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wl~c Ic c alId d ciLII lIc alIy [krl]itlaly CCIIIIIIlCX  fllljcticuls  lIc It [;ill)llltttll((,llsly  equril  to 2clo.  If
wc slll~stit utc ];q. (8) iIIto 1 :q. (’/) lIOUYVCI, V(C iilld tlI:It ill~(l tlIC ~,riivitdti(nlhl  V.’aV(’ sif,llalj

ill tllc c(,llllli]lcd lkl]]l}lcr d;ita} vallisllcs. III ot]lcr wcII[lci, aIIy lillcar colllllitl:iticol (If t}Ic
ff,lir lk,J,JJcr  data that cl(ws  lIot colllaill alIy clocks, trol~(,sl,llcrc,  ioli(,sJ,llcrc,  IIwclld)lic:il
}’il)rati(~lls  (If tlIc ~,roul I(l aritcrllla, l,u[ictillp. of lIIC sl}acccra  tf , rirld trallslllitt(cs II(lisc,
lI:IIi also a 111111 rcsI~oIIw  1( I a g,lavitr+tio),  [tl v<i,vc lIIIIW. ‘J’lIwc rc<ult<  irl,l,ly tllf,t, at alIy
]’(,uricr frcqllc]lcy j, V.’C CaII rclll(w oIIly OIIC  of t}ic coltsi(lcrcd  l,oisc f.o~ltcc.~. Arllml~,  all
(III  IIc,isc swurcw aficctillf[  SJl:i  C’CCrilf’t  lk, },~,lcr track irl~,, tlIc frcqucllcy iluctllriti(jrls  dlic to
tlit tl(,~~osl)llcrc, i(,Jlosl,llc]c,

. .
aTId lllcclldrii(~il  vit)ratit)lls  (If tllc ~.r{lulld  tirltclllli~,  l’(j), arc’

tl, t l:tr~,,cst. If }VC CIIOOSC  a, L,
. .

c ,  d ill sucl I rI way tllilt tlI[ trallsfcr  fullciiml c,f ~’(j) ill
tlI( collll,i)lc(]  data i< cqu:i] to  7er(~, frc)rll l;q.  (7) v;c firld t]lat a, L, c, d, lIIIlst  satisfy  tlIc

fcJl(,\vil,~, c(,),(litioli

a(j)]) : - L(/,./,) [c4’if”  -I  1 ]  -  c(j)],) ~z’i~” -  h’(/,J. ) c~mij]’ . ((l)

Siltcc L, c, d c/i71 lIot lIc cqu;i] to Zclo Silllllltiillcc,ilsly, wc will cl I(Iosr c to 1,6 Cq[l:il to 1/2,
arid l,, d to l)c equal to 7.(10.  III otl IcI w(IIds  wc will coll~idcr  cIIIly  lill(ar  corlll,illt~ticuls d
(II IC-\VaV  I) O] I]JICI data. Nolc  tlIat  v{itll tlii~ cllclicc wc (Ii]ilitlatc  fro]ll  tlIc  collll]illc(l  data
I/(f)  t~l(’ fI(’C]ll Crl Cy fill CtUZ1t;  OllR dllc’ to tlIC tra],sl~o]ldcr~.  aII(l tllc illtc]l,l:il,etary  ]1121SIIU+
tll:it  :tflcct tllc two way lkll~~]lcr  data ‘J’l Iwc cc,lisi(lcr+iti(]ll$. illl;]ly tlIc fdlmvill~, cxj,rcwiml
fol fi(j)

j(j): ~ [:<~l(j)  -  j;](j) ~7’iJ’]  . (lo)

1[ w sul,s( itulc tlIc l’ollricr trallsf(]lllls  of 1 ~qs. (1 ,3) illt(~ lkl. (10) v;c f,(t

1~(1. (11) SllC1\\’S  tlliit  tllC tralis crf  ful,ctic)]m  d tlIc lioi<c d tl,c mIIIoaId  cI(I(I:, <;~c(j),  arid
of l,llflctirlg j;(j), Cilll  ill l~rillcil>lc IIC set to 7cr(j (lI(Jt Sillltlll?ir)cc,llsly)  at sl}ccific l’cmricr
ilcqllcrlcics.  III rw;trcllcs  j(,r ~,ravitati(,llh 1 VI’itVC  ]Jll]SCS  it llil~ ]IC’(’11  S]l(j\YJly  t]l;~t  CIIIC’  CFIII

rc(illcc lIy s e v e r a l  ordc)s  of lII:III,IIitudcs tlIc IIoiw of tlI( c,lll, oard cloc}~  at tlIc ]IIIIIS  of its
tla]isfcl  fllllcti(,ll }vitllout lcllmvill~, tlIc ~,lavilati(,rlal  v::~v( si~,lla].

3. l;x]){!ct{xl  Xyl[)])ll(nl(. Sc,][siti\,  iti(.s. III  w]iat i(IllcI}vh  we l}rovi(lc tllc [\ J,rcs.sic,l!
for tllc ]Ioisc  ill y(f) at tlIc xylol II Iol Ic frcqucr, ciw.

IIct A t,c tlIc tilllc  ir,tcrvd I ova V:llicll N lkq,j)lcr  trtickill~, cwalclI for ~,ravitatio:lal
V;;IVCK  k l,c~for)llcd. ‘J’]Ic.  corre.<],cnlcli]lto  frcquc~lcy rcw]utiml Aj (,f t}lc clatti k CCIU*l tcI

1/4. ‘J’llis illil,lics  t}lat tlIC fiuctuatim,s  c,f tlic C1OCI;  0 1 1  l,c,ard carj IIC IIlillilllimd at tlIC
f(,ll(,i’;ill~, frcqucllciw

~,, (?1- 1),, Aj
1.: 1 ,2,:{,  . . . .

418 2;
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11’( slIould ])oillt  out, IIowcvcr,  tlIat tlIcsc rcscIIIalIt  frcqucrlciw  irl gcllcral }vill lIol lIc

ct)llstalltj  sillcc tllc dist;tllcc  to tlIc sJlacccIaft  will CII:LII$,C o\cI a tillw illtcrval  of foriy day~.

As aII cxriIII]Ilc, llowcvcr, let us aWLIrIIC af,ailt 1, : 1 Al), A : 40 day~, arid j : L x 10-4
117. ‘J’lIc  vtiriaticlll irl sJ)acccrall  disldllcc  corrcs]lolldill~,  10 d frcqllcllcy clIaIIf,c cqua] tcI tlIc
rcso]lltjc))l  lIi II widtl I (3 X 10- 7 117)  is cqllal to 1.0 X 103 1<111. ‘Jkajcctory cclllfi~,l]riitic)lls
fulfill irj~, a rcquircllw~lt cm~i],atitlk  to t}tc OIIC j[lsi dc{ivcd lJavc lJCCII olwrvcd dllril]f,
IIas( sl)acccrafl  IIiissimlsg, arid tllcrcf(wc  w C1O IIot cxJIcct  this to tlc a lilllitillf,  factor.
A t  tlIcsc frcquc]lcics,  aIId tc) first OICICI i], Aj 1,, tlIC IJOIIIIICI rCSIIC)IISC  ~(jA)  is e q u a l  to

- I  ~ [kq,(jk)-  ~ h:, (ji) ( -  1) ’-11]  -I ~ ~.c(jk)+ i ( -  1)1” ~~(jk)]  (10

l’m a ty],ica] ~, Ittvittitimldl  v:avc Cx],clillwllt, (1 : 40 day:., aIIcl Aj : 3.0 x 1(1
- 7. ‘J’ilcrcforc

tllc flcqucrlcy  flllctrlat.iolls of a c]ock mI tlmrcl  a sl)acccraft  that is OIIt to 1 AU ;iIc rcducd
al tllc xylol II IcIIIe  frcqucllcirx  hy tlIc foll(,will~,  al Imul It:

7, A j],
: 4.7 x 10-4

r
l’r~,l,, l;q, (13)  w Cilll  cstir,];itc  tl)c cxJIcctcd ]oc)t-rl,cal] scjudrcd  (r.1,1.s.) ]ioisc ]cvcl O(jk )
of t]Ic frcqucllcy  f l u e . t u a t i c n l s  ill tlIc hills of v:iclill  Aj, ar(IuIId  tllc frcqucllcic.s jk (k :
1,7,3, . ...). ‘Jllis is ~,ivcll  lIy tlIc follm~,ili~, exl)lcs<iml

o(ji) : [$’u[jL)  Aj]]’2 , L : 1,7,:{, . . . . , (14)

W]I(,IC  ,9Y( jl ) is t]lc ~l]lc-sic]ccl  ]Jc)wcr  s}]cctral dolsity c)f tlIc IIoisc sources ill tllc lkl]~]}lcr
I C S J 1 0 1 I S C  y(i)  at tllc’  frc(JllcI1cy jk. III  vl}at follmvs we w i l l  TIC. SNIIIC  Lllat tllc lal IdoIII

IIr<,ccsscs  l(])]csc]ltillg llIcsc ]Ic,is(:s  drc u]lcorr(lotc(l  wit)l cac}I cltller, ?LIIC1 tllcir o]lc-si(lccl

]I(IIV(I  s])cct Ial dclisitics  arc a< ~,il,cll ill [2]. III tliat l<f[rcllcc a flcquc]lcy  stal, i]ity {If
1 .( I X I ( J- ‘c at 1000 sccol Ids illtc~,ratioll  tilllc for tllc clcIcli at t,lIc ~,rc,ullcl staticul  was
rts..u  II Icd. Altllon~,li  this is a factor  of four Lcti.c] tlIaII  wllfit lIa< lICCII  II ICa SLITCd  so far]l , ii

SCCIIIS  v e r y  likely tllrit tly tlIc l~cgi]lljitl~, ofrlext  cclltuly  s.u(l I a rw])sitivity cdl I Iw acllicvd.
A s  far a< i]Ic rcrlmilliflg scvlsitivity  fr~,ure.s  ud ill Cmr Cstilll>itc. arc C.CI]ICCTIICC],  t]lcy were
c]l)tai]tcd  frmll tlic Iii Icy (t al. rc]~ort. 1] , ‘J’llis clocu)lmkt i< a SUIIIIIIary c]f a dctailcrl  study,
]Icrfor]lwd  joillt]y  by scicrltists  riIId cllgillccrsi c,f NASA’S  Jet I’roJ}ulsicnl  l,al,c,r atory  arid
t.lIc lt:~liii]l S] I:ICC Agcrlcy  (ASI) Alcllia  S])a~io, for aLW~+IIg tllc llla~,llitudc rIIId  sJlcctral
clial?tctcris~ics of tllc Ilc]ise scmrc.cs tll:lt  v:ill dctclijlirlc  tllc l)o]l]~lcr  s e n s i t i v i t y  of tllc
futrlrc  gravitrrtimlal  lvdvc Cx]]crillmlt WI tJIc (kssilli IIlissiml.

If duiIl radio  frcqucllcies  irl tllc u]lli]lk alId dmvIlliIlk  arc used,  tl,cll tlIc f r e q u e n c y
fill CtlliltiClll~ dllc to  tlIc illtcr])lallctary  ]IldsIIIa  calI lIc c[ltircly rclllovcd]].  lt’c w i l l  r e f e r
tc, t]lis collfif,l)ratioll as h~()]  )]; ]. ]f C)II]y CIII( frcquc[,  (y is  ~,dc,J]t.c(l  illsk:kd,  w]lic]l \vc
will awul IIe to Lc l(:i-l:alId  (:{7 (J117.  ), we \vill refer to this ccnlfi~,llratiml  fi~ hlol)l; 11.
l{i,-l{~i]i(l is ])l;t]lrlcd  to l)c used CIII  IIIOS(  of tllc fortllcolliili~, N A S A  Illissio]w,  aIId \vill }Ic
illlJ,lclllclltcd  c~l I tlIc p,rcmlid riIltcllllas of tlIc lkcJI S] Irrcc  Nctw(,rk  (I)SN) IIy tllc yCriT 1999
fc,l tlIc (hssilli IIlissi(,ll.

‘J’j Ic l.rll.s. o(j~)  clf tllc IIoisc a< ?I fl]llctj(~]l  of t]l~ fr(’(l[]crlcks  jk (~ I ]j?l:f} .  . . . ) .

aq~;llrllirlf, t]l;, t ~ill j)lt,crl]]allctary  sljac-(,  craf( i s  cIi It t(I Ii (list rilicc 1. = 1.()  All  lI:LS l~CCII



. A XVI O1’lI(Jh’1: 11}:1’1;(~’1’ol{ IN $} ’A(:J,; 7

c,~ti)llilt.(!(l  ill lcfCTcl IC.C [2]. 1’CII  this  crjlifif,urtiticni tllC fU1l(lillllCllt~l fl cqlicli(’~  Of tllc XJ’lC>
]III{,IIC (I;q. (1 1)) is qua] tc, 5,0 x l o - 4  IIV. A  coIIIIIlctc  tillrilysis covcrill~, ccjllflp,llr{~tic)~ls

~~illi s])acccrrift  at scvcrfil ci}lcr distrillc.cs is also givcII  ill [2].

‘JIIC  hiol)l;  1 c.mlfi~,ur:ttiml  is lc],rcwrltcd  ill rcfmellcc [2] lIy two curvw,  dc]jclldirlg  cm

v/l IctlIcr rrII atoll)ic clock or a crystal Ultra Stalllc  Oscillator (US())  is o~~cratrd  CIII l)oarrl
t)lc sl,acccrafl.  Sclmitivity  curve.s for tllc M()] )]; II corlfi~,ur:itiml  are also illc.llldcd iri t}iat
rcfcrcllcc,  a~,airl tvit)t atI atcnJ]ic c lock 011 lIcIaTd  or a US(). ‘J’l  Ic lIc.st  sensitivity is [wllicvcd
ill tlIc hlol)l;  1 cc,rlfrguratiwi, rc~ardl(:w of wllct}lcr arl ato)ilic clock or a 1)S() is c}ljcrat.cd
011 IJcmrd tlIc K]) ficccrrdt,,  ‘J’]lis is hec.ausc  t]ie alll]~]itudc  of tllc IIoisc  of t,lIc clock  olI t}cmrd
is Icduccd ~Iy  u factor 71 A~],/c : 4.’( x ](1- 4 at t]Ic  xy]o]l]ioric  fr(’(Jllr’rlCiCS.  At j : 10- ‘+

112  tlIc cmrcw])mldirlg  r.:11.s. IIoise ICVC1  is cquril tcI 4.’( x 1(1- ‘s, riIId it ilicrcaws  to a vti]uc
of S.7 x 10- ‘8 at j = 1[1 - > IIz. As far n< tJIC hlol)l’; 11 corlfi~,  uratiml  is c.cnlccrrlc.d, the
r. JII.s.  IIoise  level is C~JUd tc) 7.9 X 10”18 at j : 10-3117, v:llilc it dccrca.ws  to 6.3 X 10-’s
at f : 1 0-2  1[7<.  ‘J’llis is duc to tlIc fr+ct that t?Ic c>llc-sirlc.d ])mwr sJ, cctral  dcrisity  c~f tlw
fractional frcqumtcy flue.tuatimm clue to tlIc itltcrplfiuclary  ]IlawIIa  dccrry$ ri~ j“ 2/:’.

4, [~cIIIclIIsi(JIIs.  WC lIavc d i s c u s s e d  a II IctlIc,d for si~,llific.~~ltly illc.rcasirlg the. SCII.
silivity  of lkj]}])lcr track  iltg cxJmilJlerlts  ai]ld at tlIc dctcctioll  of gravitatiollti]  Waves .
‘J’]Ic  IIl:iili rcsu]t  C)f cmr arla]ysis, dcduccd  ill ];(1. (][t), S] ICIW’S  t]lat  lIy flj’ir!$, H frcCJLICIlcY
rcfcrellcc zIIId by addill~,  [L lk~])~)lcr cxtractm CIII lIo:IId  tlic s;l<icecraft  aIIcl a trarlsllollclcr
a t  t)Jc IJSN alltcrlllrt, wc CaII acllicve at sclcct(d  lburiu COIIIIICIIICIItS  rr s[rai]l smlsitivi(y
of 4.7 X 10- ‘s. ‘J’llis sclisitivity  fif, IIlc is ol, taillcd  lIy coIIIJIlctcly  rcrlmviltf, tIIc frequel[cy
fluctuatiol)s  cltlc tcj tllc i[itcrl~laltctary  l]lawlla, at a lbuliu  frcquolcy  cqllrd  to 10- 3 117.
onr )Ilctllod rel ics CIII  a ~~rc~~]crly CIIOSCJI  liticai  corill)il]aiic,lj of tllc cIIIc-\v:Iy  l)oJ,~,lcr data
lccordcd  CIII  lIoriTd with tlIose IIwasurccl 011 tlIc ~,rolllld.  It allows us k rclIIm’c  mltircly
tlic frcqumlcy fluctuatimls  CIUC to tlIc troJjosJ)licrc, iml(,s~)llc]c,  aIId ari{crlrlri  Illccl]aliical,
aTId for a sl~ficc craft  t)~at is tracked fol forty (lii~s out to 1 AU it rcducm  lIy al II IOS! four
OIdcIs of llla~,llitrldc  tlIe lioisc due to tlIc 011 hoard  c]ock.

‘J’lic cx~)cjilllclltal tcclllliqllc  J,rwmttcd  irt t)lis ],a]~cr (arI l,c cxtclidcd  to a cmlfif,urzitiml
wit}l two s]mc.ccraft  t.rac.kiI1~, caclI otllct t)lrouf,lt a IIlicro}vavc cm a la<cr IiIlk. lhlurc

‘7 for i]istarlc.c,  ccmldS])ricc-  lIawrl  lit.W’r iltt.crfcrwlwtric  clc.tcckms of g,ravita~ iollal WaVcS  ,

ill) J)] C) IIC’rll  t)liS hC]lIli[JUG  &% ri tl~Ckll]l O])tic)rl,  if f~i]llr(’  (If Mlrll(’ Oft]l CiT c(Jr IIJ, (Jrlcrlk \V(lll]d
lIIakc the lIOIIIIal iritcrfcrol)lctric  c]J)cratiml  illlJjossit)lc.

As :1 fiIIal ]Iotc, a IIIctlIod silllilar  to tlIc CMI( },rcscllt(d c.aII l~c used ill all tllosc  radio
scicllc.c cxJ~criltmlts  irl wllic.]1 c)] Ic- \Y2ry rflid two way s]mc.cc I afl lh]q]lcr ]Imrt<urc.ltmlt.s  Iilc
used a< ]Iri]lwy data set. \Vc will  aIIalym  tllc i]ll]llicritimls  of tlw sm]sitivity  ilII]IrcIvc-
lltcrit.s  t]Iat t])is {CC]lIli(Jll  C will provide for direct lllc:LC~(llcIllcllts of C]\l~IltitiC& suc]I  as t]tc
g,rtivitrrticula]  red s)tifl, IJrwiblc  ri~lisc)trclljy il, tlIC vc]ocity of li~,flt, tlIc l’araltlctcrixd
l’ost-Ncwk,l,i:ir,  }~ara~[wt.crs,  tllc dcflcctiml and tirrlc dclriy l)y tllc SUII ill radio  sigilrcls,
aIId c)ccultat. icnl cxljcrilllcllts.
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