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ABSTRACT

Grc)urnti  anterlnas are Itle majc)t visible components of NASA’s [Jeep Space Network (DSN).  1 tIe role,

kcy ctlaraclcristics,  and pcriornmrlce of trlcsc arltcrlrl:is iri cjeep space t(!leconln3L]nications  are

ciescritwti.  1 he systenl aflalyses arlci tradeoffs tc) optinlize  ttlc overall grc)und-tc)-spacecraft link and to

cleflne future nlissiorls arc elabc)rateci from an antenna perspective, C)vcrall pcrfornlancc  c)f reccivirr:!

~\/st~>n}s  is corrlpareci  uslno  the wici(!ly ac;ccpteci  (5/1 ftclure-c)f- rrlc:rii, i.e., n e t  antenrm  gairl  chvitieti  b}r the., .
a.. .

c]peratin~; systen-l noise  temperature. Perfc)rmance  c)f past, present, and future antennas and receiving

syslcrl”Is  IS discLIssed,  including tl]c plannecj cic!velopment  c)f a worldwide neiwork of 34-meter diameter

twant-waveguide  antennas, 1 lIe neecj for nlulti-frecjuency  operation, presently at S- and X-bands, and

il”l tllc future at Ka-band,  is discussed. T he resulting requirenients placed on antenna technology are

highlighteci.  E+eam-waveguide  antenna performance to further improve performance and operational

advantages is discussed.

---------  ----.---  -------..---  ---------  ---------  ---------  ---------------  ------------  ---------------------------  --------  -------
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‘i.o INTRODUCTION

‘( IIC! tenuous link bc!twc!c!r)  E.arttl arl{j  those  spacecraft that explore our solar systc!n~  relics heavily on

grounci antcnrlas [1]. Indeed, antennas arc often usecJ  to syn-rhollze  the E.arttl-basec\  cmd of ttle deep

s[}:icc! tel(!cc)nlrl  lllrlicatlon Iirlk becaLlsc  of ttleir physically ciominating  presence  at groljrld stations [~1

11 he large aperture size is of cc)ursc assc)ciated  witti higtl  gain,  a prerequisite for ttle signal-starvecj

clee~) space  telecc)mmunications  environnwnt. (“Deep  s p a c e “ is defined as a distance  beyond  the orbit

of tho Moon, ) Ground stations have evolveci cor]sicic:ratlly  sirice  ttlc ftrst rrlissic)ns ttlat went k)eyonci

earltt-c)rbit,  e.g., ttlc U.S. Piorleer  3 and 4 Iurlar p robes irl 1958 anti 1959 [3], Slatic)rl cc)mplexity  .anci

~)erforrllarlce  have increaseci  significantly tc) rIIeCt rrlore ambitious. arid ctlallcngirlg rllissiorl gc)als, c.{),,

tlighcr telemetry rates  fc)r increascci  science returrl,  increasec~

c)ur solar system anti beyond, and nlore  precise navigatiorl  tcl

as gravi!y-assisted flvbys  anti c]rbit irlser[ic)rl at distant planets

operating distances tc) enable “tours” of

pcrrriit  exac!  spacecraft rrlarlcuvers suctl

Grcmnci antcmnas  are a key par[  of the cc)mplele microwave receivin{!  system that includes feeds, low

rlc)isc ampliflerst  cryogenics, and other  microwave components. 1 he receiving systems used in the early

clays c)f the Amcricart  space prograrr,  wete  configured wittl 26-rrieter  diarrleter  antennas operating at 960

Mllz (L-band) with receiver noise temperatures of approximately 1500 K [4]. 1 he corresporlcling  spacecraft

transmitter power was 0.2 W, whictl  allowed  a rrlaxirnurrl  communications range  c)f approximately 2 x 10f’

k.m (cmly 5 times ttw distarlce  tc) the nlc]on), c)r 0.013 AU (C)ne AU [Astrcmornical  Unit] is equal to 1.5 x 108

k.nl, i.e., ttm mean distance between the Earttl  and the Sun. ) While 26-rr-l antennas arc  still in use, primarily

f3r  near-Earth communications, the burclerr of deep space  telecc)mmunications  is borne by larger antennas,

34 to 70 meters in diameter.

F“igures 1 and .2 show a 70-meter diameter antenna and a 34-meter diameter high-efficiency (HEF)  antenna

presently used in tho NASA Deep Space Netwc)rk (DSN),  bc)!h of whictl  operate at L-band (1.7 G1-b, 70-

m e t e r  o n l y ) ,  S - b a n d  (2.3 Cil-lz) and X- banci ([}.4 C; F!7), Figure  3 shows a 34 -meter diarfmter t}c:ant-



waveguicle  (EIWG) 17&D antenna Iocateci at the Goldstcme  Deep Space  Cclrlrnunicaticm  Complex (GDSCX),

whict)  is the proto type of a ncw  series  of anlcmnas  to bc implonmrrtod  in ttlc DSN, which  wil l  operate at

S-, X-, ancl Ka-(32  C+ Elz)-t}ancjs  [5-8],  1 hc 34-nleter E3WC+ antenna is similar to the HEF antenna in many

respects, but with the adcjitiorr of a multi-mirror beam  waveguidc system  below the main reflc!ctor  SUrfaCC

(Figure  4), S- and X-bands are the current frequencies useci in 1).S,  missions; however an 1 -band capability

at 1.7 Gt-lz is still maintained [9,1 0], for possible future suppor[  of Europear)  Space Agency  missions.

CJperation at 32 CiElz  is 011 tile Imrizcm [1 1,12], and will be discussed Iatcr.

In ttw DSN, grc)llnci antenna gainS have! imprcwc!d Slgniflcantly  Cwc!r tinw clue to lrlCr[:Z]SC!S  Irl bottl arltc!rlr]a

size and operat ing lrec~uc!rlcy. E- cIually drcinmtic  IS ttw reducticm in Systerrl noise  tc!rrlpc!raturc,  d$2Cr~aSlrlfl

‘frc)nl 15C)OK ~it L -banci irl 1 $!58 tc] Icss ttlarl lCiK at S-banci tc)day. Systcrn  n o i s e ;  is of great  inipc)rb.nce  to

the dcclp space link designer. 1 he nlajor  sources of nc)isc are cc)srrlic, galactic, atrrmsptieric,  rnicrc)wzive,

and elect  rcmic.  0ptimi7ing  a ueep  space tE~lecc)rllrrl  Llrliccitlc)rls link almosl always translates intcl maximizing

tile grc)Llrlci-rE;cclvcci signal-to-nc)lsc  ratic].  1 his necessitates systermlevel  grcJurld/space tracie-of[s  tc~ be

perfornwci,  as well as specific subsystem trades within ttm spacecraft and within ttlc grouncj  stations. Irl

deflrlirlg  ttw overall link performance, ttle gcwerrling  ftce-space trarwn’risslor  equations are used to construct

a link perfc]rmance  budget  C)r table.  It”] analyzing ttlis Ilnk, a wiclely-useci  figure-of -nwrit is c)f~en  employed,

i.e., receiving antenna gain divideci by the systerrl  noise temperature -- C-i/l. 1 tle utility c]f ttlis figure is

readily appreciated for mission designs where  tllc sp~icccrafl  (or satellite) antenna aperMre  arid transrrlitbsd

RF power are kept constant. In tk~is  situation, the C+/-l c)f different antenna systems allows performance

advantages to be deterrilined directly,

Antenna gain has increased by about 28 dE3 principally ttlrough increased aperkrre,  and system noise

temperature has decreased by about 20 dE\, for a net perfclrrnance  increase fronl ground-based systems

alone  of nearly 50 dE3 al X-band, In parallel, spacecraft improvements such as larger antenna and higtler



transmitter pc)wer, coupled witt]  advances in coding (which require simultaneous spacecraft and ground

Imprcwcrrwrrts)  have improved the total NASA deep  space  cc)mmunications  capability by at least an

additional 5[) dD, In the next  .?O years,  an additional 20 dE\ improvement is expected tc~ be achieved from

‘both ground arid spacecraft irrlprovemcnts.

‘The pursuit c)f higher CS/1 has Icci to ttm construction of numerous 64 and 70-meter diameter antennas

ttlroughout  the world [13] anti the devclc)pmcnl  c)f maser low noise  amplifiers [14]. 1 tlese  rrlasers  are cooled

to tempcralurcs  below 5K arlc~ typ ica l ly  resiclc irl feeci c o n e s , Iocatecj at the antenna’s secondary

(casscgrain)  focLIs betwecm the mair,- ar]d sutl-reflectc~r  sur faces (F igures 1  ant i  2). 1 hcsc  fcc!cl ccmc!s,

whictl arc  typically about 2.5nl in ciiameter  and 6m tall, house the feecftmrn, waveguide,  anti low noise

amplifiers for tile antenna. While it is undeniable that large antenn:i  aperture is essential, tlw prachcal

Irrlplications  of ttlc rrlaintenance  anti c)peratic)rl c)f structures as large  c)r larger ttien 70-meter anterrnas  have

necessitatecj  clc)se  ilivestigation. Arraying of smaller antenrlas  In tile 3(j-4(J-nwter  size ran~gc is an attractive

‘option in terms of antenna irwcstnwn?, ease c)f constructlcm  and maintenance, anti op~ration:il flexibility.

This is possible because of the advances In electronics ancl digital  signal  processing, highly stable station

equip nwnt,  and global  nctworkin{l.

Deep space antennas are operated on five continents in many countries, incluciing  ttle United States,

Russia, Australia, the European Community, and Japan, “1 hc 1). S. NASA Deep  Space Netwc]rk  (DSN)

spans three continents to maxinlizc ecliptic plane  visibility. [Iesides being  ttle largest network of antennas

(consisting of three 70m  antennas, six 34nl  antennas, c‘ind three 26m  antennas), the DSN is alsc) the most

sensitive, having very large  antennas operating at very low system noise temperatures [15-18]. DSN

conmlunication complexes are in the United States at C+oldstonc,  Califc)rnia,  in Spain near Madrid, and in

Australia near Canberra. In this paper,  the role of ground  antennas in deep sFIace telecommunications is

presented F)rincipally in terms of ttle NASA prc)grarll.
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2.0. DEEP SPACE TELECOMMUNICAI’IONS  CHARACTERISTICS

Deep space  telecommunications links consist of an uplink (corrmlancf)  and a cfownlink  (!eler[letry). This

uplinlddownlink capability enables the sending of commands tcl anti the receiving of telemetry from distant

robotic  spacecraft, permitting the collection of valuable scientific data generated by cm-boarci science

instruments and of data to monitor the performance of the spacecraft In addition, these  links provide radic)

metric data tcl navigate the spacecraft and to support various radio science experiments. 1 he telemetry

link pcmes the greatest challenge to the tclecc)mnlunicatimls  system designers for a nurrlber  of reascms.

Principally, the uplink  traffic: is siqrliflcantly  less than the ciowflllnk  traffic. Moreover, the cornnmnd  link also

I)enefits  frc)m the very high Upiink pc)wer (cm the orcicr of 100 KW) available from the DSN antennas. T his

high pc)wer capability is noi  shareci k]y the spacecraf~, wtllctl is severely resource limited. 1 he limited

downlink power and very large  conmlunications distances (e. g., 30 ALI for Vc]yager  at NOplUrlc cnccmnter,

witii a rouncj trip light time of f3 hours) present a formidable challcngc. Muctl  c)f the burden tc) overcome

ttlis challenge rests  on the DSN ground  stzitions  1 he following description shc)ws the efiect of spacecraf[

anti grounci antenna sizes, and c)peratirrg frequency on telecon  mluni  cations  link perfc]rrnance.

Ttlc signal  power from a spacecraft, reccivcd at a grc)urrd antenna, is given  k]y [19]

P, = F’, G, A, /(4 R ~) (1)

where P, = spacecraf~  transmitter pc)wer

G, = transmitting antenna gain

A, = receiving (ground) antenna effective area

r =- distance from spacecraft to ground antenna
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“rtw transnlitting antenna effective gain cart bc expressed as

G, = 4 z ?1,1 ).’ (2)

where Al = effective ar~e c)f transmitting antenna

?. = wavelength

Rewriting  Eqrl. (1), in different formulation

F’, = F)t n Dt2 A, / (4 ).2 rz) (3)

= F’, A, P,, / (7.> rz) (4)

E P, C-il G, / (4 7( r / k)z (5)

vvhcrc

D, = cfiective diameter of transmitting (spacecraft) ant~nrl:i

A,,  A, = effective arecis of transtnittirrg  ancj receivirl{l  a n t e n n a s

C+l, G, u gains of transmitting and recclving  antennas

F or a given acceptable received pc)wcr at a particular wavelengttl,  a tracjeoff  can be made t]etwcwn  the

sizes  of ttlc! space  craf~ arid ground anterlnas, If a srrialler  ground  antenna is desireci  (due to cost or

c]perational  corlsiderations), a larger  space  craf[  antenna or greater transmitter power is required. This

bllrdens ttle spacecraft with weight, ~JOWE!r,  and pc)irlting problems. If it is desired to hold spacecraft

pointinq  requirements constant, the quantity A/r) (approximately equal to antenna beamwidth  in radians)

n~ust be Ileld corlstant,  I t  fol lows that some advantage on the spacecraft may be achieved by

simultaneously reducing antenna diameter and reducing wavelength (increasing ttle frequency). This lowers

ttle weight of a spacecraft, while maintaining pointing requirements constant. However, if spacecraft and

ground  antenna pc)inting technology irr]prove,  antenna diartmter  can be maintained even as frequency is

increased, i.e., ttle gains  of transmitting and receiving antennas both increase.



F c)r a design decision to flx spacecraf[  weigh!,  power,  antcnn;]  size, and consumables, in addition tc, all

o ther  th ings twilt~! equal,  the IJerfc>rmancc of a tclcconlrl  l~lrlicatiorls  hnk imprc)ves  dramat ica l ly  as, ttw

c]perating  wavelength is decreased (Operating  frequency increased), 1 tlus  in ttle DSN,  the trenci has beer]

to higher  and higher  frec~uertcies,  kmginnirrg wittl  L-band (960 MHz) In 1%8, _%-band (2.3 Gtlz) in 1964,  and

X - b a n d  (8.42  GEIz) irl 197c}, Presently a new series  of W1-rrwter diarrwter bear?) waveguide antennas

c a p a b l e  of o p e r a t i n g  at Ka-banci  (3.2 C~blz) Ilavc  twcrl designeci  tc] s u p p l e m e n t  e x i s t i n g  34-rrwter

C;assegrairl-type  antennas operating at S- and X- bzincis. 1 he beam Wavegllidc  antennas operate in tllc

C;assegrailliar)  mc)dc, wittl the micrc)wave  fc)cus transfer reci to a pedestal rc)c)rl) lc]catc!d  twlo~r  the antc!nrra

(F I{gurc 4 and [5-8]), As discussed above,  a tcdccc)nl I!nk using tlhcse antennas fit Ka-bancl  (ancj appropriate

s~)acecrafl  Iiardwarc) WOUICi  ttleorcticall}( Ilavc  arl 1 1 . 6  dFi [IO lo{g((32/8.42)~)]  sigrlal-tc)-rlcjis[!  raticl (SNR)

advantage cnmr arl X- banci system  usirl$!  ttm sanw  size antcmnas  and ickrrtmal  spacecraft power (E qn. 4),

(TtIc  SNFi is directly related tc] ttlc C+/_l of ttle recelvlrlg  static]ri. ) Fic)wever, atmospheric attenuation and

noise temperature contribution in p:irticular (antc)rlg several ottler Ic)sses) sorrmwhat  rcclucc  the cwerall  Ka-

b a n d  peric)rrrmncc  aavantagc comparecj  tc] Ic)wer  frecluencies.

Nurncrc)us  sc~urces of loss conspire tc) reduce the received power anti SNF{ at ttte  grounci antenna, among

thcm bc!ing trarlsmitting and receivirlg  antenna pc)irrting Icjss, atmcmphcric  loss, polarization loss, and

various  ottler systenl losses, I ypically,  large ground-basecj  antennas alsc) have structural (main reflector)

deformation which causes a varying efficiency cmr tlw opc!rating  range of elevation. This effect  can be

~;iqrliflcant  for Iarqe antennas operatinq  at frequencies abcIv[l 2@ Gtlz.. .

3.0. KEY PARAMETERS AFFECTtNG  THE G/T OF THE ANTENNA SYSTEM

3.1 Antenna  Gain



‘LlMany paranwters  hc, affect acllievablc!  antenna gain,  including reflector size, reflector sL/rfacc roughness,

gravity defornlz~tiorl,  atmospheric effects, antenna systenl  Iosscs,  antc!nna ~Jointlng  accuracy, and freq  Lmncy

of operation, Fi{g Llre 5 stlows net antenna gain vs. elevatic)n angle  fc)r six typical DSN ar}terlna/freque ncy

corrlbinations  at the Ciol ClstOnc DSCC, under average  clc!ar weattler corlditic)ns. C)f parhcLJlar note! is the

;?.2 dB ranc]e from tt}e case of a 34 meter antenna (I)igh efficiency, HE. F) operating at S-band to that of a.

diff[!rerrt  type 34-nleter antenna (futLlrc DWG) operating at Ka-band, Note alsc] tt}at the 34-meter El WC+

antc!nna at Ka-band  has about .1 dE: more  peak  ~ain than a 70-meter antenna ofwratin~l  at X-band,

Altticlugtl  C)SN antenna main reflector structures arc! rlc)t Sp(!ciflcaliy  Cic!signed  tc) Ci[!fotm tlorrlolc)flc)Llsl\l, i.e.,

tc) nmintain  a pc!rloct  parabcdoidal  or shap[!d  contc)Llr ciLlring  grtivity-irlciLlceci  d(!fornmtiorl,  thero st i l l  exists

a best-f it gcc]nwtricz~l  sLlrfacx  anti fc)cus for the antc!nna as a fLlrlction of c!lc!vatior] angle. Ii i s  t h u s

necessary tcj rcfc)cus ttlc subrefl~!clc)r both laterally ar)cf axially tc) retri(!v{!  ttlc! gain [20]. 1 c] ttlc extent  that

perlc!ct reflector shape ancj perfect focLJssing cannot be malntaineci,  there  will exist  some  gain roll-ofl with

~!l~!vatlcm angic  for every  DSN antcrlria. l“he  c! fl[!ct is insignificant for  sn-ral!, stifl antennas operating at S-

band; however the effect is easily seen on a 70 mc!tet antenna operating at X-band, anc~ amounts to as

mLlcll as 0.5 dEl due to structural efiects alorie,  1 he lateral movement c)f the subreflector causes a pointing

change, thus a correction to predict~!cj pointing (as :1 function of subreflector position) is made so as to

accurately track a spacecraft. This pointing corrc!clion,  known as “squint correction”, is typically less than

about 0..2 degrees. The correction is required, however, because of the very narrow beamwidths of the

[JSN antennas (e. g., 0.031 degrees for the 70nl antenna operating at X-band),

Large  reflectors typically consist of small panels that arf! mounted on the nlain  refleclor support structure.

1 }Iese panels are adjusted individually in the DSN, usually by means of microwave holography L)sirlg Ku-

band (12 GHz)  geostationary satellite beacons [21]. 7 his technique can provide an accurate reflector

sLJrfacm tc) maximize antenna efflci[!ncy,  at least for the elevation angle  (i. e., ttte  rigging  angle)  at which



the panels  arc set. 1 he achievable total reflector sLlrf.acc  accLlracy,  wtlich  impacts the peak antenna

efficiency, is influenced by the resolution of holography, the sLlrface accLlracy  of the! individual panels, and

ttlc flnitc step  size of panel  adjustnmnt.  7 he total gain reduction due to nlain  reflector sL!rfac[! inaccuracy

Carl b(! approximateci  b y  the rc)ot-surrl-squ  ared (rss) eflc!ct of strLlctural  deformatiorl, panel  settin{]

llnaccLlracy,  and panel manufacturing imprecision,

For a typical DSN antenna, e.g., a W1-rm!ter }IEF (high-efficiency) antenna at X-band, certairi  arltenna-

.~r ~,- ~eciflc,  Iossc!s rcdLlc,C!  the peak vacL]l]rll  qairl  of tt~~ ant[:nrl~: at the rigqing  ar)gle, typically near  45 degrees.

c!levatiotl.  _f Ilesc Ic)sses which arc  given  irl 1 able 1 rcciuce ttte  peak  aperture ef[lc;ier”rcy  to 74.5  CA. AtthoLlgtl

at X- banci ttle main reflector rss surlacc roughness (wtlicll irlcl Llcfes antenna panel  mar} LlfactLJring  anti

~;~t~lncl  errc)rs) of O,~f~ n)nl contri~)Lltes  Onl}~ (),1[; d[; to qairl IC)SS, at a much higher  freq  LIC!rlcy  SUCil :)S Ka -

t)anci (W’ C-itlz)  this same rc)Llghness  will contribute ,?,14 cfE1.

operatiorla  34nl  Ka-t]ancf  EIWG antennas arc being  ccJnstrL~cteci  at tlie DSN sites whictl  will l~avc panels

desigrled  to have a sLjrface accL1racy of 0,13  mnl (0.005 inch). At the nominal rigging an~gle of 4EJ  degrees,

the parrcls  can be set, with some effori, tc) yield an expected total surlacc!  accuracy of 0.35  mm tot the main

reflector, Ljsing satellite holography 1 his WOLJICI  caLJs(! a Ka-t)and  gain loss at the rigging  angle  of 1.1 dE; ,

due to an rss surlacc roughness (panel setling plus rrrarlufaclLlring)  of 0.37 mnl.  A Iong-terrrl  goal is tc)

red Lice the surface rouqhrmss  at the ric}qing angle! to less tk}an 0.25 mm, which woLIld limit the K;i-band gain. . .

loss to less than 0.45 d~.  Structural defc]rmation  away from the! rigging  angle  will of course cause additional

10ss.

Atrrlc)spheric  ef[[!cts  redLICe the CYf performance of a receiving station in two ways: signal attc!nLlation and

irucreasecl system noise temperature. F-or Ic)w noise! receiving systems such as in the [EN, the effect of

increased system  noise  temperature is more prcmounced  (see Seclion  3.2). Atnlospheric  attenuation klas



tt)e effect of reducing  the useful  gairl  of art antenna, arlcl is a fL)nctior~ c)f the operating freqLlency,  weather

ccmciiticm, station Iocatic]n  ancl elcwaticm  angle.  C)f the ttlree freq  Llency bands allocatecj  for deep space

communications ( S-, X-, and Ka-bands),  atn]c]sptleric  attenL1atiorl  is most severe at Ka-bancj  and least  at

!S-band. 1 c) asswss the atmospheric effects, statistical rrlociels have been developed to characterize tt]e

amo  L]nt of atnlospheric attenuation for given a weattler condition, station location, operating freclurmcy,  and

f>levation angle.

‘1 able 2 gives  atrnosphcri(;  atten  Ljation at zenitt]  fc]r vario  L!s weather  condit ions at the C-ioldstclne (C+STN)

.!arlcj overseas (Gantwrra/Madrl  cl) L)SN antenna Ic)catlcm $;. As bottl  !Ilc Cknborra  and Madrid locations have

~,inlil:lr  weattlor (about  6 times

cc)mbined  mcmol (CAN/MAD),

Weather  cLlrlullative  distribLltion

th[:  yearly rainfall of C;oldstone),  the weather effects  are given as a

(CD)  refers to ttlat weather  ccmditiorl  whictl  is NC)T exc%eciecl  a certairl

percentage of the time, e,g., 907, weatlmr r e p r e s e n t s  a  c:cmcjition  (atmcmpheric  noise tenlpcratLlre  o r

attenuation) which NC)I exceedec~ 90% of the lime. in other words, 90% of the time, a particular weather

effect is less thzin or equal tc] a specific value. Conversely, 90% weather IS exceeded 10% of the time.

Qualitatively, C)% is the lowest-loss atmosphere, 25%, weather is “average clear” , 50% weather is clear  and

Ilunrid,  and 90% weather may be considered tcj be very cloLldy,  but with  no rain. As can be seen in 1 able

2, atmospheric atlenuaticm  is nlLlch more severe at C;anberra  and Madrici than a Cioldstone.  Elevaticm

angle  modclling of attenuation

be describeci  by the fcdlowin~l

is done Llsing CI “flat-earth mc]del” (valid above aboLlt 6 degrees), which can

ecluation:

A (O)  = AZ~,,/sin(0),  d5 (6)

where A,,,rl = zenith attenuation in 1 able  2

0  = elevatic)n  angle

1 c)



F lgL!rc 6 s h o w s  X-band  effeclivc gain cLlrves for tlw D S N  34-nwtcr HEF antenna a t  C+oldstonc,  for

conciitions  of vacu Llrn, O%, 50%, and 9090 weatlwr,  (1 he eflectivo gairl  of the same type of antenna is lower

for Canberra and Madrid, ciLw tc) larger  atmcmpheric  attenuation.) The  vacuum curve  shows a structural

deformation gain loss of abcJLlt  0.2 cfEl at high and Ic)w elevation angles.

3.2, Noise Temperature

7 he primary sources of receivin:]  systenl nc)ise temperature arc! nlicrowave amplifler,  WavegLlide and hcm,

antenna spiltover  ancj scattering, atnlospheric enlissicm, cosn-lic backgroLJrlci, anti galactic nc)ise, For a

typical DSN antenna (e. g., a 34-n~eter t IE F antenna c)perating at X-band), the total systenl noise

ternperatLlre  Lincicr  average: clear sky ccmciiticms at i’erlittl is less than 20 Kelvins,  1 he noise  components

are given  in 1 able 3 for the Gc)ldstone  site.

At 10 degrees elevation angle,  for example, ttle total atmospheric contribLltiorl  at the C+oldstone site

becc)mes at)oLJt 12.5 K (5.76  a i r  masses) ,  the rear  spillcwer  ciecreases  tc) 0.2 K, the forwarci  spiliover

increases tc) 1.0 K, and the quadripod scatler increases to 4.7 K, ‘rhe net rcsLjlt is a total system noise

temperature of 32.8  K, Note that tipping ttw antenna from zenith tc) 10 degrees elevation increases the

system  noise  tcn~peratLjre by 2.2 ci[l (10 log (32.8/19.7)). T he system noise temperatures for the overseas

~sites  arc! slightly higher  ttlan for tile C+oldstone site Llncler  clear skies,  bllt arc  higher under adverse weather

conditions dLle to a larger  atmospheric noise  contribution.

Clearly,

systenl

atmospheric noise at low elevation angles can bc! a significant, if not major contributor to total

no ise temperature.  1 his severely limits the choice  of usable  freclLlerlcies  for deep space

cc)mmunication.  Because of ttle resonance effects of water vapor anti oxygen in the microwave spectrLlm,

Icliable communications under clear sky ccmditions  are possible only away from the water vapor absorption

hand at 18-26  GH7 and ttle oxygen bands at 50 tc] 70 GHz and 11 C) to 130 Gt-fz, The usable regions are
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thus 1-18 (it 1?, a “window” from aboLlt 30-34 GHz, ar)d another wincjow  frorrl abcmt 85-105 GHz.  Under

ac]versc  weather conditions (clouds and rain, whose effects  vary approximately as freq  Llency-sq  L!ared),

noise  temperature is raised signif icantly at all frequencies, 1 able  4 gives  zenith atnlosphetic  noise

tern~leratL1rc contributions (based on actual nleasLlremerlts)  at the DSN Deep Space Communications

Complexes, at the three primary DSN communications frequerlcies of S-Band, X-band, and Ka-band.  ~ hc

Goldstonc Ic)cation  in tlw Mojavc  Desert  has gc!nerally  benigr)  Weattwr  ccmditions,  and tllLls  is  idea l  for

ccJrlm~Ljrlicati  orw which are limited by weather cffec!s.  At the overseas locations of CXmberra anti Madrid,

wcattler  effects  ore considerably worse, Attenuatiorl  and noise tcn-lperatLlre  increases above non-iinal clear

sky cc)nditic]ns  arc: typically triple! those at Goldstonc; ,

It is seen in 1 able  4 ttlat at S-band ttlere is little change  of noise  temperature effect as a fLlrlctiorl  of

‘wcatttcr  (;[), and tt~c I)SN  experiences viriually  nc] weather-related problenls  at this freqLmrlcy, At Ka-

band,  hc)wcver, whew water v:ipc]r anti I!quicl  water (clouds and rairl)  have large effeCts, low elevation angle

InOISC tonlperaturc  increases of 50}(  above  nominal  cl~ar-sky  conditions will be experienceci  at least  10

percent of the time, especially at overseas sites,

As an example of the atmc)spheric  noise temperatLlre  effect on the G/T of low noise receiving systems, a

0.1 dEl atmospheric attenuation increase has a 0.1 dB effect on effective antenna gain, but a 6K effect on

s;ystern  noise  temperature, 1 bus, the net ef(ect  on G/l (for a 20K system) is 0.1 + 10 log (.26/20), or a

clecrease  of 1.24 dB.

F“icJure  7 presents the 34-meter FIEF antenna X-band systent  noise temperatLlrcs  versus elevation angle

for Goldstone.  Shown are the vacuum noise temperature increase due tc) spillover effects only, and cLjrvcs

i!lcluding O%, 50”A, and 90?.4 weather.
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3.3. Antenna pointing

Antenna pointing accuracy is affected by a numkr of factors, including the size of antenna, operating

frequency, and atmospheric effects. Antenna size aflects pointing accuracy in two ways: (1) 1 he narrow

bcarnwidth of large  antennas requires a very high pointing accLlracy  in order tc) minimize pointing loss, anti

(2) Iargc  reflectors sufler from increased wind loading, which further strains the antenna pointing suk)systern.

“1 able 5 ill Llstrates ttlo effect of wind loading on blincl pointing performance for the DSN 34-meter diameter

antennas with half-power bcarrlwidttts of 0.231 degrees at S- banci, 0.063  CJegrces  at X-band, anti 0.017

(degrees at Ka-banci.

Atrnosptleric refraction can also reduce antenna pointing accLlracy.  Altilc)Llgtt tkle amc]unt of refraction for

a gwen  atrriosptleric corldition  is the same at all rnicrc)w~ivc freq  Ljencies,  th[j errors in refraction rnodelllng

caLJsc far more  severe ef[ects  at Ka-band  than X- banci. 1 he L)SN presently uses  real-time surface weather

observatic~ns at each antenna complex tc] calcLJlate  refraction corrections during tracking oF)erations.  Below

20 ciegrcxx  elevation, the total refraction correction is typically greater than 0.040 degrees. ? hus for Ka-

band operation, wtlere the antenna beanlwldttl is less than half this amount, very accurate refraction

corrections must bc made,

3,.4 G/l P e r f o r m a n c e

FigLlre 8 SIIOWS the net G/l performance of DSN 34-n”wter  and 70-nleter diameter antennas operating at

s-, X. ~~rld Ka-bands.  ~tle gairl  valLl~)s used in these curves are those! shown  in ~ig Ure [~. It iS Seen that

for average clear (CD = 0.25) weather conditions al C;oldstone,  a W1-rneter beam waveguide antenna

operating at Ka-band  has a significantly  greater  (as much as 3 dB) G/l than does a 70-meter antenna

operating at X-band, except at low elevaticm angles where atnK)S~JhE!riC noise temperature effects at Ka-

13



band arc large, And, when compared tc) a W1-meter antenna operating at X-band, Ka-band  shows a very

large  performance advantage at all elevation angles.

,3.5 Antenna Arraykr9

E vcm the large  G/l of a single  antenna is sonietimes not sufficient to rncet  the strenuous deep space

I,cleconm)unicattons  performance requirenlents. One way to improve the ground  station performance is by

arraying antennas, where signals received from individual antennas are coherently combined to improve

It)e receiveci  SNR [,22]. 1 his is equivalent to increasing the effective antenna aperlL/re  and conseqLmntly

tile C~/1  E{y arraying one 7C)m antenna and foLjr 34nr antennas, the G/l would increase by abC)Llt 3 d[l over

a single 70m antenna Llncier  ideal conditior)s,  in practice, tho increase is less duc  tc] loss in comk)ining

siqnals  froni the arrayed antennas. This loss is a functior)  cjf signal strength anti cc]mbir”ling techniq  Llc! [23].

‘] C, increase ttlc ef(ectiv~  Cj/I , antenna arraying tlas  tleen  ~wrfornled  Ljsir~<! antennas wittlin a single DSN

c;c)rrlplcx as well as with antennas belc)rt!ging tc] other agencies. Fc~r example, clurin{l Voyager’s orlcoLlnter

with Nepturle,  ttlree EISN antennas at C-ioldstone (one 70n) and twc) 34m antennas) anti the twenty-seven

25nl antennas of the VLA (Very Large  Array) ir} New Mexico were  arrayed tc)gethor.  Arraying the DSN

antennas at Goldsione with the VLA antennas effectively increased the (5/1 by abOLlt 5 dE\ over that of a

single  i’oril antenna,

3.6 H istorica  I - Evofution  of DSN Antenna Systems

Figure  9 shows the increase of receiving system G/l frorrl  1958 to the present time. In 1958 and 1959

when Pioneers 3 and 4 were launched, small antenna size (2% meters), low frequency (0.96  GEi7), and high

receiver  noise  (1500K)  all conspired tc) give a very low G/l (approximately 14 df3), Progress was very

rapid for the next 10 years, with development of maser low noise amplifiers, increases in frequency tc) S-

and X-bands, and increases of antenna size up tc) 64 meters in diameter. As a consequence, by 1970,
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G/l performance had increased k]y nc!arly 46 cfEl, for a (i4-meter antenna operating at X-bancl.  For  the!

Voyager  Neptur]c  c!ncounter  irl 19[]{), 70-nletcr arlterlrla  size anti  arraying techrliques  yielded a rrlaximunl

C+/1 of nearly 65 d~.  By contrast, a single 34-meter bean)  wavegLjide  antenna operating at Ka-bancl  (32

C; HZ) nearly approaches the C+/1 perfc]rrmincc!  of ttw n~Lllti-antenna arrayc!ct cc)nfquration.

4.0.

1 hc

FLITURE  DSN ANTENNA SYSTEMS

wor ldwide network  o f  DSN S-  ancj X- bancl an tennas has  successfLjlly  prov ided re l iab le !

telecc~n-rmurricat  ions fc)r many dee~) space  nlissions, It is exp[!cteci  ttlat X-band will (;ontirlLlc  tc) prcwide

sLlt)starltial  telecommunications capability well irltcl ttlc 21 St century. DLlt as part c){ ccmtinuous  D S N

pcriornmnce imprcwement ancj irl a n t i c i p a t i o n  c]f rr}c!c!llrlg ncw  cha l lenges o f  futLlre c~c!ep  s p a c e

telecc)mmunications,  NP, SA/JF’L has begurl  a prc]grarrl  tc, intrc)dLlcx!  Ka-banci  (32 GH7)  capability tc) tt}e [ISN.

Ka-banci  is chosen as a vehicle tc) achieve an even larger ~,/-[ tc) enabl[!  C)r c!nhance futLlrc deep spac~!

missic)ns for a rlLlmber  c)f r e a s o n s , Ka-bancj h a s  ttl~! ~)otential, Llnclcr  benigr wc!ather  conciitions,  o f

improving G/l and telemetry performance by at~ollt 8 to 10 d~ fc)r the SarTIC! L)SN antenna size, spacecraft

antc!nna size and transmitter power (Eqn.  4), Unfc]rlunately,  weather effects can be significant at Ka-band,

ilrrd alterrlative  teleconwrl  unications  strategies, inclllding space  crat[  on-board data storage, are being

investigat~!d  tcl mitigate occasional weather-caused ciifflculties. Ka-band  is well suited lot low-cost, small

missions ttlat arc! characterized by severe  mass anti power limitations (e. g., Pluto Flyby mission). ft has

ample  allocated banawidth  to support future missions req Lliring high data-rates in the 100 M13PS range.

In addition, it will significantly improve radio metric data ancf enhance radio science experiments, A multi-

freqLlency  S-, X- and Ka-band  DSN will indeed bc a very powerful telecommunications system,

4.1 Ka-band Beam Waveguide Antenna Technology

A dual-frequency (X- and Ka-band)  34m antenna system has been built at the Goldstone

(DSS-13, Figures 3 and 4, and References [6-8]), This system  includes cassegrain-type
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secondary reflectors, a bean]  waveguidc system, ultra-low noise  amplifiers (with the entire  feed system

cooled  it) Iiquici tleliunl), ancl associated electronics, A primary objective of this F{&[) station is tcl

denlonstrate tllc feasibility and advantage of Ka-band  deep space telecommunications. Additionally, this

very versatile F{&[) antenna is one of several involved in ttlc! HRMS  (High  Resolution Microwave Survey)

F’rojecl  [24], c~esigned tc) detect signals from extraterrestrial intelligent sources,

T here arc  advantages for developing 34n-i BWG Ka-band  antenna systems insteacj of building even larger

X-harlci  antennas. A 34m  Ka-barrci antenna coulcl potentially achieve a hic@r G/l than a 70m  X-band

antenna (Fig Llr(! 8), and it would alleviate some  of the niajor  mect]anical  anti strLlctural  problems of the

existing 7Wr1 antennas. Perhaps more  impcmtantly, a 34nl  PIWG antenna system  would ccmt significantly

1[!ss than a 70nl  antenna system, by approximat~!ly  a factor of 4. For the cost of a single! 70m  station, a

sutmet  of four 34 n} B WG antenna s ta t ions car) be built.  T his subrmt  WC)UICI alsc) provick o p e r a t i o n a l

advantages, including mechanical reliability, redundancy, and nlUHi-beanl  capability tc) support simultaneous

tracking c)f up tc) four spacecraft, or a fewer number in an arrayed configuration of the ground  antennas.

‘Tc) achieve a high (MT, bean)  -waveguick technology and an ultra.-low  noise n-laser amplifler have been

,~nlployc)d. 1 he bean)  waveq  LJide system  allows  the F{F f~ont-end  components ,  includin{l  th[!  maser  and.

feeci horrl,  to be located in a pedestal room (Figure! 4) away from the elevation-tipping pc)rtion of the

antenrrti  strLlctLjre,  whictl  in turn enables these components to bc! cooled using  liquid heli Lwn, resLllting  in

i~tl ultra-low noise receiver. Additionally, the configuratic)n  flexibility and ease of maintenance of the feed

system  components is a very strong driver for the beam waveguide  type of antenna design. Based on

Iecent  measurements at the DSS-13  Fl&D station, the Ka-band  receiver noise temperature is in the range

of 5 tc] 7 K, inciuding  waveguide  and feedhorn. While the EIWG optics systcrn  results in slight signal loss

and increased system noise temperature, these  effects are compensated for by the very low noise receiver

and improved availability of several other receiving syster?ls lc~cated in the pedestal roorr,
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Operational 34m  BWG antenna stations using  similar techrmlogies  ckwelopeci  for and employed tIy the  R&CI

Wrtiorl are being built  at the three [).SN sites in anticipation of the! eventual adoption of Ka-band  for deep

space missions. 1 he performance of ttrese stations baseci  on cLlrrent design expectation as well as

rneasLlrements  obtained from the F{&t) station is summarized in 1 able 6. While! a very large G/T has been

achieved as shown in the table, on going  development will provide an even higher  G/T to meet fLiture

needs.

5.0 Conclusion

D S N  a n t e n n a s  have played a vital role irl “rrlectirl[l the ctiallenges of deep s~mce  telccorrlmLlrlications.

T rends in missions cLlrrently  being  planned t~y NASA and ottlcr space agencies suggest nLjrrlerous,  smaller

spacocrafl. These missions will pose even greater challenges to the telecommunications system designers.

Ka-barid  telecommunications systems clearly have the potential to enhance or even enable  some of these

nlissiorls,  1 he cLlrrent DSN antenna capabilities fc]rm an (!xcellerrt  base for tllesc+ missions, With planned

fLltLlre inl~)rc)venlents  and new Capabilitic!s, cJroLlnd antennas will, as in the past, be a key component of

“ttlese deep space! conmlLlrlication  links,
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_IABLE 1

Loss Components which Reduce  X-Band  Gain of [JSN 34-Meter Diameter HEF Antenna

Illumination, spillover,

and subreflector blockag(!

Waveguide  and horn losses

Subreilector support blockage

Main reflector rcwghness

C)ther

7 c)ta[ L 0SS

0.35 cIE;

0.12 dEl

0.58 dEi

0.16 dE]

0.07 Cf[:

------ . .

1.2C>  dFJ

_EAEIL. E .2

,Atnlc)sphc!ric  Attenuaticm,  d~, at Zenittl as a F uttction  of Static]n Location and Frequency Band

CLlrnulativc S-Eland X-Elarlci Ka-Banci

Distr  (C[)) GS1 N CAN/MAD GS~N  CAN/MAD GSTN  C A N / M A D

\/acll 11 m 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

()% 0.0291 0.0307 0.0330 0.0345 0.0830 0.1006

25% 0.0293 0.0312 0.0352 0.C)411 0.1150 0.1965

50 % 0.0294 0.0315 0.0364  0.0448 0.1324 0.2488

Roy. 0.0295 0.0320 0.0387 0.0516 0.1654 0.3478

9070 0.0297 0.0326 0.0413  0.059:+ 0.2023 0.4584
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IABLE 3

Noi.sw 1 empcratutc!  Contributors to Zenittl System Nc)ise  1 emperaturc!  for

DSN 34-meter HEF Antenna in C501dstone at X-E;anci wittl Average Clear Sky

Receiver and follow-on 4.5 K

Waveguide and horn 7.3 K

Quadripod  Scatter 2.4 K

Main reflectcjr  anti ().4 K

subreflector Ic)sscs

Forward spillover 0.0 K

Rear  Spillover 0.4 K

Atmosphere 2.2 K

Effective Cosmic  Elk~gmd 2.E~  K

. . . . . . . . . . --------

-1 Otal 19.7 K
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I-AEILE 4

Atmospheric Noise  1 ernperatures  at Zenittl,  K, as a Function of

Station Location and Frequency Band

cLlmLllative

Distr  (GE))

VacLl  u m

o%

’25%

:) c1 %

80%

90C)A

S-Band

Gstone  Can/Mad

0.000 0.000

1.770 1.867

1 . 8 0 5  1.924

1.836 1.967

1.877 2.032

1.899 2.079

X-Eland Ka-t3and

Gstorm  Can/Mad Gstone  Can/Mad

0.000 0.000

2.006  2.097

2 . 1 7 0  2.534

2 . 2 7 6  2.794

2.458 3.?73

2.63S 3,775

().00() 0.00[)

5.016  6,070

7.020 11.888

8.182 15.172

10.351 21.321

12.Ci73  27.897
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TABLE 5

Lxpectccl  34m  Antenna Blind  Pointing  Accuracy and Pointing

1 oss in Various Wind Conditions

Wind Speed Mean Pointing Pointing Loss at Mean

mph (m/see) Error, mdeg Pointing Error, dB

S-Band  X-Band  Ka-E\arld

<10 (<4.5) 1.67

<20 (<8.9) 3.33

<30 (<1 [3.4) 5.00

0 . 0 0 1  0.00$1 0,123

0 . 0 0 3  0,034  0,489

0.006 0.076 1.101

IABLE6

Expected  F)erformance  of a 34m BWG antenna at Goldstono,  Ka-bancl,  45-degrees elevation, 90% weather

Vacuum antenna efficiency 49.4 %

Vacuum antenna gain 78.08  dE~i

Effective antenna gain 77.79 dBi

System noise temperature 37.75 K

Antenna pointing error <1.67 mdeg

in 10 mph wind

Antenna G/T 62.0 dB
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11S1 O F- FIGURES

Figure 1 ---- NASA/DSN  70 Meter Antenna at Goldstonc  Deep Space

Communications Complex

F’iqur’e  2 ---- NASA/DSN 34 Meter HEF (High E. fflciency)  Antenna at.

Goldstone Deep Space Communications Complex

Figure 3----34 Meter Prototype NASA/L)SN El WG (Beam- waveguide)

R&L) Antenna at Goldstone Deep Space Communications

Complex

Figure 4 ---- Cross-Sectional View of L) SS-13  BWG Antennzi  Showing

Multi-Mirror Beam-waveguide  Microwave Optics Design

I=icrure 5 ---- DSN Antenna Gain Comparison for Various.

Antenna/Frequency Configurations, Goldstone,

Average Clear Weather (25% CD)

F:igure 6 ---- HEF An~enna Gain at X-band, Golcistone

with 0540, 50%, and 90% Weather Attenuation

Figure 7 ----HEF  Antenna System Temperature, Goldstone
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with OO/., 50?., and 907.  Weather Contributions

Figure  8 ---- L)SN Antenna G/T Comparison for Various

Antenna/Frequer~cy  Configurations, Goldstone,

Average Clear Weather (25% C[])

lEigure ~1 ---- Historical View  of DSN Antenna Gfl performance
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