utilizes VLBI techniques for radio

science appllcatlon to catalog radio _ources and for Deep Space

Network appllcatlo_ _o determine rela_Ive station locations afldUTl

polar variations, to obtain Intercomplex time gynchronlzationj and

to provide _avigatlon support got space probes.

The open-loop receivers, which are used for both radio science and VLBI

• i{ measurements, are pa_t o£ the Multi-Mission Receiver. It is planned at some

:' future date to use the front end of the Multi-Misslon Receiver for part of the

I( phase tracking and telemetry receiving function as well.

!: B. HISTORY4

Ii
i; The present Deep Space Network, which provides communications to lunar !.

i_ and planetary probe_, started wlth the tracking of Pioneer II and IV lunar

probes launched In December 1958 and March 1959 respectively. These Pioneer
i

probes used only one-way communications, downllnk at L-band (960 MHz). Prior

to that time a worldwide network of four tracking stations was used to support

_ early Explorer earth satellltes operating in the VHF band (108 MHz downlink).
!,
?

i Several lunar missions followed the Pioneer probes. These also operated

at L-band, using two-way communications, an upllnk at 890 MHz being added to
iI

"II _he Network. L-band was selected as an interim frequency, used primarily

5-3
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1
because the capability of devices that existed for the early Pioneer probes

extended only to this frequency _ange.

During those early days of L-band tracking, the planning of lunar '

unmanned missions to obtain information on the lunar surface fo_ the Apollo

program and the planning Of planetary exploration brought to light the need

for multiple channel assignments. As a result, S-band was chosen, both

becaus_ of the-aVailability og the spectrum and because of the application of

this frequency band tO future deep space _Ommunicatton. For e_mple, galactic

backgr_ufld noise is high at L-band, while at the higher S-band frequency the

-i noise level decreases. The higher frequency als6 provides additional advan-

'i tages, including increased gain O£ spacecraft afltefl_as(which are limited in

/i area) and increased bandwidth to accommodate higher telemetry data rates. The

! first application of S-band WaS in support of M_riner IV during 1964.

S-band was used. for command, trac|'.ingand telemetry in the two-way

coherent configuration and for occultation measurements in the open-loop

configuration, i

i
The equipment used was designated the Block IIIC Receiver-Exciter. It

was also used in the Manned Space Flight Network and referred to as the

Unified S-Band System. The Block IIIC recelver-exclter, both In the pha_e i

tracking mode and open loop configuration, supported all of the S-band ,_

mlsslons during the decade of the 1960"e. _,.,I

By the end of the 1960's, three Deep Space Network complexes existed. ',

These three complexes (located in Spain, Australia and Goldstone, California) _!

provided continuous tracking capability fo_ the net. At each of these t
complexes, one 64-m and two 26-m antennas with associated electronics were 11

operating. These antennas were grouped into one 64-m subnet and two 26-m _ t

subnets.



!

!_, "! The D_p Space N_Cwork capability and performance during the decade of
! _': the 1960_s is described in detail in R_f. 5-1, published in 1971. Since Chon_

i the Network communication link bag further increased in capability and
-c _, :

=_ improved in performance. The changes Chat have occurred during the 70_s are

described in the following text. Each of these changes is identified with the

_ mission got which it was first implemented. These newly added capabilities

then became standard features of the Network.

;/

-,," I. Mariner I0 - X-Band DownlinR

=i? ,_ The addition of the X-band channels provided the capability to

.I_: communicate On the downllnkat higher data rates due to the increased gains of

._.- ii the ground and space probe anteR_as and the greater channel bandwidth avail-

_' '/t able. X-band capability was obtained with the implementation of the Block IV

_! _ receiver-exciter Subsystem. The initial X-band downlink of Mariner I0 was
[ v' sq

; _ i used on an experimental basis &s a radio science experiment to _ain experie_ce
iI_ill in operating at these frequencieS. The higher data rate capability of an 4 _

: ,; X-band downllnk was not utilized ufltllthe Voyager program, i

!_, i 2. Pioneer I0 - Telemetry Data During Planetary Encounter ,_ !

!--_':_..... Pioneer I0 presented a new challenge, tracking a spacecraft through

i_i_':_Sl ' hlgh doppler rates and a large doppler range during a si.gle pass over a long , _,
i_ :! communications llnk. This oc_.urredduring the flyby of the planet Jupiter in il

._-,__,,._ 1973. Due to the extreme z..._s, a narrowband receiver loop was required, ,,_ r

_i_i"i;! which iS inherently unable to track large doppler rates. A tracking aid was ;

:'_ii i! needed during this period to maintain receiver lock. This was accomplished by

il the addition of a controllable oscillator in the receiver local oscillator !, _ obtain, the first application of programmed frequency control in the Deep Space

Network. The controllable oscillator consisted of a synthesizer and a control

unit that generated precisely timed frequency ramp control inputs to the syn-

thesizer. Using the controllable oscillator, the signal doppler was simulated

:_!t in the receiver ,Local oscillator by a sequence of linear ramps. The synthe-

sizer control unit was designated a Programmed Oscillator Control Assembly and t

was installed in the Block IlI receivers to aid tracking during the Jupiter

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

) t
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3. Pioneer Venus - Multlprobe Mission

_ The primary objective of the Pioneer Venus multiprobe mission was

i to obtain information about the planet's atmosphere. To accomplish this, four

I 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 physlcal

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 Recelver-Exclter Subsystem. The
i

probes entered the atmosphere sequentially, which did Somewhat simplify the

"_i acquisition and tracking at the ground station. However, there was only one

i_ 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, '
_I not to lose any during acquisition periods or from loss of lock in any of the
i!

data channels.

To aBsure 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 receiver_, 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 data 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

i channel, in the form of the probe signal spectrum translated to a low fre-

quency band, was recorded and processed at a _ater time (Ref. 5-4).

5-6 i
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Three of the probes, called smal! probe_, provldod downllnk channels

only. The fourth probe_ called _he larga proba, had Lwo_way eommualeatlon

!i capability. To minimize the loss of real-tlmo data during the aequlnition

:. phase, two closed-loop roeo_vore wore used to track the largo probe, One

. recolvor covered the ported of time that one-way downllnk only existed (dur.tng

uplink acquisition) and the other recelvor covered the ported of time that

' two-way communlcations was available,

: The probe signals were turned on Just weeks prior to entry, and con-

', sequ_ntly no history of power level or frequency of these probe signals was

available. To assure the signal frequency and level of the probes were close

:; to nominal, a digital spectrum analyzer was developed and implemented to

support this phase of the fnission. Although no anomalies occurred, the

_-.i exlst_nCe of the Spectral Signal Indicator provided assurance during the

_ tracking that the lo_al oscillator frequency of the receiver was set properly

.',: and the probe Signals Were within the passband o_ the receiver. The Spectral
t.

_' 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 Goldstone,i"
c i

" '; Callfornia and Australian complexes. The configuratlon of each of these

=_ complexes used during the entry phase is shown in Fig. 5-2, As can be seen, a

=, _... total of nine receivers at each 64-m statlon was required. I,

.. i_

-" I To effectively handle the tracking during the initial _ntry phase, [i"

: operating personnel had to be trained over a period of several months. To _

•' assist in th_ training, a signal simulator was provided (Refs. 5-5, 6). This il
,I Multiprobe Simulator provided _our simultaneous dynamic signals which dupll- '!

i, cated the four probe signals in power level variations, doppler frequency i_

,;!. variations and relative transmission time periods.
. I

_!. For the Pioneer Multtprobe Mid,ion it was not practical to implement

:,_,,, ,_i permanent multimission equipment in the Deep Space Network, Much of the

,.i equipment used was Of a special purpose nature and was not retained as part of

: ii the Network after the completion of tracking, The special purpose equipment
, Is identified in Fig. 5-2.

/'" ij
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4. Voyager ," Antautm Array

" Up to thtl_ 1:lmo all X-band tl,'aekins was done at the 64_a t_ubuec.

IV.e 64-m subnet, however, did not have the capacity Co handle all existing "-*

_ X-band Cracking plus Voyager as well. To provide additional X-band Cracking ,i

capability to handle this increased traekth8 load, one 26-m subnet was

upgraded. This upgrade included the mod£ficat4-n of the Block Ill receiver +

, exciter closed-loop reeelvers to provide X-band capability. The antennas of

this 26-m subnet were extended to 34-m at this time.

11 ;: For the first time the comb£nin8 of telemetry baseband signals from two
-:_ antennas, to obtain an improvement in stKnal-Co-notse over a single antenna, :

was imposed as a mission requirement. The device used to combine these tele-

_ merry baseband signals £e called a Keel-Time Combiner (RTC). The first use of

+ the Keel-Time Combiner for telemetry data occurred during the Voyager I
:i

-+_ +, Jupiter encounter. An improvement of 0.62 to 1.0 dB was attained and a

_+ i:i 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 _recision 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 tO an accuracy of 0.5 dB. Knowing received

carrier levels to this accuracy, the con_unications link can b_ optimized for

division o_ power between carrier and data, +i

+ C. PRRSENT STATUS
i'

,, ation_l at the end of the 1960's (Spain, AustIalia and Goldstone, Call£ornia)o il

_'_"_++ At each of these complexes, one 64-m antenna and two 26-m antennas with

'_ !" equipment that existed at that time at each of the antennas in these complexes

t; ....

++++

?:(,s...:l . . +

+ + + "+ '" : 00000002-TSAll



B_.noe the end of the 1960_a many ¢,hnnEo_ have taken p!nce in the net-

=t: work. One el? the 264 rrncklnl_ ,nConn, aubner, h_n boon docommJ,s_lonedm the '
[

P
+ , other ha. boon converted to . 34-m _raektnl_ antenna _ubnot. The capobility

. and performance of the network has al_o bonn ,_noroa_od and improved a_ pro-

, vlously discussed. The telemetry receiver equipment thaC now exi.r.s in the _

network a_tor these chanl_os have occurred ts listed in Table 5-2. Ohango8 in

:_ ,, the network are continuing as discussed in Section F. ..

D, THEORYAND DESIGN
/, ii,

,- i" The first telemetry and cracking receiver used in the Deep Space Network

:, was an outgrowth of the development and implementation of missile telemetry

° i'" and guidance systems by the Laboratory (Ref. 5-1). These SystemA utilized

second-order phase tracking receiver designs (Ref. 5-9). This first Network
I'j

_,,,,::: system actually used surplus lmtdware from these telemetry and guidance

_,,i systems modified to operate at L-band. The systems were replaced in a few
_, years with the new S-band solid state receiver-excitr_r called the Block l.

i:,! Improvements it: performance to provide the capab_llty to track both deep space

"i,,i probes and the Apollo lunar craft were implemented and the receiver-exciter
i'

': iS_. ,,,,, was des nated Block IIIC.

.... t
After the Block IIIC had been In use for about a decade operating at i

S-band with both upli_k and downlink, additional capability was provided in 'i"__

_! the network by adding X-band downltnk. A new receiver subsystem_ called the ,,

!/!_! Block IV (Ref. 5-10), was implemented at the 64-m subnet to provide both the
i:', S- and X-band downlfnk. The Block IV included several other improvements in

i, performance over the Block IIZC, such asz

I!
(I) More accurate tracking.

,!

.._

._ (2) Increased receiver signal bandwldths to handle higher telemetry

.il data rates.

: _i_i_' il (3) Narrower loop noise bandwldChs for greater carrier signal

00000002-TSA12



(_) Au_om_,e acquln_lon of carrier aignal (R_f. 5-11).

(_) Progr_mmabl.o _roquoncy control for both the upfink and down;.ink _o

provide the ab,ll_y _o opornto *.n n_ow loop no_oo bandwidtho

during per!ode of largo _pneocrnft dynamlco (R,.fo. 5_12, 13),

(6) Capability o_ computer contro_ (Ro£. 5-14).

X-band downltnk tracking became available with the implementation 0£ the

Block ZV receiver-exciter at the f4-m subnot. Supporting all the X-band

missions soon overloaded the 64-m subnet. To share this cracking load, the

34-,m subneC was upgraded for X-band reception. This was accomplished with

_ modificaLions to the Block IIZC receiver-exciter (Refs. 5-15, 16, 17). The

objective was to accomplish this task with little or no change to the existing

S-band equipment. This was done by do,,mconverting the X-band signal to S-band

(Fig. 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

i',, to handle expected X-band doppler ranges.

Two other devices enhance the tracking function of the receiver. The

first de,rice is a Spectral Signal Indicator, u_ing digital Fourier transform

_, techniques (Reg. 5-18), which displays the receiver output spectrum. For the ::i

I closed-loop receiver, this device is used du_ing acquiflition to determine the 1

{ frequency offset of the local oscillator signal. A frequency correction is ;

then applied to the local oscillator signal to assist An carrier acquisition.

i For the open-loop receiver, the display of the receiver output spectrum will• verify whether or not the signal is within the pas3band of the receiver. This
iI
l,i provides a quick look to assure that data is being delivered to the recorders,

The second device, which supports tracking, measures system noise

temperature and carrier signal level. This device, called a Precision Power

Monitor, contains two assemblies, a NoiSe Adding Radiometer 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



Wave Manor, The increase in noise at _ha receiver output measured by a aquar_

law detector, ual.ng _ha ¥ laatoc tachniquo_ p_ovidaa the ay_am aparat_ng

:_ notes temperature (Tap), Knaw_n8 the uy_¢om notan temperature0 the raeatwd

_l.fina;power loyal can ha de_ormtnod u_Ing the Pvoctnlan fllgnal Power
Monitor, The Precision fl_gaalPower Monitor performs a Fourier trannfo_m of tL

100 Hz rogion. Tho ragto of tho powor in a sogmon_ of thta rogton contotntn8 1

the _ar_tor to an equal si_o segment not contain_ng the earri"r provl,_l,., a

measurement of the ratio of noise + carrier signal to noIoQ. Knowing the

system no_ae temperature, the noise power can be calculated, and _ro,l _ho

measured ratio value, the signal power l_vQ1 t_ obtained. The Noise Adding

_diometer is capable of measuring a system noise temperature 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 dg over the range of -120 dBm to -165 dgm.

_i During the early days of the Network, _he deep space stations receiveO

i:: telemetry from spacecraft at a wide range of subearri_r frequencies, data

( rates and typ_s of modulatio_.. Each flight project selected i_e _. _ pars- .

":" :_; meters for Its telemetry requirements, and because each _,_., w_ d:Lfferent,

i. the ground demodulation equipment differed. The interface _om the receiver
to tb, demodulators was the telemetry signal containing the subcarriers

i: modulated with data. This telemetry signal, called baseband, was obtained by

,.'I'_ using a telemetry detector t,; the receiver to extract the carrier (Fig. 5-4).

', i; It became apparent that fu_are flight projects had to standardi_e their ,"'," U

li modulation mode. The modulation mode selected was a square wave sobearrierI'

): }! bi-phase modulated with digi:al d_ta. On this basis_ It was decided to begin

i i' developing a multiple _isston telemetry system consisting of general purpose, ,_

! ! m_ssion-tndependent _quipment capable of meeting the requirements of all

,., projects at any Deep Space NetWork station.
f.

The receiver portion of this multiplemnission telemetry system consisted
].

":' of'a flexible and efficient subcarrier demodulator, tuneable from 20 kHz to

_...._' 1.5 _tz. Since the subcarrier signal is completely suppressed with data

• '!!i modulation, the subcarrier demodulator design chosen was a Costas type second

_' I! 5-11
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" . order phase trackln8 loop that accepted the I0 MHz IF signal from the receiver

: contaln_n8 the modulation spectrum. It is desirable that the bandwidth of the .

10 MHz receiver IF signal i_put to the subcarrler demodulator pass the seventh

i subcarrier hatmonlc so that no more than 5_ of the modulation power is lost in '"

the demodulation process. The output Of the Subcarrler Demodulation Assembly,

the telemetry data stream, is then delivered to the data processing equipment.

ii" The maX/mum data rate that can be handled by the receiver is a compromise
between data signal-to-noise ratio a_td efficien_y. With a poor data Signal-

:" _ to-no_se ratio, efficiency i_ important. A receiver with a bandwidth that

:_ will accept the seVenth-order sidebands Of the subcarrter is required.
.i

_ii If the data signal-to-noise ratio is good, some of the higher order sub-

carrier sideboards can be deleted. This permits the use of a higher sub-

: carrier frequency and, consequently, higher data rates. In addition, the

ii_. 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)
I

30 to 150

At the tlme the Block IV receiver, which provided the capabillty to

program the local oscillator in order to track the hlgh doppler rates of ,

: planetary flyby at low signal levels, was implemented, the _lock IV Subcarrler

Demodulator Assembly was also added to the Ne:work. This problem of hlgh i

" doppler rates _as resolved in the Block I% Subcar_ier Demodulator Assembly

i.i with the use of a third-order tracking loop (Refs. 5-19 through 23).

il

_° telemetry signals from more than one antmma. The baseband signal output from

the telemetry detector, comprised of subcarrter and data, Is used in this

'"" configuration. The combining is performed in the Real-Time Combiner Assembly

: (Reds. 5-24, 25, 26). Telemetry combining is becoming a mission requirement

to handle hlgh 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 the two antennas. The decision whether or not to combine two

telemetry streams is made by the operator based on signal-to-noise ratios as 1

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 principal receiver parameeera affecti_g the perfo_ance of telemetry

are listed in Table 5-3. Reference 3-27 describes the performance of the Deep

Space NetWork systems lflMore detail.

?, FUTURE

_ Advancement of Deep Space Network capabilities a_d performance is a con-

o_: tinuing procesS, During the 1980's advances will be implemented in radio

: _:'. metric data accuracy, improved telemetry performance, added radio science

capability and improved operation efficiency. To contribute to these

advances, improvements ._.nthe receiver subsystem are planned in the following

areas. I:_

....!-_ 1 • Network Consolidation i=,-,!:

/

!, Improved performance on the communications link 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, i_creases 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 construct a new 34-_ High

Efficiency antenna at the Deep Space Network complexes in Goldstone, California

i and Australia (Fig. 5-5). These will be equipped with the Block Ill receiver-
exciters that had been installed in the decom_issioned 26-m antenna subnet.

/

At each of the three complexes all antennas will be colocated at the 64-m

i_ I antenna will remain at the Station 12 location and transmit baseband telemetry

i_i:'oI[_).,. _ over a data link to the 64-m site,

. o ,.' .... '_ '_'.=:" - .@,_-_i_'-,_':-_ '_ ........ " .... _ " '_:_;:.,"_o " ._ ''_"_'. "_'"';_, .#". . • • ' _..._" _ ,:....° ""..t'_,._l_mml, ---'_m__. z._.._,_,..
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: The next generation of the real-time combiner, which was first used to '

i combine t_lemetry signals from two antennas for Voyager Jupiter encounter,

: will have the capability to analyze the telemetry signals from each antenna, ._

measure the ratio o_ data power to noise spectral density, automatically
i

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 Js selected, to automatically

adjust time delays in the data streams for optimum combining, The combiner

will continuously monitor the effectiveness of the array and remove any data

stream that is nO longer contributing to an improvement in the data quality

(Ref.5-26).

_ i! Real-time co_blning together with refinements in the design of the Net-
"i)

: work antenna group_ will produce a signal-to-noise ratio improvement of 1.5 dB

or more in the spacecraft telemetry slgnal.
:?,

i" Also under consideration is the use of existing radio science antennas

-' with the Deep Space Network antennas to provide increased aperture by com-

_. '_ blning telemetry from all these antennas.

i--i':, Computer control is another feature that is continually being advanced.

_,_ _ Presently, some operational functions such aS exciter frequency are under

,-,!_....- i_ computer control. It is planned to provide more computer control for oper-

_ , atlons, monitoring and maintenance £unctlons• The planned controller for the

recelver-exclter is covered in Ref. 5-28.

i . /

_" 2 Teleme try!! •

/ ii _olemetry capability is being increased in two areas. The _irst is

=_ !ii 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 _

into increased bandwidth of receiver data channels. The plan is to increase t
• 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 I00 to 500 kbps. The Block Ill receiver telemetry channel

baseband output bandwidth (-3 dB) will remain at 1.3 MHz (15 to 80 kbps).

i 5-14 -
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-,_!__"_ 3 • Digital Receiver

i A plan for converting the existing analog receivers to partially

"_ , (or fully) dxgital units is currently under study. Digital receivers, under

• _icrocomputer 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 performance attainable. Digital receivers are e_pected to be more

_-" flexible; for example, digital IF filters can be reali*ed that are stable and

_ii:i" insensitive to environmental variations (in particular, temperature). These

i_ filters can be quickly a_i easily modified should requirements change. It is

_. _ also expected thaC the digital approac_ will regult in a simplification of the

i:i:_ hardware (e.g., multiple filters will not be required, since the desired

!.::,:__ filter can be programmed) and in lower life-cycle maintenance costs. I

: ii !

• !i
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Table 5-3. R_celv_-Ex_$tor _ubAy_em Performance '

Block I_ Block _V

" 36-mantonn=.___aa 64-raantonn=_.._.._n {

" _.xcttor

+.,+, Froquoncy band S S
Frequency p+ogramming MSCa MSCa

-_- Connnand
Subcarr£er frequency, Hz 100 to 16j000 100 to 16,000

• ModUlation bandwidth (-3 dB), kHz 100 1000

__ Data ratej b/s 1 to 128 1 to 128

-_i Receiver

-_:_i,,'_ , Quantity 2 2
Frequency band S & X
Loop noise bandwidth, Hz 12 to 152 1 tO 300

i_i Frequency programmi_g CSb POCAcTelemetry channels
_'_ 10 Hz IF output
,:. Bandwidth (-3 dB), MHz +1.7 +5.0 ',

Baseband output

r:'". Bandwidth (-3 dB), I_ 1.3 8.0 q
Combiner I

Channels NA 2

Symbol rate, s/s NA I0 to 2000

,,._ S/N degradation, dB NA 0.2

Subcarrier Demodulator

Subcarrier frequency, kHz 200 to 1000 0.4 to 1250
' Max..SIN Degradation, dB 0.5 0.5

a MSC microprocessor synthesizer controller

b CS commercial synthesizer (no programming capability)

c POCA programmed oscillator synthesizer controller i
,j

t_

,:Z:L,;_ t" .....................................' '................. "
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Fig. 5-3. Block IIIC roceiver X-band conversion

I.

....-°1 -°' _ (SUBC.ARRIERS (SUBCARRIERS TO RIgCORDER
REAL-TIME PLUSDATA) C_RSUBCA_RIERTELEMETRY PLUSDATA) __

DETECTOR " coMBINER v DEMODULATOR
_: ASSEMBLY
!,

, ' , 10-MH= IF BASEBAND
.... _ (IF MODULATED

_, :! WITHSUI_ARRIERS ' FROM
' ,,,FLUS,DATA) ANOTHER"" , ._, ANTENNA "

--: K

,_ su_:Aeeln P6TA - TO DATA _,
1 De.MODU_TOU eeocessoR- ASSEMBLY

FROMRIbL.L.TIM|

BASEBAND
"' : _ TELEMETRY

(SUBCA_RIERS
.- FLUSDATA)

Fig. 5-4. _elemetry channel
r..
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VI, TELEMETRY MODULATION AND CODING

P. W. Kinman

A. INTRODUCTION

;: 4
_" Digital telemetry has supplanted analog telemetry for deep space commun-
ii

ications. Not since the Rangers and the Lunar Orbiters of the 1960s has

"_ analog telemetry been designed i_to a deep space mission. Accordingly, only

ii! digital telemetry is discussed here.
"i:

,:_:i. With digital telemetry, the telecommunications _ystems design engineer

/F 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

-_i channel are considered below. The descriptions include relative performance !i

---:.,._ of some competing schemes. However, the treatment _iven here is, of i

:'i::_)_I necessity, cursory. The reader should consult Deep Space Telecommunications

:'_i Systems Engineering (Ref. 6-i) for a comprehensive treatment of the design of

,_ coding and modulation schemes for the deep space channel. ,
__

.-:_:'_,.... B. MODULATION

• _' Yl

;_ 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 subcarrler and then phase modulated onto the carrier (PCM/PsK/PM),

_ or the digital telemetry is directly phase modulated (i.e., phase-shift-keyed) _'

_i,_ onto the carrier (PCM/PM). In the _bbreviatlons PCM/PSK/PM and PCM/PM, the,i acronym PCM means "Pulse Code Modulation" and serves as a reminder that the ,.

-_ telemetry is digital. I_

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

_I (I) Phase-shift-keying is the most efficient binary signalling scheme
_r (Refs. 6-2, 3).

_I (2) A phase modulated carrier has a constant envelope
6-1 -,
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The constant envelope property is important because the final downlink

amplification stage on the typical spacecraft is a travelling-wave tube

_ operated in a nonlinear (saturation) mode. If the modulated downlink carrier

does not have a constant envelope, distortion will result.

i Before proceeding to the mathematical descriptions of PCM/PSK/PM and
i-/,

i_ PCM/PM, the issue of data formats needs to be addressed. Various data fOrmats

are illustrated in Fig. 6-1. With a non-return-to-zero-level (N_Z-L) data

format, a logical "one" is repregented by one leVel and a logical "zero" by

_.' the other, wi£h NRZ-M (mark), a logical "one" is represented by a change in

i_.'."_ level and a logical "_ero" by no __hange. NRZ-S (space) is the s_une aS h'RZ-M

but with the roles of "one" and "zero" reversed. NgZ-M and NRZ-S are often

i_'_" il _egerred to as differential encoding. It is important to note that differen-

_ _" _:_, ttal encoding is not an example of error-correction encoding. _ With bt-phase-

level (ill-C-L), a logical 'toner'is represented by one cycle of a squarewave

i__i, and a logical "zero" by one cycle of a square wave with reversed polarity,

_ Bi-_-L is often called a Manchester code; but, again, it is not an errot-

_i ! correcting code. BI-_-L is identical to NRZ-L data phase-reversal-keylng a
i_i squarewaVe subcarrier whose cycle period equals the bit period and such that a
_ .....r_ transition occurs at mid-bit. Thus, PCM/PM with Bi-C-L data formatting is a

J

special case of PCM/PSK/PM with NP.Z-L data formatting.

A modulated carrier, in the cases of both PCM/PSK/PM and PCM/PM, may be

represented mathematlcally by (assuming nothing else modulates the carrier)

' 2  tsln(%t + es(t)) (6-I)
where 1

Pt " total signal power, W

_c " carrier angular frequency, rad/sec

e - modulation index, rad

and s(t) represents a normalized data sequence (in the case of PCM/PM) or a

normalized modulated squarewave subcarrier (in the case of PCM/PSK/PM).

6-2
I 1_,
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In the latter case, the telemetry is invariably phase-reversal-keyed (i.e.,

i) phase-shift-keyed with signalling levels of +90 ° ) onto the subcarrier. ,

_+ Furthermore, pbJase-reversal-keying a squarewave with a data sequence is the ._

same as multiplying the squarewave by the data sequence. So

Id(t), PCM/PM (6-Z)s(t)=
td(t) 5 in(_ct), PCM/PS_Pm

and

+,,

i where
_.; d(t) - normalized data sequence (ofle of the wave£orms o£ FiB. 6-I)

Ii l,c )l-,
::: 5in(_ t) = squarewave subcarrier

IS "°I.i'+, in(_sc _) = I

+' _ = subcarrier angular frequency, rad/sec
+I+ SC '

, Using Eq, (6-2) and trigonometric identities, Eq. (6-1) may be expanded

_ as

!i _tsln(_ t + e s(t)) =_t c°s(e)sin(_ct) + _ s(t) sln(e)cos(%t) (6-3) +

+
I

_ 0oIf < e < 90 °, this phase-modulated carrier comprises a pilot tone

_i (residual carrier) and a double-sideband (DSB) modulated carrier, A system

!! with 8 < 90 ° is called a residual carrier system. A system with 6 = 90 °
'l

+'_ is called a suppressed carrier system. A residual carrier receiver employs a

+ phase-locked loop to track the pilot tone and provide a coherent reference for

demodulating the DSB modulated carrier (Refs. 6-I, 4). A Costas loop may be
;!I
;1 used as a suppressed carrier receiver (Refs. 6-1 and 4). Until now, all deep

"_;I space probes to Network digital telemetry systems have been of the residual t

carrier type.

i,,.

+ +: +'/ 6-3 ,'
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_ Thc power in the telemetry sidebands is Pt sin2(8)' and the energy-per-
_:, bit-to-nolse-spectral-density ratio is given by

Eb/N0 , (Pt/N0) I In2(8) (6-4)
,R

_¢here

R = data bit rate

NO - one-sided noise spectral density.

Equation (6-4) underlines 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,

iil With residual carrier systems, it is important that the telemetry

if, sldebands not Interfere with carrier recovery in the phase-locked loop

'!_ receiver. Fxgure 6-2 illustrates the spectrum of (a) PCM/PM with NRZ data

_: format, (b) PCM/PSK/PM with NEZ data format, and (c) PCM/PM with Bi-_

format. Th_se spectra make clear that a subcarrier is desirable when the data

format is NRZ, and that a subcarrler might be unnecessary when the data format

, i is BI-_-L. For the low-to-medlum data rates, PCM/PSK/PM with NEZ data

-_,_ format provides better spectral isolation between telemetry sidebands and !'

i 'residual 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 transitlon occurs every mld-bit. PCM/PSK/PM

:: with NEZ-L data iS the most common modulation scheme in the Deep Space Network.

Wi_h respect to minimizing the bit error rate, there is an optimum

_ modulation index for residual carrier systems. The optimum index depends on,4

.!.'_" the data rate, the characteristics of the receiver, and the codin_ scheme (if

ii _!i'!, any). Figure 6-3 serves as an example. The curve of Fig. 6-3 appears to have

!!_::i_ a minimum at a modulation index of 74°. For smaller modulation indices,

Eb/N 0 decreases. For larger modulation indices, the power in the pilot

" ' tone (Pc c°s2 6) 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.

:i,i: I 6-4 :*
3", '
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11 For a given modulation index, the bit error rate performance of PCM/PSK/PM

with NRZ-L data formatting is the same as for PCM/PM with gi-_-L data for-
o

"i matting. However, PCM/PSK/PM with NEZ-M (or NRZS) data formatting has poorer .

" '_ pecformance (Fig. 6-4). In Fig. 6-4, the curve marked "MgZ-L uncoded" repre- ,d

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 "'
i! :
., carrier, subcarri6r, and bit synchronization at the receiver was made_ More

• " .. will be..said about Fi_. 6-4 in the paragraphs to follow.

ill C. COOING

1

": !,i Error-correcting codes improve the bit error rate perfformance off digital

i'i telemetry by adding redundancy to the channel digits. This improvement Is

- ii readily Seen by plotting the bit error rate performance of coded and uncoded

!! systems vs the energy-per-informatlon-blt-to-nolse-Spectral-denslty ratio,

_.'_i! Eb/N 0. Figure 6-4 is s_ch a plot. The left edge of the Fig. 6-4 plot is

i:! Shannon's fundamenta_ limit, gb/N 0 - -1.6 dB, It is impossible to design

_ a code with arbitrarily good performance when the operating Eb/N 0 is -1.6-:_ _

.i!!I.:}.. dS or less (Ref. 6-5).
_,. The curve marked "convolutionaJ code (k-7, r=i/2)''in Fig. 6-4 represents

the following coding/modulation scheme: convolutionally coded with constraint

_:i length = 7, rate - 1/2; Vite_bi decoded with elght-level quantlzatlon; and ._

_ NRZ-L _ormatted PCM/PSK/PM. This is the most common cOding/modulation system _

_ presently in use on the deep space channel. _'

'i

--i_ii.i One important advantage to convolutional codes is the simplicity with

7-!_ which their encOders may be implemented (see Fig. 6-5). Also, good hardware

_ decoders exist. Short-constralnt-length convolutional codes (e.g., k-7) are ,

i_i decoded by the Viterbi algorithm (Refs. 6-6_ 7). Long-constraint-length

._:._ Convolutional codes (e,g._ k,.32) have also been used on the deep space

_:;.II channel; they require sequential decoders (Refs. 6-3 and 8).
i:_.iI i!

....:' The Fig. 6-4 curve marked "leed-Solomon/Viterbi concatenated code" i}
represents the following codlng/modulatlon scheme: concatenated coding with a ii

-i

6-5 I
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Reed-Solomon (J-8, E-16) outer code and a convolutional (k-7, r-l/2, Viterb£

_: decoded _th eisht-level qnantizetion) inner code | and I_Z-L formatted . •
_CM/PSK/PM, As with the other curves of Fig. 6-4, perfect cerrier_

-,:" subcarrler, and bit synchronization at the receiver have been assumed, '_

.i The Reed-Solomon/Vlterbi concatenated coting system described above is

_... illustrated 1_ FIg, 6-6, Interleavins £s required because Viterbi decoders

-If.', ._ tend to produce errors..._.u bursts, The Reed-SolOmon/Viterb 4. system will be

used by Voyager 2 for £ts Uranus and Neptune encouflters and was the design

ii choice £04 Galileo's £ma.Sins telemetry, Further detaila o_ the Reed-

Solomon/Vtterb£ system can be £ound in Refs, 6-9, I0, I1,

r_

I

•, I

I
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system (Reed-Solomon/Vtterbi)
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, VII, PLASMA EFFECTS '

J. W. Armstrons ORIGINALPAO[_IS
OF POOROUALITY

h. INTRODUCTION

Radio communication with space probes requires s_nding 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 Stationj Faraday rotation of linearly polarized signals, ii

! amplitude and phase scintillations, and spectral and angular broadening.

'_" These plasma effects can have undesirable influences o_ telemetry performanc_i •

,,: and thus need to be understood from a communications engineering viewpoint.

:;" _ii'! The plasma effects are, however_ useful from a scientific viewpoint, since the

' i:il effects on the connnunlcatlons llnk can often be inverted to estimate the .

i£: physical conditions in the plasma.
i,

!_ B. CHARGED PAETICL_ INFLUENCE ON RADIO WAVE P_OPAGATION

' There exists an extensive literature on the interaction of radio waves :_

: with plasmas (Eefs. 7-1p 2)i Fortunately, most of the communications llnk ! :,&

i _ effects observable with the Deep Space Network can be understood in terms of a i_ •_

l': relatively small subset of the full plasma theory. In particularj for cases i:

:, where the magnetic field and particle collisions can be neglected and where ;i;

I!.. the frequency of the radio wave is high compared with the plasma frequency_ i

_! the radio waves are propagated without attenuation but with effective index of i_i:

L _._,: refraction, n, given by (_ef, 7-1)

where

c - speed of light = 3 x 10 8 m/set

; °_"° ",._,".'¢,:--'_--_.'_,o..°o.......,,.o',._.,'_._..."._-.•_....._'.", .",_..--"_"°;_,,_'w_,...'_._.,_,"._ "_.._"-.._,-_'-_'_"." "..".•_=--:-_:':.6-_:"¢:_:_:_-,.-_"/= .-_....:_,.,.
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, ORIGINal. PAt_E |_
---_ OF POOR QUALITY

+ r' 2"I-112

v - phase,elocity - cp= (w ] , raises
- 2 p 1

_p = plasma frequency - (Ne /¢o m) /2, rad/sec W

N = electron density , m"3

e - electron charge - -1.6 x 10"19 soul

SO " p_rmittivity o_ frQe spa_e = 8.9 x 10 "12 farads/m

m = electron mass = 9.1 x 10 -31 k8

= angular frequency og the radio wave, rad/sec

There is also an atsociated group velocity vg, such that v$ v = _2.
The Situation when a Substantial static magnetic field is present (got

_ example, for the earth'S ionosphere or the near-sun solar wind) is more

co_licated (Refs, 7-2, 3). In this latter case the phase velocities of

orthogonal circularly polarized waves differs with the result that a linearly

polarized wave cannot propagate without rotation of its plane of polarization

ii-: ("Faraday rotation"). In the quasillnear approximation the Faraday rotation

+ fl (in radlans) is given by (Ref. 7-4, integrating from the source to the

• . observer)

!

+_+ e 3 8_2c 2 f2)/N( +
+-':' .+: _I- ( / m ¢0 £) B . dl (7-2) .

1+/_[*

; _ where
..... i!

B = magnetic field, weber/m2
/!

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

_g = gyro fr6quency = eBz/_ , rad/sec +

These plasma effects manifest themselves in a number of physical observables.

+ ,;+ , ._hose that are relevant to the link and its analysis are ranging, Faraday

rotation_ amplit_de and phase scintillation, and spectral and angglar

+. .,, broadenlng.

i +_+.

7-2 +.+
+ t
/ }

_. _..... " _., .+-_-+,'+"- ++ _ +. ++ + + + +- ++ • . + _ : 7'" _+_.+, _" , +....... : .......... _+,"_'+_ + "_+7 ++_
++::o_++-++_-++_?_++++++_-+_+_++.....++_.+-,.+',:.+....++o+,++++++,......+ +++++++ +-........++++_+-++o,+..............o,:++.....+_++-+-+++++_°+ _.++._+,++........... +++°++++.+°.........,.+=+,+_++++++°..............._ +, o-++++++++++-+++_+._+-++++++_++-+++++_++•+,+•°++++++:+Sili+:!+/i+...++++.+,..+,++'+
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; Ranging is the measurement of the distance between a station and a

_= !i spacecraft performed by computing the time interval between transmission and 'f

reception of a coded signal (range code). Because of the presence of plasma

_ between the station and spacecraft, the measured time-of-flight will be

o .i different from that which would have beefl obtained without the intervening
i

_ plasma. _rom the equation for group Velocity (above), in the high-frequency

_: : li-.it of interest vg becomes vg = c [ 1-2/J] 1/2. Hence

_:°_.i_ because the range code travels with the group speed Vg < c the presence of

i charged particles causes tlme-Of-fllght to he larger than it would be in the
:--. _ absence of the plasma. Thus precision ranging for nav1_ 'ion or radio science

... ii is .compllcated by the existence Of the plasma. This i_ particularly severe

_i for ranging measurements close to the sun, where one would like ulCraprecise

_ ranging to do tests of relativistic theories of gravity. GefleralrelatlvlCy

-Ill_I : predicts chat the round trip time-of-flight to a spacecraft far behind the sun •

_i is increased by about 250 microseconds for ray paths that come very close to I

=/- ._ the sun. This affect must be measured in the presence of a plasma-lnduced i

_i i tlme Increase on the order of IO's of mlcroseconds for S-and X-band slgnals i !
(Refs. 7-5, 6, 7, 8). The experimental Situation is complicated further by i

_!i_ii the fact that the radial gradient in the coronal electron density causes the i

ray paths _.O be bent inward toward the sun in a frequency-dependent way (Ref. _:

_ ii 7-9). I

"ii 2. Faraday Rotation i

_i ii

il As noted above, a magnetized plasma causes orthogonal circularly i

polarized waves Co propagate with different speeds. If a linearly polarized
wave is synthesized from two circularly polarized waves, th_ effect will be to

i rotate the plane of polarization as the wave propagates through the F,lasma.
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 _sing Piot_eer 6 in Novembe_ 1968. Faraday rotation

"events" have also been widely observed in the transionospheric radio channel,

7--3
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19 ii including some anomalous situations wh_re there is a loss ot correlation

between two circularly polarized signals (Ref, 7-I0), (That is, the usual

concept of Faraday rotation which relates to_ polarized waves, is not

valid.) Although apparently rare, such events have implications for frequency
reuse schemes based on polarization diversity.

3. Phase and Amplitude Scintillations

Variations in the received amplitude or phase of the radio wave can

be caused by irresularities in the intervening plasma, There is a fundamental

difference between phase and amplitude fluctuations: amplitude scintillation_

! are essentially a diffraction phenomenon while phase Scintillations are prin-

_i cipally a refraction effect (Ref, 7-11), Amplitude fluctuations are caused

mainly by irregularities that are smaller than or approximately equal to theeffective Fresnel zone size at the plasma irregularity:

FZS - (),Ze)1/2
(7-3)

where

t

FZS = Fresnel zone radius, m

X = radio wavelength, m ,;

ze = effective distance to the plasma irregularity_ m

._,! = z1 z2 /(z I +z 2)

L] Zl = source to plasma distance, m

il z 2 = plasma to earth distance, m
i c

il
:p Amplitude scintillations can be caused by the solar wind (aefs. 7-12 and

i l_ 13), the earth's ionosphere (R.ef. 7-14), or planetary ionospheres (Ref.

:'.,g*::_.i 7-15), If the scintillations are weak (rms intensity fluctuation _ mean
for fluctuations is FZS/v,

__Ii!.i i intensity), then the typical time scale amplitude

-!ii_,!! 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

',_ .- ._'=._:_-_-_=_-_..--..'.'_:::..__..'-'--.._..-_:_:_--..:o.::- • e.._"',_:..'":_.-_":_io....• _o:" _;:_"'._.................. -_ "=-_-"_-"_::::-":______._ .-..._-_-e-_r-_r_r-';:''_'_-_=:_:° :_
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Scintillations as the ray path offset between the spacecr_*_ and earth

approaches the sun. In Fig. 7-2_ the top panel shows S-band dat_ taken at a

sun-earth-probe (SEP) angle of 35 solar radllp while the middle and bottom

panels show S-band ti_e series taken at 20 and lO solar radii, respectively. .A

FigUre 7-3 shows a plot of the scintillation index (E rms intensity fluctu-

i atlon /mean intensity) as a function of SEP angle for S-band observations.

Phase scintillatlonS di£fer fundamentally f;'om amplitude .cintlllationS

in that they respond to large as well as small scale plasma -'regularities i

(Ref. 7-16). _f, as is the typical case for astrophysical plasmas, the
!

spatial pOWer spectrum of the density flu_tuatlons IS approximately power law _i

I' (spectrum = constant wavenumber'P), then the observed phase power spectrum

_ is also power laws except near the Fresnel Wavenumber. Thus, unlike amplitude

_: scintillations, there is no characteristic scale to the _hase fluctuations. :

_i: _Ig, 7-4 Shows a tlme series of phase_ while _igure 7-5 shows power spectra of ,

i, phase in the solar wind (Ref. 7-17). Phase scintillations due to plasma

....._i! fluctuations in the earth's ionosphere (Ref. 7-14) and in planetary iono- "

i'_. spheres have been observed.

i 4. Spectral Broadening
/

, _, Broadening of a radio frequency carrier can be caused by propa- .

_ gstlon if the source-plasma-observer are in relative motion (Ref. 7-18). The

i physical idea is that the received signal is composed of "rays" that are

° scattered off of the irregularities. IX these irregularities are moving

transverse to the source-observer llne, then some of the received rays will

: have come from plasma blobs with a veloCit_ component toward the receiver;

:_ that is_ they will appear blue-shifted with respect to the carrier. ,,
{

....,, St_ilarly, some rays will be scattered off of blobs moving away from the

,_: obs_-,ver and appear red-shifted. The net effect is to produce a carrier with '_

_" " _"I' a finite linp ,.:Id_h. The radial dependence of spectral broadening caused by _,,_'
_,--__:'_,,i the solar wind is shown in Fig, 7-6 (Ref. 7-17) Spectral broadening caused _,

_,.i by scattering in a planetary ionosphere has also been observed (gef. 7-1_, _, _,

i i_

00000002-TSD06



i-_ _'_ _

4

b

5. Angular Broadening

Irregularities in an intervening plasma cause a loss of trahsverse coher- '_i

ence in the wave due to scattering, The result is that an initial plane wave
is scattered into a bundie og rays with finite angular _tdth (Ref. 7-18).

This phenomenon i_ 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 energy to arrive at the

receiver over a finite time (some energy comes direct; Some energy tomes via a

scatt_ted path ._nd arrives later). Thus augular Scattering gives rise to

. pulse broadening and hence to a loss Of _ohereuce of a wideband signal.

_" C. COMMUNICATIONSLINK EFFECTS

The propagation effects discussed above can siSui£icautly affect earth- "

_=:i-: spacecraft con_nunicatlous links. Both data t_angfer (upllnk com._auds and

- downllnk telemetry) and radio metric data can be seriously affected. The

Influence is substantlal when the propagation path comes close to the sun.

:-._;_. (All outer planet space probes have periods when the spacecraft-earth
i_! ,

_. . propagation path co_es close to the sun.)

_=_,. Command and telemetry degradation due to phase scintillation is related,-_. i

:,_ , to the receiver phase error produced by the receiver's inability to track the

:-_,"'_ plasma phase scintillations with complete precision. The a_plltude of the

_. 1 demodulated command or telemetry signal will fluctuate as the cosine of the
_ _i receiver phase error. The impact of this amplitude variation on performance

:_:_.... , is determined by the statistics of the average of the cosine of the phase

error over a data symbol. For telemetry data rates less than the loop i

! bandwidth of the phase-estimating section of the receiver, this averaging can

_i': j substantially reduce the data channel performance degradation. Thus, low-rate

iil .1 data channels (e.g., the command channel) suffer less degradation than the

:_! high-_ate (telemetry) channels.

7"6 .
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i-_ • ,, The magnitude of the phase error depends on both the magnitude and time

i- _: scale of the phase scintillations. The magnitude of the phase sei_tillations '

!., , can be quite large (see, e.g., Fig. 7-4). Expressed as a fractional frequency

i _ stability, the scintillation-induced variations are typically orders of magni-

fY'+ i tude worse than that of the ground-based hydrogen maser. However, these i
_.r. _ fluctuations oceur on all time scales with the principal efgect (in terms of

: phase variance) on the longer time scales (Fig. 7-5). Thus, the phase-

_ _ estimating section of the receiver can gollow most of the phase scintillation;

only high-frequency components of the scintillations (those outside, the loop

bandwidth) will produce significan_ phase error. One method for reducing the
•

.r _. impact of the phase scintillation is to increas_ the receiver carrier tracking

,.. _ loop bandwidth. This can reduce the Scintillation-indu_ed phase error to an

'°: + acceptable level, HoweVer, increasifig the loop-bandwid;;h proportionately

increases the receiver rms phase error due to thermal noise in the receiver.'i Thus, additional signal power may be needed to maintain the phase error

_i" !i contribution due to receiver thermal noise within acceptable limits.

_?+.+-•u

! _"+,i!.r+/"_..,+ :. Amplitude scintillations can have a very severe impact on command and

..+ _,_ telemetry performance. One mechanism for this performance degradation is I

+++i si_lar to that discussed above for phase scintillation. Unlike phase

•i! scintillation, however, amplitude fluctuations directly alter the signal

"i_i_, levels seen at the telemetry detector. In addition the amplitude scintil- , '

_! lations Can adversely affect carrier tracking: increasing the receiver _ +: j
_ carrier-tracking loop phase error and creating, as discuss_d above, an !i ,:• t.!

_+_ additional source of telemetry deg_adation. Fortunately for telemetry !i '

_ purposes, solar wind scintillations at S-band ate fairly weak unless the ray t+i

ii path comes close to the sun.. (Fig. 7-3 shows the fractional intensity
, fluctuation, m, versus .sun-earth-probe angle for a source far behind the sun. .,

+i As outlined in the previous section, the geometry is crucial. Thus, for , +'_

i! 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
ii lin_ and _n the s ourcensunmlear th geometry,) _onospher ic amplitude /

scintillations are generally stronger at night than in the daytime. While +"

they can be severe at VHF frequencies, the ionospheric amplitude

scintillations are usually weak at Network allocation frequencies

i 7-7
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' i! (Ref. 7-14). Combinations of Faraday rotation fluctuations with amplitude

i scintilZations have been observed in the translonospharic channel (Ref. 7-9)_ .

however. These have to be considered in frequency reuse schemes using

:! polarization diversity. Scintillations can be important if the communication .D

i llnk uses bursts of telemetry that are short co_pared to a typical fade

duration or if they require a coherence bandwidth that is larger than the

channel will support due to scintillation. There are of course coding a_d

i diversity schemes for suppressing the scintillation effects. .For example,

amplitude scintillations are correlated over fairly short distances on the
1

earth's surface. Thus one can get uncorrelated flu_tuatlons by arraying

antennas-s_parated by a few Fresnel Zone radii. Since the Fresnel zone size

i_ is wavelength and geometry dependentp the exact required separations h_ve to

_ be calculated for each situation, but would typically be in the range 10's to

_ lO0's o£ kilometers. Alto, codln8 schemes which distribute the message over

ii many independent amplitude fades can be employed to reduce _he telemetry

• ii sensivity to amplitude scintillations. Appropriate coding Can very

_ il substantially reduce the impact of the amplitude and phase scintillations on

':'_il 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

'i,i these variations. Time-dlverslty transmisSiOn, multiple transmission of the

_i same data with time spacings greater than the correlation time of the

ili amplitude vari_tlons Seen by the telemetry detector, with suitable _

i recombination in the telemetry detector is one possible technique. However,. , this requires a _ large increase in the data channel symbol rate. It

li appears that suitable interleaving of a convolutlonally encoded channel may

yleld acceptable performance with no increase in the data channel symbol
also

_! rate.

I Spectral broadening can be characteri_ed combination of
as a amplitude

' I and phase scintillation on short time scales (Ref. ?-18), Thus it can cause

problems with carrier synchronization and with fluctuations in signal-to-noise

ratios. Fortunately_ spectral broadening is only i_portant 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.



,

Angular broadening can affect telemetry if power is scattered out of the

beam of the receiving antenna, thus reducing the strength of the received '_

signal. For single dish antennas operated at DSN microwave frequency allo-
_o

cations the effect is negligible, except _ near the sun. However, angular

scattering also causes pulse broadening and loss of coherence of the signal.

Thus it needs to be considered in com_nunieations systems that require short

bursts and/or large coherence baadwidths.

:* ) i

1
t

" t!

} .

)

I

/., o ,I

i _""

1'

7-9

00000002-TSD10



7-8. Huhleman, D. 0., and Anderson, J. D., "Solar Wind Electron Densities

fro_ Vikins Dual-Frequency Radio Measurements," Ap. J,, 247, 1093, 1981.

7-11. Tatarski, V. I. Wave Propagation in.a _rbglent Medium, Dove_, New York,
1961.

7-10

]





_m ,mllm,': " fr " ,i

+
Ip. jlr ,,,

: '+,

.... ,;, .ORII_I!NALP/kG_I_
.,._ OF POORQUALITY

tlO ..... I I I- I "--'-"----

__,.__.,.;,_,.,_,.:'+?+J++£,

I

O0-- ,;I _',+

i +

;vO_ | ,4"
i,

NOVOeI_0 t
+lO- t'

401400 1+00 ' 1000 3000 3 3400
TI4VlE,O,MT

Pi&,,+ 7-1, Pioneer 6 potarizacLon (10 second data po£nts)
versus timej November 8, 1968 ,,

I I . I , I I I I I I I 1 I I t I

: I

01 I 1 I I. I I .... I _ I I ,, I I" I

i i ii J i iii ii i i| nl m i i L i li ml I |m

1 t I i i i I

I.. 01 !1 .. I I

• 2
12

,,i] _

h TIME 10s_ dlvlllo.

.... iI Flg. 7-2. Examples of S-band intensity scintillation a_ ray-path
:., _:I offset from sun decreases. Ray-path offsets (top ko ,I
!yl;.+..+!! bottom) are 35, 20, ahd I0 solar radii +,_

, , i 1-12 +_+•

...................... ....... : -+...... :.+. :.. :.c_ : .............. :,2.........21,_+.'+D.!i.i
......."+_7-r+_+=+'-"_+++_++"++--.+++++++'++++'''_'_+_.... ;'+....... :. .... - :....... ;. +:i".'- ,:j_-._...._.+-+.+...... +._:..::/]::.;-+"-=_+.:,+:_+_:++.:4,..:,+::_+-........... -.-,_:--.._+.+-.,+++.+-+-.+..,.-,;.-'-:

'_ .' G.,._ -._,,;,-.+ "+_:+_,.._-._. ++,I +..++ • . +:+,-...'_'_,.'.'+ ....... +:-_=.'-.,++, +" +_"_C+_-',?+C'+',+.+++"+t'-"r_:+_."+_++'°'_,':+,_+'+, ^m _ ++ :,',,°o+,,+_,..;+'_+ ,.' '++,,+,m .... ;,,+ +'-' ,-+", ....... ' " "

...+"................,_-_++--+-++,,,......_i,..:,,...:+.°".+:-+.'+'.+,.+..,+.+-+----+++"+................... 00000002-TSD13





'I

OI'(IGIINAL PAGE IB
OF POOR QUALITY

,,e

108
gg _*

'i

1
104 i

'If' i
I00 -- ,i

10"2 --

' 1

FREQUENCY,_ :_

Fig. 7-5, Typical power spectra _ the Viking phase _.._
difference scintillations Observed over
the entire solar elonSation range, The .;

_ spectra for R < 30.5 Rs are of open loop
, data, while th_ rest are of closed-loop '"

i data

t
"l

:t i

I



7-15

L

O0000002-TSE02



.}.,

'

i!i  N83 36309
,i

i: VIII. ATMOSPHERIC EFFECTS '

C. T. 8telzrted and S. V. Slobtn

Ao INTRODUCTION

The earth's atmosphere (Re_° 8-I) consists mostly of the dry co_aponentA
i

.ii _ oxygen (about 21_ by voltune), nitrogen (about 78Z by volu_e) argon (about tg

_ _ by volume)p and wet compoflents (water vapor, clouds and rain). Water vapor at ,_

.... _: 100g relative humidity is approximately 1.TX by volume assuming the U.S2 !;
-'! :' _tandard Atmosphere, 15°C, at sea level

:',. ._:_ A communicatt6_s link through the atmosphere sufferg .attenuation. _rom

_' !;i both th_ dry and wet components (Re_s. 8-2 through 8-9), This results in a

.j;.: 4,

._) _ii d_crea_ed sigfml-to-noise ratio (SNR) of the communications link due to both'I the signal attenuation ahd the increased noise temperature resultin8 from

_ ther_l emlsslon.
i!

B • THEORY

_'_ From the theory of radiative transfer (neglecting scattering, and ;i

assuming hf << kT, Ref. 8-i0), the sky noise temperature (atmosphere and ,:"_: .,_

i._. cosmic background) contribution at the receiving system Input is given by )i "i

(Fig° 8-I2) ., r

o_£ _z(X)dx I'Tsky- (Ts/L) + T(X) a(x) e (kelVius) (8-I)

where

i_ a(x) - absorption coefficient of the atmosphere at x, nepers/m
[ x - slant distance along propagation path, m (x - 0 at surface 2)

ii! i!1 .......
I Scattering should be considered for rain at frequencies above about 10

CHz, and for clouds at frequencies above about 100 _Hz (Refs. 8-11 and 12)

2 It is sometimes convenient to Integrate from the "top" of the atmosphere

to the surface (Ref. 8-13), [

8-I
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1

- total slant distance along propagation path, m

l Ts = source temperature (usually about 2._ K, due to the cosmic

background noise temperature), K .O

i T(x) = physical temperature off the atmns_here at x, K

o L - total atmospheric absorption, ratio (>1)

,_ = e _ = 1_ 10
P L

_" A - total atmospheric absorptlofl, dB

_7 - 10 log L- _ (10 log e) = 4.343 z

ii • = total atmospheric absorption (optical depth), nepers

" " _o _(x) dx ffi 2.303 A

z(X) = atmospheric absorption between 0 and xl nepers

For an homogeneous, irothermal atmosphere, a(x) - oDi and temper-

_ . ature T(x) - Tp. From Eq, (8-I),

Zsky. + (1 - l/L)Tp (S-2)
•

_here

L -e -eaO £

T - equivalent: atmospheric physical temperature, K
P (_ 260-280 E; ge_. 8-14)

it:
_'. _ 8-2 :

I

.... ' ' ,- - _- <_F" "_"' _'7- =--/_:-_ c. '- "_.-1 ,.:. -,,.:....... =-:-.. _:'_'_'_-_--._ _' ' .... ." . _ i
,_ . ......... <"'_-........ :t/_._-_-- ".;. ..7 ..'; _','_.;..... ; _,_ _,_..-_-","_._"c_'''__,_-:-'.''° +' "'_"L. ":_'>",- ' .", ". °""=°<'" '_' .:.' .'""" " "< .",.: -" '

i,-1/,,,11t,'1/",l/"'l/_"_ I_"l ,_'_ "p (_ _ I"_ |



' , i_

!!_I i_,_! A_nospheric loss (see Section g) can be determined fro_ solving Eq.i (8-2),

, L ,, (T - Ts)/(T p - Tsky) 48-3)

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

A - 10 log L (8-4)

o C. CHARACTERIZATION

COmputed clear sky 3 atmospheric attenuation and noise temperature

[! contributions in the z_ith direction are shown t_ Fig, 8-2 and Table 8-1 as

_'_i: i_'{! functions of frequency, Surface water vapor density (i.a., absolute humidity),_-!._ and station altitude. MicroWave absorption Is directly proportional to the

;!L _: total integrated water vapor content along the line of sight. For temperate

i_ latitudes in summer (20°C), the average surface water vapor density is about

_:.!_ 7.5 g/m 3 (Refs. 8-15 and 8-16). At gaturatlon (sea level, 20°C), the/

_ I[iI density is about 17 g/m3; 3-_ g/m 3 may be more appropriate for arid
_ regions such as Goldstone, California. Operating frequeacles are usually

; chosen to be well away from the Water vapor llne (22.235 GHz), Minlmum ii

_ attenuation occurs with low humidityp low frequency, and high elevation angle I!

(FIg. 8-I, z- o°). ii

_, Th_ 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-,

(oxygen_ nitrogen, and water vapor) with no liquid water Grain or clouds).

!

!

8-3 _
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I.

and Ka- bands. Thls is shown as a function of frequeucy in F£ E . 8-3 for

cloud water particle density of 0.5 8/m 3. 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

" Sky surface water vapor density on the communication link _erformance can b_

-. determined e_perimentally. These effects are measured as a function of fre-

quencyj geographical location, and time of year. Figure 8-4 Shows the cumu-

_ lattve distribution of X-band 2enith .atmospheric noise temperature increase 't

_i above the clear sky baseline for Goldstone, California. _ata for curves !

_; labelled by year were obtained with a noise adding radiometer. Also shown are t

.i curves for the CCIR arid region rain-only model (Ref. 8-21) and the very
' I

_ pessimistic Deep Space NetworR 810-5 Design Handbook (Ref. 8-22) cloud-only !

model, These curves are read (for e_ampie). "90-percent of the time the q
I

Zenith noise temperature increase was I K or less for 1980." This is fre- i
+I

quently designated as "90X weather." I

'i

There is a one-to-one correspondence between atmospheric attenuation

increase and system noise temperature increase. From Eq. (8-2),

I'L'I)(Tp-Ts) '" "i
-_, ; ,_ Top = (Lo (8-5)

_ il A Top = increase in system noise temperature due to 1
_ _

: :_ !i atmospheric absorption increase from L0 to L, K

_._._ = Top - (Top) 0

'Top = system noise temperature assuming atmospheric absorption loss L, K

(Top) 0 = System noise temperature assuming a baseline atmospheric
absorption _, K

L - atmospheric absorption, ratio ( - I0 A/10)

L0 = baseline atmospheric absorption, ratio ( = 10_/I0)

T - cosmic background noise temperature, K

8-4
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_. A_mospheric absorption and noise temporature are related as shown in ?ig.

._', 8-2 and gq, (8-2) and an appropriate choice of (Tp-Ts).
i t:I

_ The increased noise temperature effects of water collecting on the .*

I:' antenna feed horn cover have been evaluated at X-band (_f. 8-23). Special ,

ii., teck,,.iques are required to minimize the resulting increased fmise tempersture,especially with "weathered" plastic horn 6over material (Ref. 8-24).

i__ For "908 weather" and 30° elevation angle pointing, the Goldstone atso-

_i spheric noise temperature contributions are _abulated in Table 8-3. The "908weather" and 30 ° elevation angl_ pointing conditions are useful for baseline

.. system..performance studies.

N::_:::.:._..::.. D• COMMUNICATIONS LINK PERFORMANCE

The signal-to-noise 4 ratio of a linear receiving system is given by

'"_ (gef 8-25, hf << kT; otherwise see _f 8-26)
. , '0 _

s,R.sl/kch + c8-6>
4 b

:i where '_

:- Si - input signal level, W

::,_,; h - Planck's constant - 6.6262 x 10 -34 J-s ':i.. k - 8oltzman's constant - 1.3806 x 10 -23 J/K

_._ Ti " source input noise temperature, l

'!'_: Te = amplifier effective noise temperature, K

!i 1
B = noise bandwidth, Hz -- G (f) d

" _.i 4 In the context of this section, signal power refers to the power in the

,;_ ..! carrier; therefore, the S_R is strictly the ratio of signal carrier power to
_ noise power• Gulkls (aef. 8-27) discusses noise power from a fluctuations '
iI viewpoint and provides tnsight into quantu_ and thermal noise for linear and '_

i.i incoherent amplifiers. 'I.,,

O0000002-TSEO8



a

O(f) - available power gala, ratio

G - maximum available power gain, ratio

f - operat£ng frequency, ltz

It is instructive to _onsider this relationship for a receiving system

degraded by a_ additional 0.I dB of £_0ut absorption loss due to aCmospherlc

changes. With high system noise temperatures (Top > 300 _), this degrades
SNR by - 0.I dg due to the additional direct eignal attenuation. With low

system noise temperatures (Top < 50 l), this has a very _uch larger effect

due to the increase in Top caused by the addQd thermal noige contribution.

• The degradation in signal-to-noise ratio is given by

.... iT,p/(Top) O]
,_SNR - _ + lOlog _ dB (8-7)

where

bA - increased atmospheric absorption, dB'/

_ . (A-.%)
J'10 log (L/L0 )

i

A0 - I0 log L0

The increase in atmospheric attenuation may be inferred from measurements

of increased system noise temperature. ThuS, using Eq. (8-5),
1

- I0 log ,,p S I0 , dB (8-8)

- Ts + ATop 10

_.,

,.o where AT is taken from Fig, 8-4 for a particular percent-weather, and
op

io" A 0 is the baseline0 or clear sky attenuation. ,

i.)'2
i:
e

3.

i 8-6
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Far the previous "90% weather" example (usiOg A0 - 0.04 dB aC X-band), an

increase of I K at zenith results from an attenuation Increase of 0.016 dB.

:' Figure 8-5 lndieatea the degradation o_ St_ as funettons of the baseline

system temparaturo, basoZine atmospheric absorption, and increase in at_o-

spheric absorption. This analysis technique ind'Lcaees a net improvement of

better than 8 dB in sensitivity (90% of the time) _or a 32-GHz receiving

system relative Co an 8.4-Ohz receiving system in the Ooldstone environment

(P,ef, 8"28).

E. MEASUREME_rIOF ATMOSPHERIC LOSS

It is shown tu Section D that the receivin_ System sensitivity of a lOW

i! noise system can be degraded sevecely, even with a rela_ively small amount of
" ii

_, atmospheric loss.

!.: It is frequently convenient to perform a radiometer tipping measurement

_ li to determine Tatm and the atmospheric loss. Asgumlng a flat earth with a

_ii stratified atmosphere

;_'_"""i L - _z (8-9) ,

-_: 'I! where '.',

:,_, li Z ', zenith a_gle _ :'_i

i_ !] L, Lz - acmospheri_ loss at zenith an_le Z and zenith respectively, ._ratio (L, _z ->x) _ ._

'_: il. For the tipping measurement, the system temperature (Top) is measured at .t
_: _._ zenith and Z. Assuming an antenna with no sidelobes and an Infinitely narrow

/1 (Lz'l.ii ATop " . Lz -secZ)(Tp. Ts) (8-10) t

I'

!,

8--7 _
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.: (Lz..lL "2)(Tp

A t:tppin_ mea.uro_ent performed n_ar the w_te_ vaper rosen_nce (22.235

ii/. 0I_) tB convenient for monitorins acmoophoric water vapor re.tent in the
antenna beam line of eight with a water vapor radlemQter, The ptectpltabIQ

_!_., atmospheric water vapor content is monitored by rQpe_ted tippin8 measurement8

_,,_ or by swi_chin8 between hor_s mounted at suitable zenith aneles. For clear

._.,. Sky conditions, this technique has the simplicity and accuracy of a r_lative

_i_ measurement of ATop as compared to the difficulty of the absolute measure-
_ ments ,required for two-frequency instrum_ntSo Although the single-frequency

water vapor radiometer should perform well in clear sky conditionS, Serious

_. performance degradation occurs durins cloudy weather, The priory effect of

• liquid water (clouds) in the troposphere is to increase the noise tempera-

ture, Most of the tropospheric delay is due to _'ater vapor and very little is ..

i_ due to liquid water. Thus, two frequencies a_e needed to separate the vapor

and liquid effects; only one frequency is needed if no liquid component ts
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Table 8-3. Tabulation of the Goldstone atmospheric noise temperature
_ contribution for "90_ weather" and 30° elevation angle

pointing as a function of operating _requenCy (Re£. 8-28),

Freq.ency Atmospheric noise temperature contribution 4

f t Ghz Tat m, K

2.3 3.5

8.4 4.9

32 29

t _

t

Ji"

,.Ib
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: ' IX. COMMAND

N. A. Burow and M. K. Tam '

" A. INTRODUCTION $

i_ The Commnd System provides the means by which a project controls the
'i activities of its spacecraft from the earth. This section presents an over-

_ii' view of the Multlmisslon Command (MMC) System. The major components within

" the MMC System are dlscuSsedj with emphasis on the telecommunlcatlons-related

_,i Impl_mentatlonS_ Two versions of the-spacecraft command detection
System

:}_-_"" the Viking Heritage command detector and t_e NASA Standard command detectoE - i

:_::' are summarized. The £ormer prevails in the existing £11ght projects and the

_'_ :: latter will likely be adopted by the missions of the near future (An In-:_ ' i *

::_,'_"ii_ depth discussion of these command systems is contained in _f. 9-I). The

?I::ii B. MULT ISSIONCO DSYST

.!i_i__', The Multlmlsslon Command System (Ref. 9-2) extends from the point at

_ ", which validated commands are entered at the Mission Operations Center (MOC) to

- :! ,4, the point on the Spacecraft where commands, after error detection and correc- .'

'I_ ' tlon, are di_trlbuted to spacecraft subsystems. Thus the MMC System includes

_;'i:1_" I_ the Command functions per£ormed by the MOC, the Deep Space Network (DSN), and r

-_f_:i:iI spacecraft command detector and command decoder Subsystems. The MMC System

_:' ! does not include the project-dependent Mission Sequence System where commands

-_ !_ are formulated and Valldated_ 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 _C System is given in Fig, 9-1.

" ,,,-_, The MMC System employs a store-and-forward method for delivery of com-

} i mend sequences to a spacecraft. The ability to store commands at various

_: _, points in the command delivery system eliminates time criticality from the ii
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 ,.

: 9-I
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Deep Sp_ce Station verified before a comm_nd is to be "forwarded" to the

i:: spacecraft. This allows _ project to prepare large files of spacecraft

commands in advance and then to .ot_vard several files to the Station at the

beginning of a spacecraft track.

The same score-and-forward concept is employed between the Station and

the spacecraft. Comands may be radiated from the tracking station to the

spacecraft, correct reoeipt at + ch_ spacecraft veei_edj and the commands

stored on board the-spacecraft for later execution. It should be noted that

this ecote-and-fo_ard mode of operation does not preclude naar-real-time

comandtng of the spacecraft. The MMC 8tOre-and-forward opeeatiOns are

represented functionally in Fig, 9-2.

_" Per discussion purposeS, the command system may be divided into a ground

segment and a spacecraft segment. 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 HOt. Commands for a particular

_,. spacecraft are Selected from the MOCcommand files, formatted into messages, :"

and trananLtttedb via the Ground Communication Facility (GCF), to a sp_ci_ied
I: r!

tracking station. The command messages contain the eoumands to be radiated to Ii
the spacecraft, timing instructions Co the DSS foe the radiation of the

, commands, and error detection/correction coding, The Station verifies correct

receipt of the command files or requests retrans_ssion of files containing

_..t errors. The spacecraft commands are extracted from the messages by the

_]llii_ tracking station Command Processor Assembly (CPA) and stored in the CPA until

_+l:_ the time specified for their radiation to the spacecraft. When a conmand is

:!_ _ co be radiated from the Station to the spacecraft it is placed in a queue in

_ the CPA and sent co the Station Command Modulator Assembly (CMA). The CMA

transmitter for radiation of the command to the spacecraft.



t

2. Spacecraft Comm_nd SyeCem Oper.l_one
t

The spa_ocraft portion of the Conmlnnd System eons£ste of two

subassemblIess the commnnd detector and the co_and decoder. Upon receipt of

the composite com_nd signal from the spacecraft receiver0 the comm_nd dolce- /,

tot removes the modulated subearr£er, detects the binary com,mM bits, and

presents the detected bit s_rea_ to the command decoder. Thq decoder then

determines the validity of its inputt andt if it £s a valid commandD decodes

tC and passes the decoded command to the addressed spacecraft subsystem, The

decoder, therefore, depends on$y on command foc_t and tends to be oriented

toward a specific mission, The detector, on the othQr hand, is depend_nt on

., the upltnk modulation scheme and tends to be less mission dependent.

_ C. DEEP SPACE NETWOEK COMMAND SYSTEM CAPABILITIES

¢

The capabilities of the Deep Space Network Command Syste_ that affect i
:':: .... spacecraft designs are described in this section. More detailed Information i'

"_ is contained in Refs. 9-3, "9-4,and 9-5.

:: The Deep Space Network Command System provides the capability for
• a i

_;,_ :' commanding one spacecraft from each Deep Space Station (DSS). The functions

:.: _ performed by the Network Command System include the following: ,¢!

!:_* _ (I) EStablishing the Deep Space Network configuration for the specified "I
• : . 'i spacecraft. '_

!i
'_ _': (2) Receiving the command data from the MOC and Storing it at the

'_' ,;,, Station.

i:/£ _ (3) queuing command data to be radiated to the spacecraft, ,

_: (4) Radiating the command data to the spacecraft.

!*t

i-_ ' .-, (5) MonlCorlns and reporting Deep Space Network Command System status

_i " and events.

/ _": 9-3 !_..
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A d_tail_d dlagr_m o_ t;heCommand System (Mark III-AO) [s pre_nted in Fi_,
, 9-3,

_, The Cm_n_nd 8yelt:Qm at cinch l_p Spne_ Station _onsisto ot? a Command
'! d

_ Procossor Assembly (CPA) for software funcclous, a Command Modulator A.sombly

-!,,, (CMA) for generating the command wavo_orm, and the exactors, cransmlCters, and

:i. antennas for RF carrier modulation a_td traasfnission, (Note the redundancy of

__.. these units at each tracking Station as show in Fig, 9-3), The Command

__( System produces a Pulse Code Modulation (P_4) nonreCut'n-to-zero (NRZ) data

-++., wavQ_om+ This waveform is used to bi-phase modulate a subcarrier £n the

-_ phase-shift-keyed (PSK) mode or to _witch beCwee_ two subcarriers in the

_, I frequency-shift-keyed (FSK) mode, Data rates are variable from I bit per

,. .,, second t6 128 bits per second. An upgrade to 2000 bps is planned (P,af. 9-6).

_ _ PSK data _ates can be either noneoherenC or coherent with the _ubearrier

-_; :+ _requeney. PSK and FS_ subearrier frequencies may be selected in the range of

_-_::'_ _i 100 Hz to 16 kHz_ witb a resolution of 0.1 Hz. PSK subcarriers may be either

_'_ sinewave or squarewave. For FSK _odulation, only sinewave .qubcarriers are
-i_ available, The RF carrier may be modulated at modulation index angles from

*il 0.1 to 1.5 radians peak, for both sinewave and squarewave subcarriers.

+ Command carrier power suppression and data power suppression as functions

of modulation index angle are:

_-_,.

_,. ( I ) Slnewave subcarrier ' _ _

'+ P_c [j02
-=_"_[i_,,!i,:,,, PT (dB) " I0 log (BD)] (9-I)

' PD 2jz2(:i-.. -- (dB) = 10 log [ _D) ] (upper and lower sidebands) (9-2) ,i

;. (2) Squarewave subcarrier;

°+:'!i PC

_ +#. + +_+--+:_+_--_+,,-:..-.+++--.+++-++=.... _,+_*.'++_++_,++,_:.:++_r+- .+++_,+__L+++"....... =_........;.....-++.<..+_,,_+,+_,..+,,.,__,_+,+++_+_:..:+....... :,_.,::_,+.:+:-: .,+ '++-+:__:.__.,+,+...+-:!: ' _++,+:+_:-+'::+_.+::+.++++"___,.++:"+:+,,:_" +
-- + ++',*',, + . + :++ '+., ",::+ -._;.' "+ ,,+_++ +. ..... +.+ _,'._, + ,:' ,,._._+_+ ,:+;+r+,++-n--+-.: +,+ + ,*. :_++++++++,-e_,, .,++,_++.+--+ :...... .,.+- _o, ,+.,:++_,_+,...:+_,,+,_+_._. +.+,-

, °+'+. ++,'+."+ _+'_ ++i_°'°,0",_+",, ..,+''+ .'+"°/+:d??++o:,,_._ -,,.++_+'"'.:' ,+: '+'+_:+..:,,::'_'+:+0'+P°:'+.::':,:0_ ._+_+ ,' , :_'"<';:,,'_, ""_+,." +"_:"' : .. ...... "+'"_ ,. ':',
o .° .' _'+. " +".,,o._W_+_ + +.',. '+ :',':_t+;:" -..,+m, '°" + : "-¢", .. ++:_lJlld_l_J_l_"._ _rl.++o +. .'+'., ,." -,-..++o + o +, ,, =m++++:_[++:...:+_'+'.,._y,.,o,+_,," ,+ ,/ ",'+' ,+_++..... _: +++ " _':' .o .m- .:/ " , ,+.,,, +_,: .:
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i'D

iL _T (dB) - IQ log [.1n2(%)] (all _ideb_nd.) (9-4)

eD - comand data modulation index in radtanst pnak

¥T " total power

PC " _arrier power

PD " data power

•,' '_'_ J0 " zero-order Bessel function

_: Jl " first-order Bessel function

i,. _ The nominal 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, 43p and 63)j an additional

.i._ transmitter is available for emergency operation having a nominal carrier

i, output power of 100 kW. Figure 9-4 shows Network command bit rate capabil-

_l lties aS a _unction of earth to spacecraft range, together t_ith the bit rate '

requirements and capabilities of past and current spacecraft command detec-

tors, More complete definitions of existing and planved Network command

capabilities are contained in Refs, 9-5 and 9-6,
1,

D, SPACECRAFT COMMAND SYSTEM CAPABILITIES AND PERFORMANCE

.[

!i The capabilities and performance of the spacecraft command system arej in
_ general_ characterized by the choice of the co,mmnd detector configuration and

<,i the 'link design, The following specifications are important factors for the

_i hardware design of the command detectors ;l

.,I_, _ 9-5 _

I__ _ i_,
:i ;t
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(1) Required per bit energy to noise spectral density ratio (STB/NO) ,
to achleve a given blt error rate (BER)o



1. Viking I_ritage Command Detector Operation
P

Tho Viking Hard,ago co_nd detector wa_ or_gtnal!y dove!o_d for

_ho Viking Mi_J-ont and wn_ l_flr ndop_od by Cho Voyagor and Onliloo ProJo_to.

no block dialr_m for eho Viking Hori_ngo command do,actor it_ p_ooontod in

Pts. 9-5. Ic ,crapes a 512-.z ,quarowav¢ subcarrtor modulatod by eho command

dace biCn from eho _F racalvcr output. Tho bit raC_ ts do,triad by noloeCtnB

cho number of subearrtor cyclo, p_r bit (denoted by "_," whoro t4 to con-

strafed _o bo an avon tncogor). Command data bit tacos in eho ra_So o_ 1

through 256 bps _ay bo soloctod (hard wirod prior to launch). Those taCOs

result from the usa of eho 512-Hz squarewava subcarrior and eho requirement Co

havQ at least two subcarrtor cycles per bit.

_..;_ The Viking 8eritage command deeector first establt6has two levels of syU-

• chrontsation, i.e., subcarrier sFachrouizatio_ and bit synchronization. To

, accomplish this synchronization, transmitted commands are prefixed by a length

of unmodulatcd subcarrier, and then by a length of subcarrler modulated by th_

ble synchronization signal. _he Viking Heritage command detector first esea-

: blishes subcar_ier synchronization by comparing the received unmodulated sub-

: carrier with a local reference subcarrier signal, Then a local replica of the

blt-sync modulated subcarrier is used as a reference to establish bit syn- I

:- _,, chronlzatlon. After establishing these references the system can detect _
!t '

_ data. The functions of synchronization and data detection are performed by ,,
V

cross-correlation of the input signal with the appropriate local reference ,i

.... ; signal. The system requires a lock detector _o ensure Chat 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 Eoppler shifts

_ and/or oscillator instabilities. This phase-tracki_g is performed by accum_-

i' : lacing a sum of samples taken near the transitions of the signal 2or an

. !! interval of one data bit period. The polarity of the sum determines the
: _ direction of the adjustment made to the demodulation reference.

"i: AS described above, the Viking Heritage command detector mu_t detect and I
acquire both subcarrier and bit synchronization references in sequence

:, detecting data. To accomplish Chit synchronization in sequence, commands '

9-7 ..



i,

transmitted from tho Deep Space B_ations arc prefixed by a short burst of

';- unmodulated subcarrier and £ollowod by a short burst of subcarricr bt-phas_
L__• modulated by the bit synchronization signal. Du_ing the data detQction mode _'

_! the command information bits are bl-phase modulatod by the subcarriQr and the

_-: bit synchronization signal. The composite signal transmitted by the Station
_or each mode described above can be written as:

2 P_tr sin (_ct + eD 8q(_st)] for subcarrier detection (9-5)
and acquisition modes

2 Pq_--trsln [_ct + 0D BS_Sq (_st)] fo_ bit sync detectio. (9-6)
and acquis[tion modes

and

i' 2 _tr sin [_ct + 8D D(t)_BS_Sq (_st)] for data detection mode (9-7)

i,_ where

,!
_:" _c _ RF carrier frequency

' ' _s = subcarrier frequency

'%" i

i eD = data modulation Index

D(t) - data bits

l,i

!_ BS = bit synchronization squarewave of frequency _,s/Mor I/TB

!}:! Ptr = transmitted power ,:,

;: ii Sq(_st) - squarewave carrier of frequency _s" '.
l

i '
)i_ The ratio of data power, PD' to total received power, PT' is ,

" i

j determined by the modulation index as ?

•. ,.. 9-8
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p--_. sin 2 % (9,-8) ,

Th_ rntlo of carrier powor, PC' to total powor with command modulntlon

i_ given by

P_.CC cos 2 % (9-9)
PT

where

%' PD' PCj and PT have been defined in Section C.

_, 2. NASA Standard Command Detector Operation

T_e NASA standard command detector WaS developed as an integral
,s.,'i

,_ part of the NASA standard transponder. It was designed to be In compliance

"i'l with the NASA Planetary Program Fllght/Ground Data System Standards (Ref.

,_ 9-7). The unit Is operable in two modes - the NRZ mode without a subcarrler

_ for Tracking Data Relay Satellite (TDRS) applications and the PSK mode with a

,,, 16-kHz slnewav_ subca_rier for near-earth and deep-space appllcatlons. This

;I section Is concerned only Wlth the PSK mode. A total of nine command data bit ;

rates are In-fllght selectable. The allowable bit rates are Specified as _ :

i,:i 2000/2 N bps, where N- 0, 1, 2, ..., 8. !

_ Unlike the Viklng _e_itage systemj th_ NASA standard command de_ector i_

establishes subcarrler synchroulzatlon and bit Synchronisation simultaneously,

_ eliminating, the cumbersome multlmode acquisition process required by th6

Viking Heritage system. For the NASA standard command detector, detections of

,i! subcarrler, bit synchronlzat_on, and dat& are performed simultaneously with a

i I single correlation process. The subcarrler and bit synchronization phases are

i:l}_ !i coherently related and are controlled by a quadrature subcarrler tracking loop
_:_" ;_ and a data-transltlon bit synchrmiizatlon loops respectlvely.

9-9 i_
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: A disadvantage of this subcarrier demodulation scheme Is that the sub- .

carrier referenc_ has _wo stable" lock points. Ae a result, the polarity of

the detected data bits may be in-phase or 180° out of phase. This ambiguity J

of data polarity must be resolved in the decoding process. The decoding
Z

funcClon is usually performed outside the command detector domain in a

separ, te comsand decoder.

Functio_lly, the NASA Standard command detector consists o_ a coherent

automatic gain control (AGC) unit, a sample-and-hold (SH) circuit, an analog-

to-digital converter (ADC), a S_cond-order data-aided subcarrier tracking

loop, a data transition bit synchronization loop, and a lock detector. Struc-

turally, it consists of the stgflal conditioning assemblies (i.e., AGC, SH, and

' ADC), a read-only _emory (ROM), a random-access memory (PJ_4) and a digital

_i processing assembly 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 Subcarrler Tracking. The NASA

: standard command detector utilizes a coherent sampllng scheme to implement a
l--

!._. second-order suppressed subcarrler data-alded tracking loop. The subcarrler

tracking loop utilizes a perfect integrator and a quasl-contlnuously variable

"i phage correction (resolution I/f,4 of one subcarrler cycle). The maxlmt_n sub-

:,_, carrier phase correction step Is 45 degrees. The entire tracking algorithm is

i_ stored in ROM, with KOM-resldent loop coefficients selected for the acquls-

irish and the tracking phases so as to meet the acquisition time requirements

i: and minimize steady-state phase Jitter.

b, NASA Standard.Command Detector Bit S)vgchronlzatlonTr.ackin_,

_-_ For bit synchronization tracking and data detection, the sampled values of the

data channel are accumulated over a one-blt interval, The bit synchronization

t phase error is obtained by integration over a bit period centered on the

iI '• expected data transition polnt. This process is called the "mld-phase

,. accumulation," as di_'tlngulshed from the "In-phase accumulation" performed for

'_, data detection,

f

9-10
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detector portion of the NASA standard command dctee_or determines whether or

not a command s_gnal is prosQnt, and provides this decision to the command

decoder. The lock detection algorithm and threshold coefficients are ROH-

resident, providing complete flexibility in tailoring the detector to meat

: mission-specific acquisition and deacquisition performance requirements,

d. NABA Standard Command Detector Command Prefix, The NAgAi

standard command detector does not require a fixed transmission procedure to

acquire lock. However, to ensure that no valid command data bits are lost

,_ before in-lock indicatiofl is declared, a Sequence of alterflate l's and O's is
_-.

_ transmitted prior to the commafld da_a bit stream Co assist rapid acquisition

J_:_ of bit synchronization. A 132-bit preamble is required to meet the Specified

:i'_. lock acquisition performance.
_

;_ e. NASA Standard Co_nand Detector PoWer Allocation. Since the

_' NASA standard command detector assumes a stnewave Subcarrter, the ratios of

_ data power and carrier power _o the total received power as a function of the
!
,, modulation index are

_'!_!i PCpT" J02(8D) (9-10)

_' and

i _T " 2J12(6D) (9-11)

'i ;' where

J 8D' PD' PC' PT' Jo and Jl have been previously defined in

Section C.

_I 3. Co_nand Decoding

The functions of the spacecraft command detector are limited to

demodulation and detection of the composite command signal, The contents of ,:

UUUUUUU/-- /O_u_
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.iii the command sequence are transparent to the command detector. In order to
:. process the command sequence and deliver the individual commands to the users,

" the detected command bit stream meat be decoded and distributed. Those
t.'

functions are the respon_ibility of the spacecraft com_md decoder.

The proper decoding of the command sequence requires a complete under-

standing o£ the command structure, word format, and contents. These elements

are mission dependent. Though the command decoding process is an important

discipline of spacecraft system designj it is beyond the scope and purposes of
i,
l..-" this discussion. The only detector-related decoding problem is the data

_i ambiguity inherent in the NASA standard command detector.
L

.i Since the NASA standard command detector may deliver either normal or
LI

:_ inverted data bitS, depending upofl the axis at which the subcarrier is locked,

J care must be exercised to assure that the right commands are executed. (Note

i] that the Viking Heritage co_mand detector does not have this data ambiguity

problem.) For an elaborate comnmnd decoding system utilizing a SophiSticated

computer, the data ambiguity may be simultaneously resolved when command frame

synchronisation is decoded. However, with a decoder of less sophistication, a

, real-tlme ambiguity resolver may be implemented.

J
I

I To resolve the data ambiguity on a real-time basis, a sync word must• precede the co...and bit stream but follow the alternate I and 0 preamble. :.

Careful selection o£ 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- ,

ditlon, the ambiguity reSolver will first search for this sync word and then
r

determine whether it is in its normal or inverted position. The subsequent

command bits Will then be accepted in the polarity aS indicated by the syuc

word polarity decision. A seven-blt Barker code has been employed for Such a

sync word for near-earth application. .

E. COMMANDCHANNEL DESIGN CONTROL

As a major function of the spacecraft telecommunications system, the

command channel is subject to the provisions of the telecommunications design

control policy (Refo 9-8). This section identifies Lhe parameters relating to

9-12
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the command function and presents an example of the command channel design

aonl:roltable.

• j
!, Carrier Channel

This paragraph prosents tho definitions of tho parafaetors which

affect the perforsance of spacecraft receiver carrier tracking.

t

" a. Total Tran._mitting ,,.Power at Antenna. This parameter is the

total power into a Station antenna. The nominal ground tranetattted power is

20 kW_ However, 10_ kW (and possibly 400--k_ transmitt_d power _ay be used
i,

i for emergency and other occasions.

Li
,,_..? b. Tran_mittiug (Ground) Antenna Gain. Thig is the peak gain o£

i° !, a Station antenna including pointing and circuit losses, and wind and gravity

: i: deformation losses. Two antenna nets are normally in us_: 34-m and 64-m
b antennas.

L

'?' 7

, c, Space Loss. This is the loss due to the transmission medium. '

In a normal mission, space loss is a function of carrier frequency and

,i" spacecraft-Earth range, The absorption loss due to atmospheric and plasma !i

::" effects represents additional losses and should also be taken into _ "_!

_ii considerat fen. _

!; d. Polarization Loss. This is the loss due to mismatch in

polarization between the ground and the spacecraft antennas. A measure of

_i elllpticlty is used to determine the polarization loss.

:.i e. _celvln_ _Spacecraft) Antenna .Cain. This parameter rapre-

_ sents the gain Of the spacecraft antenna in the direction of the in_omlng
_J

:'; signal. Traditionally, the value of this parameter is derived by factoring
,!

!" ,._._ the expected loss due to antenna pointing error into the boresight antenna

, !' gain.

_=r_<""_il] f. spaeec,raftCircuit .I_ss, This is the loss due to trans-

:_, mission cables or waveguides from the spacecraft antenna termlnal to the

_!i_i.:,!.....' receiver input port. it.l'

i '..i.'Y 9-13 ..
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the recaivQr Input port.

h. System No}i__tra!l D?n.iyI (_0). Thle in aaus_tan white
noise powor per unit frequency introduced by the environment, cabling,

switchoo, antenna and receiver, Thi. p_rameeer £o proportional Co the apace-
craft circuit lees and the effective system noise temperature. The latter is

a function of the receiver noise figurc_ circuit loss, cable physical temper-

ature and antenna nolsQ temperature.

'1

i. Total Receiver POwer Co Noise Spectral Density Ratio (PT/NO),
This is the ratio of total received power to noise spectral

density at the input of the detector.

]. Carrier Power to Total. _ecetved Power l_tio (Pc/PT).

This parameter reflects the allocation of power to the carrier as a fraction

of the total power. It is determined by the modulation indices gor the com-

:_" mend signal and ranging signal (if present),

•- k. Carrier Threshold Tcackln_ Bandwidth (2BLO),__ This is the

_L.. two-slded noise bandwidth of the receiver carrier tracking loop at threshold

:_-_., PTINo•

!__.., I. Signal-to-Noise Ratio in 2BLo. _ts is the signal-to-nolse
",23' po_er ratio into the spacecraft tarrier tracking phase-locked loop for a two-

"._:'.. sided receiver noise bandwidth of 2BLo,

_, } m. Threshold SI_nal-to-Nolse Ratio in 2BLo. This is the

i _inlmum value of the signal-to-noise power ratio In 2BLo acceptable for the

I required accuracy of carrier tracking, "_
.I

2. Command Channel

This paragraph presents the deflnittou_ of the parameters relevant

to command detection.

i "
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,_',' a, BI[: Rate_ This paramet:_r _'ef_s i:o t:he number of command

_ _ bits transmit:tedov_' a p_ariodel.7 one a_aond.

!,

b. Command I)at9 Power go. Total _c_ivpd .pow0r......Ratio (PD/PT),

!'" _, Thi_ power ratio reflects the allocation o_ power to the command channel a. a

_ £raction off tho total powor. It ts dotermtned by tho modulation t ndex for tho

i _ cormand signal Tho power available to the com_nd detector can Ee r_adtly

_:. ),: computed _rom this alIo_a_ion.

....!:i
:, C. ,Com_nd Det,e.ctor Losses. This is th_ ag$rega_e loss within

_," the cobb,sand detector. Factors contributing to the command d_tector losses i

Ii:., include radio loss, Wave_or_-d_etortton loss, subcarrier demodulation loss,

"'"!i bit sync detection lose, and cirCUit lOSS.

;t' ' d " Command Detecto+: Per Bit _nergy to Noise ,Spe,ctral Density '*_,' "_ ,m ,i, | Hi i ,

+-i_I Ratio (STB/N0). This ratio reflects the net energy over one bit period at
_' the output of _h_ command detector to the noise spectral density.

e. Threshold ST_/N O. This is the minimum acceptable value

of the ST_/N 0 to achieve a given bit error rate.

i:I f. ,_er_ormance _ar_in. 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,

,J

J

;', 3. Command Function Design Control Table

Table 9-2 is a typical Design Control Table for the upllnk command

!_}. function. It consists o_ two parts - the carrier channel and the command
,r... channel. The sisnal-to-noise ratio in relation to the bandwidth _or both

channels must exceed their respective thresholds for the command link to be

,_ _ established,

• '_[

rJ

_ 9-15

00000002-TSG08



9-3. Thor_n, H, C.i "DSN Command System. Mark III-80j" TDA Progress Report

>' 42-57, Jet Propulsion Laboratory, Pasadena, Calif._ pp. 35-42, June 15,
:' 1980.

9-4. Theban, H. C._ "DSN Command System," TDA ProareSs Report 42-64, Jet

Propulslon Laboratory, Pasadena_ Callf., pp. 53-60, Aug. 15, 1981. .





t

Table 9-2. Typical comand design aontr_l table
Part 1. Upltnk carrier

o

....D_ni_n .... F,v tel ^de _oi Honn .....Variance

• Tran_i_or pnramotoro d
: 1) RF power, dBm 73.00 .00 .00 73.0 .00

Power output - 20.0 kW
2) Circuit logs, dB .00 .00 .00 .0 .00
3) Antenna 8ain, dB£ 60.60 .30 -.70 60.3 .08

EleV angle • 10.00 dog
/_ 4) Pointing lees, dB -.10 .05 -.03

Path paramOters5) Space loss, dB -267.19 -267.2 .00
Freq. - 2115.00 bfliz

• 1.73 AU

6) Atmogpherle -0.02 .00 .00 ,0 .00

_i: _ attenuatlon, dB

_ Receiver parameters
_ 7) Polarization loss, dB -.10 .05 .05
_ 8) Ahtentm gain, dBi 34.50 .40 -.40 34.4 .03

_' 9) Pointing error, dB -.06 .03 -.03 -.1 .01 i
'_ Limit cycle, deg .20 -.20 .00

i_ Angular errors, deg .00 .00 .00 t
_ 10) Rec circuit loss, dB -1.50 .50 -.50 -1.5 .08 !

_ili 11) Noise spec dens, dBm/Hz -169.26 -.21 .87 -168.9 .03Operating temp, K 860.00 -40.00 190.00

_ Hot body noise, K .00 .00 .00
I

_;i 12) Cart thr noise _W, dB-Hz 12.55 -.97 .79 12.5 .13 il

'_ ' Total power sumfnary

_!_: i 13) Rcvd power, PT, dBm -I01.I .21 ,:(1+2+3+4+5+6+7+8+9+10)
' i 14) Rcvd'PT/N0, dB-Hz 67.9 .24 "

" (13-11)
!i 15) Ranging suppression, dB .00 .00 .00 .0 .00

il 16) Commandsuppression, dB -3.06 .10 -.10 -3.1 .00

17) Carr pwr/tot pwr, dB, -3.1 .00
'_ (15_16)
_ 18) Rcvd carr pwr, dBm, -104.1 .21

(13+17) _ :19) Carr SN_ in 2BLo, dB, 52.3 .37 ! ,
(1_-11-12) as - 1.8
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Tablo 9_2, Typical eorm_nd d_olgn control tobl_ (eontd)
P_rt 2o _ommand channel

f

.... _o!g n......... F_v to1. MV .._ol .M_nn variang0.

Data ehnnnol porformnneo
20) Ont_ bit rata, dB 14,95 ,00 ,00 1_,9 ,00

Bit rata - 31,3 bpo
21) Data pwr/total pwr, dB -3.35 .I0 -,I0 -3.3 ,00
22) Data pvr to rovr, dBm -I04.4 .21

(13+15+21)
23) ST/N 0 to rcvr, dB 49.6 ,25
24) Syscom lassos, dB -3,00 ,50 -.50 -3.0 .04

_d£o loss, dB .00 .00 .00
Domod, dete_t lose, dB .00 ,00 ,00
Nave£orm di_t loss, dB ,00 ,00 .00

25) ST/N0 output, dB 46,6 ,29
: (23+24)

26) Threshold ST/No, dB 9.60 .00 .00 9.6 .00
•.i_ Threshold bit error race 1,00-05

27) Performance margin, dB 37,0 ,29
: (25-26) 3S = 1,6

L_

:i

'} _'1

L
U
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,_ X. NEW DIP_CTIONaz 1982-2000

N. A. Ronzott_, J. W. Laylaud. C. T. Stelzr_ed, and A. L. B_rm_n

F

A. NETWORK OBJECTIVES

The major objective of the Deep Space Network i_ th_ period 1983-2000 is

._ the fulfillment of the extremely diverse telecommunications requirements of

the known and anticipated users, Deep spa_e exploration projects will

continue to occupy a dominant role_ although in the mld-19_0s, with the

...._ completion Of--the Networks ConSOlidation Program, hiS_ earth orbiter projects

_i_I will become sub_tantlal users of the Network. Also playing an increasingly

""_: important role in the NetworR of the next decade will be non-fllght projects,

--,'_ such as Geodynamics, Radio A_tronomy, Radar Astronomy, and the Search for

'_: i!! Extraterrestrial Intelllgenc_ (SETX).

_",:, The _aJor challenge in meeting the primary Network objective of the next

...."_ decade will be tha_ of providing increased perfor_mnce as required by users at

_,'_! costs which can be borne by NASA in an environment of limited resources.

....'.I Emphasls will be on increased com_onallty, flexibility, and automation to

z t reduce maintenance and operations costs, and lower mission cost_.

:!_'I More specific goals during the u_xt decade to _eet the overall Network

:"'_'_, objectives are:

_:"I" accommodate bit and spacecraft '_'_

_. (1) Addition o_ new wider bandw_.dth and effective aperture capabilities i"

to higher rates increasing range, il

!ii_il (2) Development of new techniques and equipment to enable hlgh i
;j.

_,_!_:._ pr_cision deep space and orbital spacecraft navigation, i. i

-!i',i"l (3) Improvement in frequency and timing to support more sophisticated ,,

t'
-.q
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(5) Development of the use of K-band a_d optical, to m_ot increased

link perforamnce and reduce spectrum crowding.

(6) Development of long-lead-time advanced technology for Network

I:_, requirements anticipated for future projects, which will only be

designed to (then) existing and proven technology.

B. _EW REQUIREMENTS

_'.. New directions for the Network are determined by new requirements Which

are generated by existing and approved proJecte, 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,

,- J
._ The Voyager 2 1986 Uranus and 1989 Neptune encounters are examples of new

_i requirements being generated by existing missions. These two encounters were

'._ not firmly planned and approved until Well into the Voyager mission, and :
i

i because of the tremendous spacecraft-earth distance, will requxre enhanced _:

:1 communications link performance beyond the capability of the present Network.

', I This new link performance requirement will be met via the technique of

arraying multiple antennas, _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 co_nunications 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 heliosphere,

Figure 10-3 illustrates t%e Pioneer 10 link conditions over the next 10

!t
i
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years. At the current ti_e, it ia expeetod that a Pioneer 10 talocomun- I

icaCions requirement beyond 1990 will be met either through the upgrading of

the Network 64-m antennas, or via antenna arraying technlquea.

The Galileo spacecraft, a Jupiter orbiter with a planned May 1986 launch,

will be the _irst deep space probe to carry X-band uplink capability. This

implementation of an operational X-band upli_k capability represents a most

,' significant benchmark in the NASA Planetary Program, 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 d_tmlink tele-

_ communications links, Foremost in the long-term view, the S-band frequency

_. spectrum allocat£on among all categories of users is and will continue to

_. become increasingly crowded and impinged upon by a myriad of interfering

.. sources. Hence, the move oi _lanatary Program telecommunications to the far .,

_ less crowded X-band frequency allocatio_ will greatly relieve the congestion

.,.. being experienced in the S-band frequency allocation. In additionD there are

" very substantial technical enhancements to be reaped by the move to both

upliuk and downlink X-band telecommunications, including improvements in _.

uplink performance and reductions in solar plasma and ionospheric 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 dowullnk would, in the above ecenario, most i,

• _i likely b_ retained for occasi6, _ use because of its great value in providing i_

Ii (With X-band) dual-frequency charged particle calibrations to Radio Science ;_

•. .: and Navigation,

.i

i For X-_and uplink 1, assuming equal Network and spacecraft antenna.i.i

,I efficiencies and sizes, the improved uplink performance is given by the square

:_ of the frequency ratio (7,2/2.1) 2, or about 10,7 dB. This allows upllnk

..... i1 communications with the spacecraft at smaller sun-earth-p_obe angles, at lower
. , j

.!ii power levels, and to far greater spacecraft-earth distances, all other things I.,
being equal, _

?

; 1 1' X-band uplink is' _resently implemented on the Ooldstone Station 13
'" _ research antenna and _s planned for the Network 34-1, operational antennas

in 1987.

t 10-3 ,'"
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: Phase scintillatlon on the uplink i_ also r_duced bY _ho ratio af tho
)f

frequenci_a squared_ or bF a f_ctor of approxi_toly 13, This will _roatly

onhance cort_iu radio _c,_,mc_ _xperimon_a, whore solar plasma and ionospheric F

phase ,cintillatiott become; a llmlting error _ource. Foremost in thin class of i

;" oxporimOnt_ IB the search for gravitat, ional waves, which roquirc_ a total

sye_m frequancy stability bettor than (W f/f) Z ! x 10 "15 . Currently

S-band phase scintillation on the upltnk ia the measurement sensitivity

limiting source, and the move to X-band uplink will improve the sensitivity of

the gravitational wave search by a Straightforward factor o_ about 13.

¥inallyj the reduction of phase scintillation on the uplink improves both

telemetry reception and navigational data quality, as in the _urrent S-band

" uplink/X-band downlink spacecraft teleco_unications systems, the relatively

-;, ,_,, large S-band phase sclntill_tlon is multiplied by the ratio of X-band to

S-band (8.4/2.1) frequencies in the two-way link.

_ Tht Venus Radar Mapper (V aM), Mars GeOscience Climatology Orbiter (MOCO)

" and Mariner Mark II (R_fs. I0-I, 2) missions all plan to capitalize on the

i !/, _ X-band uplink implementation. The VRM and MGCO missions plan precision

iE'''' _ravi_y mapping of Venus and Mars respectively; the X-band upllnk will greatly

!_' _ enhance these radio metric data measurements. Some of the planned Mariner

_ _ _rk IX missions will utilize the X-band uplink in combination with X-band

_i_' ! downllnk to simplify the spacecraft design.

!'

--;_-II According to planS, the Russian Venera spacecraft will deposit balloons

_"' _ in the Venus atmosphere. Precision ttacking of balloon L-band transmitters

ii_ will provide atmospheric wind measurements. The Network plans to participate
in this experi_ent and will add an L-band receive capability on the ground

_,:,.. 64-m antennas to enable _hls. This capability will also be used when the

i-_':_. Venera spacecraft continues on to Halley_s comet. Precision tracking in the

i":"/ vicinity of Halley's comet combined with Vener t comet tracking data will

l provide increased come_ orbital data. This effort, named Pathfinder, will

/{.? {
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_ _ Plasmas in the near earth regions will be Inwstlg_tod with Chs OPEN

_' (Origin of Pl_ma_ in _h_ Earth's Neighborhood) mla_ions. The OPEN mid,lens

_i ;_ arc designed to operate with the p1_nnod _rk IVA Network limi_a_ion_ of 250

-if / kb/s2. Ant_eipa_od approval _or hlghor data rato_ beyond thl, llm_tatlon to m

600 kb/s3 would allow enhanced sclontlflc roQults.

Conventional Very Long Baseline Zntor£eromotry (VLBI) oxplolts the

longest baselines _vailablQ on the surface of the earth. Longer baselinasp

,, necessary to investigate unresolved radio sources, require a radio telescope

in space (Ref. 10-3). Both Tracking Data _lay Stations (TDRS) and a free

flying satellite are under cona_deration for. use as an orbiting radio

telescope. In these configurations, the orbiting radio• telescope and the

_:, Network provide the data collection for the extended baeellne. It is proposed

+li that the orbiting radio telescope provide the wide band data collection (about

50 Mb/s) to the TDRS _£te Sands receiving station. Some proposals assume a

i'i direct link (about 10 Mb/s) to the Deep Space Network for real-time data
"' II

, performance monitoring.

i
+ :: The Network will be required to handle a wide variety of spacecrafti+!

"_ missions under varying conditions, from launch to end of mission. This

requires configuration flexibility, high sensitivityj and large dynamic range

capability. High reliabilityj maintainability, and low operational costs are

all additional extremely important requirements the Network must meet. :+

¢. _UTU_ PLANS

Future plans are based upon achlevlng the goals a_d meeting the needs of

the next generation of flight projects in a_ cost-effectlve and innovative a

fashion as possible. This includes the ability to array Netwo. and

non-Network antennas to provide enhanced link performance for critical mission

phases such as the Voyager Uran .s and Neptui_e encounters.

IS,

2 This requires 509 ks/s for H - I/2 coding
3 This requires 2.4 Ms/s for the anticipated Manchester modulatlon and

R " 1/2 coding. +'+
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, The Network will support beth U.S. and non-U.fl, mlsslone as appropriate. Deep

flpane Network stations and tltrea 261eter stations which are now part of the

Ground flpacofllght Tracking and Data Network (G_JTDN) will be Irttograted to
f

provide a consolidated network f_r tracking both deep space probes and high

earth o_'biters, Figures 10-4 and 10-5 show the planned consolidated Hark I:VA i

;, Network configurations for 1985 and 1987.

In the t4K IVA era the telemetry system of a Network eisrml proeeeeinB

i center compr._ses four groups of equipment which are selectable for mission and

antenu_ _ront-end requirements. These four Stoups are illustrated in the

telemetry configurations shown tn Pigs. 10-6 add 10-7. Telemetry groups I 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 simultaneously. Telemetry groups 3 and 4 (Table 10-2) using the

i_ symbol synchronizer assembly (S_A) from the MK iII era cannot perform baseband

i arraying. The Maximum LikelihoOd Convolutional Decoder (MCD) will be modified
t

] to extend the indicated 250 kb/s designed limit 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).

, i

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

! antennas for future arraying plans. These areas are discussed furthe_ in the :i "

! gollowing section.

The receiving syOtem figure of merit (M=GR/Top) is a key parameter
for defining system sensitivity used in telemetry link p_rformance ealcu-

lat2ons. The reader may wish to refer to Sections I_ IZt and Ill for detdiled :i
discussions and for past and present capabilities.

: Table 10-3 and Fig. 10-9 show the planned 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 st X-band

• ,,, (8.40Hz) with about 50Z efficiency (M = 72 dE) to 70 meter diameter with

about 66Z efficiency (M - 74 dE) as shown in Fig. 10-10, and subsequently

o-
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lncreael_.ng the fc_qt_ency c_pablZlt:y co 32 GIt_ (ILef. !0-4). The _.bil,tcy t:o

_rray th_ le_g_ ant_nnn_ together (R_f. 10-5), d_moneCr_Ced aC t:h_ Voyager

Saturn oncourttor, w_ll b_ exp_ndod and made fully and conveniently opera¢_.on_l 8

so that combinations of any or _ll of the X-band nntonnae can be arrayed _

needed for flight project support. The optimum _nCtcipaCod _mprovomon_ of the

Auotrallau array, eoasietirtg Of Station 43 (64-m), Station 42 (34-t_)_ 8tat_ou

45 (34-m): and the ParkoQ _dio Astronomy Obsorvatory_ ts about 3,7 dB

relative to the t_otwork 64-motor antQnna alone.

It J.s clear from ¥iSs, 10-9 and 10-10 that providing the significantly

higher _requency capabilJ.ty to possibly 32 OHz offers the most substantial

performance increase available for the foreseeable future. Chanb_ng fro-

quencies requires complementary spacecraft work, and will not happen ifl the

_, " near future. The planned upgrade of the 64-meter ant6nnas provides improve-

_,, meats to _xisting spacecraft teleCommuni_atLon links, such as with Voyager and

Pioneers, as Well as future spacecraft using existing technolosyo

D. VOYAGERz COHNUNICATING TO URANUS AND NEPTUNE

:_. _ The August 1981 flyby of Voyager 2 past Saturn provided data into the :

.... Network at a rate of 44.8 kbp_o As analyzed in Section _I, this link at peak

* , ..i performance carried a margin of almost 3 dB into a _tngle Deep Space Network :,

_:i 6_-meter antenna. The array, consisting of the 6_-meter antenna and one

i_*i !_I 34-meter antenna, was in fact used to provide adequate i_munLty to weather- ,i
/- _ induced link degradation, and to extend coverage to lower elevations. Due to

t
the increased distance_ the signal level at the Voyager 2 flyby of Uranus in.i

"_ ::i 1986 will be more than 6 dB lower than it was at Saturn_ a_d the signal level

, at the Neptune encounter will be some 3.5 dB lower still.

!:/ !i T_e Voyager project has two general requirements for these outer planet

i._, :/ encounters: (1) to acquire nearly continuous measurement of the fL_lds and

_'. :_ particles sLtrrounding the target planet, and (2) to acquire imaging data which

" Ii'_ is adequate to develop a basic characteri_ation og the planets, their satel-

i_I lttes_ and rings° The software of the control computers onboard the Voyager

_'_ £s being changed during the flight to Uranus to include image data compression

i_ :tl

• {!
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i to parr,icily c ompansat_ for tha dec'roaa_d signal atrangr.h, Wi_h comprosaion,

image drama can b_ acquired at. 16,6 or g,4 kbp_ whlch ls comparablo t.o uncom-

proannd data at 29.9 ov 19.2 kbps, roopocr,!voly, Stare the data comprasriJon

raquir¢_, bor.h onboard ¢ompur,era _o ha oparat._tng, rhor_ £a sam¢_ nign_cant_

rlak that. r,ho data eomprooolon will nor, bt,_avaiblblo when maodod.

At,Uranus, the at'rayed 1985 conflgut'ar.lonof,t:hONot:workwIJ.lsupport,t_ho

l/¢.4-kbps data rate For Voyager lnt:o r,ho goldsr.ono or _nborra Cot_,plo_oo with

: adequate margin. The Voyager closest approach r.o Uranus will occur over

Auor.ralia. Arrangements are in ptoOess to array the Parkea Radio Astronomy

i_ '_ Obse_.vatory with the Canberra Complex for _he most important days oF the

i:: Uranus ef_counter. ?his intoragency array will support _he higher fallback

;_ , data rat_ o[ 29_9 kbps, as well as a 21.6-kbpa data rate which will combine

;_':,'_ the compressed i_aging with _cplay fro_ the tape recordarj thus substantially

i_i '_il increasing the number of images which can ae returned at encounter.

}_: At Neptune, the signal from Voyager will be some 3.5 dB weaker than at

i il.'_:. Uranus, and the improvements from data compression which helped to provide the

i_:: required science return from Uranus may no longer be operative. As noted

i_'"_,_ above, the planned development of the Network to 1959 will make available at

•-_,., each longitude an arrayed configuration of a high-efficiency 70-meter antenna

and two 34-meter antennas to meet the basic requirements of the Voyager

imaging at both Geldstone and Canberra, and will also support an intermediate "_
_.i,, I ,.,

: compressed imaging data rate of 11.2 kbps. It also gives good support of the
required general science 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 :

!ii preferred data rate of 14.4 kbps, The I4.4-kbps data rate can also provide a !:
limited _uantity of uncompressed imaging if needed, i!

Discussions have begun with other large radio observatories of the world ._

to e_llst 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 in Japan, and the lO0-meter telescope in Bonn,
_i. Germany. It is hoped that by 1989 the organizational and technical

I0-8
• _ i

- _ii,;_ _._= ._
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" Table I0-i, Telemetry subsyntvm channel capabilities _oz '.
Telemetry C_roupsI and 2 :e

Functlons Channel I Chann_l 2 #
_ i . i

Subcarrier demodulation Approximately Approxi.matoly
I0 kl_ to 2 l_Iz, 10 Ritz to 2 PlHz,
squarQ wave square wave

Baseband combining Up to slx reeelvers N/A

• SequenClal deeOdln8 k=24, 32! r=I/2; N/A
frame length= variable;
6 s/s to 10ks/s

i Maximum likelihood k-7| _M/2 or 1/3; N/A
convolutional decoding 10 b/s to 250 kb/s

+!_"!:i Block decoding Reed-Muller 32/6; N/A
up to 2 kb/s

=._: :_, Symbol rate 4 sls to 500 ks/s 6 sis to 250 kS/s

: r 4 q ' ' Uncoded rate 6 b/s to 250 kb/s 6 b/s to 250 kb/S
!-:_-.

i, Data format _RZ-L, NRZ-M, BI_-L NRZ-L, NRZ-M_ BI_-L
+ .,, _ on carrier on carrier

,u. !i

•, _

:). .i.° ','

' ' ,r.1 4

+!_' : +t r
_.. r +t ++

r

2" i: +++22._ _. _++:+_:+,._h:,,_+.-.:.+_ ii:= -,- .2_.,,_. +'° "+,!: " ._:C;Y._: ; ,. _ ++,2,_:L12_ .i+_ '+ ;+,_+,, :: .+.;: :.+"++; "_2i '-" i+_ .... .' " .'. ++"+i '+ 2"_.+_2++_...:_+"?':+?-:ai'¢+. ++:+ +=+ ;:_. - _++_+_" ,"
_++.-+,.,.++_+'.:..._'':_++'+,'_o:++_._;;+:_i.+_+•.+"+++'_++-.:?.........:++_-+.+'_•'.+;'_.++;m"+_','.+,.+"_++;;+.+'+.... •+._°"+- _:2o ' -++;3.+"_?<";.?;_++ :++_,;'_"' ;++;..+.;:"°..:+-..:+__+_._.+_,_+m_++#+,,+++,++_.+-+_
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2'. ,_

__" ., Table 10-2 Telemetry _ubsystem channel eapabl11_es for
!i '.

_: Telemetry Groups 3 and 4 .

., Functions Channel I Channel 2

Subcarrier demodulat£on Approximately Approximately
512 kHz to 1F_IZ 512 kHz to 1

, Baseband combining N/A N/A

_" Sequential decoding k=24, 32; r-l/2; frame N/A
length: variable;
6 s/sto 10ks/s

Short co_straint length k=7; r=I/2 or 1/3; N/A _.
convolutional decoding 10 b/s to 125 kb/s

_'i Block decoding Reed-Muller 32/6; N/A
Up to 2 kb/s

_" Symbol rate 6 s/s to 250 ks/s 6 s/s to 250 Rb/s

Uncoded rate 6 b/o to 32 kb/s 6 b/s to 32 kb/s !
i

Data format NI_Z-L,NRZ-M, BI_-L NRZ-L, NRZ-M, Bi_-L
: on carrier on carrier |

|
_a

N

II



Table 10-3. Tabulatlon of the Deep Space Network predicted do_link

/ performance figure of merit (M=GR/Top) to 1989.

Parameter Calendar year

m

Post
1985 1986 1989 1989 1990

Frequency 8.42 8.42 8,42 8.42 32

System noise 22 -- 20 -- 45
temperature a
Top, K

Antenna diameter 64 -- 70 -- 70

Antenna gain 72 -- 74 -- 84

SR,de

:.. Figure of me,it 59 63b 61 65c 67

:_' (M=GR/Top) ,dB

a Assumes "90Z weather**(see Section V111) and 30° elevation angle.
. i f

,_:. b Assumes arrayed Network Australian 64-m antenna, ,two 34-m antennas, and i
Australian (Parkes) 64-m antenna, i

:: c AsSumes arrayed Network Australian 64-m antennaj two 34-m antennas, and ,,
Australian (Parkes) and Japanese 64-m antennas.

,i

:i
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