
T'RF:C:l:-;E TTML: ' I 'KANSl- 'F ,R ;l'C -THF: N A S A  SPiii:F:l'LIC;HT 
'TRACKTNT; ANTI C)A'l'i\ NL"l'Lt7.'ORIC <ST'Di\;'i VIA ' l 'H r  

rsxlqci<mc:.: ~wi j  I>X-I.'A RF-[..,AY SilriL;lAl,ITl: SY:;T.L~I (.r.r)l<ss) 

Dnt.:~ cornni.u t i  ica ti011 vi;i I r i~ nd I Relily 
Sat.cllite ( ' I 'L)HS j is to bccorne availa.t)lc' I C j  uscr's in 19:7,C). 
'The -ranging and  tltrla ser'viccs provided t)y Lhf? ..'l'r.ackin(j 
; ~ n d  1-h1.a Relily Snte l i i Lc  System ('1'C)lISS) i1r.c t:o bc a n  
integr-a1 p a r 1  of 'd A S f l ' s  posl-1!380 Spar:r:fliqht ' I ' r~ackir)~ and  
n;lLa K e t ~ o r k  S l  1 '  synchronous  o rb i t  1 'UH 
sat.ctllites cirt! to  i posit.ioned so ns Lrj provide ncar 
worldwide coverclge, dcpcnt ing-  upon user snt:cliil.p. orbit. or  
USPI- c r L h  locatiol?. ,411 esscnl.inl sc rv icc  Ihat NASA will 
PI-ov-idc t.o i t s  orvn tr,at:king ncLivorl; ( S ' I ' T j N )  is  pr.[:(-.i:;e) t.irnc! 
Lrnnsfcr using thci '1'i)R :;;~tcllit.es. ' i h e  rlcl.\vor-k grlouncl 
st.;lt.ion's t~.,;~nsrnit/'i'ciccive t1arii1var.c~ ;ill1 I , ( .  t:::;s~rii.i;iJJy $2 

non-f l ight  vcir,sion of thc  1 F)i?SS: usel,  Ir;inspi,n;li!r>. 

'I'he p;jpcr d j s t : ~ ~ s s e s  l.h[.> Lime I ransf ( l r  Ir:ch ri  icjiic ~ ~ n c j  Lili> 
c~rcrund 'I'irne .Ir-ansI'r+r. l..11it ' .  ~t , l~ i c f i  cant;-jins a 
rnl'croproct~ssor. for. cir ter,rnininq a n d  avcrd(:ling v;~r.ious t:imc 
intcrval  mcasu r.cmen t .5 .  i . h r  7'1 'U intit:rft~c:es with t h e  local 
g r o u n d  stat-ion tilriirig s j7s t  t -> rn  dnd with the tt.anspnndcr. th;jt. 
will be avai1al:)lc a1 t h ( ~  ',AS;I Ncl.wnr-.k sj tes for. 'T'DRSS 
or. t)iL det.c>xminnt.-ion . 

l'irnc t ransfer .  cnmmilnlc,;it ion hc! t i\ iden the\ 1 l.iliSS y !-nu n t i  
:;t.ciLion at.  \ ~ ' I l i t . ~  S?ir1(:15 :in(:/ t l - ~ ~  S ' I ~ I ~ Y  :<l?ilil:,~)<; i ' b i l l  1 . : ) ~  in ~i 

h.lult,iple A(,ccss scr,vir:e :;t:;~nd;it-d mocltj of i.,l:)et7nt.ion. -I ' l l  is 
nmdc uses  n combinalion o f  pseudar.c:ndolri (l'fixi c.c;ldt?s a n d  
data modu1;3 t.iot1 I-.oT' r a r lq i r~y  an(j  l.c!lernrt.ry, A sclcc'ted 
code s t a l e  inciicator. ( c  . g. , the "nil 1:s'' st- d . Lc - ) p r o v i d ~ s  
s tab le  event rnar<kers. 



- 

'To tran.sfc>r time via t.hc 'I 'DHSS, \,he t,irnc int.erval between 
a specil:ic event  marker* and Lhe masl.er st.at.ion clock's 1 
PPS is mcasurcd. i\ sirnili-lr. in\.erval is mcasur-ed by \..he 
user  as  his i.ranspnnticr ret:e-ives \.he PEN codc and hence 
the  event  markers.  The t.imc i n  l.erval measurements and 
other information i.1r.c exc:hanged betwc,en master and user  
h y  forward and re tu rn  telemetry. 'I'hc mast.er makes a 
second time interval measurement. t.o allow estimation of the  
forward delay t.imc . 

'l 'he Time 'T'ransfer UniI. includes a mic:roprocessor and 
associaterl pcriphcr,al chips usetl for synt:hronizing and 
m~~Itiplc:xing the Iimc L~'i3nsI:er I.elcrnctry fr,arnc and for 
computi.ng (:lock er*ror. 'The time intcrval measurements 
reyuir rd  will be ot)t.ilincd from pw.ec:ision Lime interviil 
coun 1.er.s . 'l 'he e r ro r  i n  ttlc c l o c k  dilfer5ence rneasurcmenl. 
is  expcctecl to be less than 40 na.nosecond:; and to be 
available ont:c cac:h second. 'The tot.;~l elapsed time required 
to complete i l  time 1.r.ansler. should t)c less I.han live 
minutes. 

1 .0 SIIMMAI7Y Cjt '  '1'I.LC '1'HAT:JCINC; A N D  L>I\TA 11El,I\Y SA'.I'F.l,I,I?'L 
SY SrI'EM ('I'ljRSS) 

I . 1 Cteneri~ . .... I 

rl'hc t racking 2nd r h t a  Helay SaLeIlit~ Syst:ern ('I'DHSS) is beinq 
developed for NI\SA by a n  irlciustry Learn c30rnposctl ol  Wesl.ern Union 
Space C:ornmunications Int : .  (WU), IIarris rIlcctronic Systems nivisio~? 
(I-IESI)),  and 'I 'KW Syst.ems Group. 'l'he ranging and da1.a services 
provided by 'l-'IlRSS arc to bec:omc an intcgral par.t ol  N A S A ' s  pos1.- l9GO 
SpaceSligh t. 'l 'racking and 13a ta Network (SrI'I) N ) . 

1 . 2  - Covcrage - .. . . -- . - 

S)at,a comrnunica [.ion nc:c:~ssihili t.y will be nearly worldwide 
tlrperldirlg upon user  satellite altil.udc and inclinalion. This coverTagc is 
to t)e providerl by I.hrcc synchronous orbi t  relay satellites, Lwo of 
which ('TDRS thst and TDRS Westj a r e  spaced 130 apart. in  longitutlc. 
Consider.ing remote gr-o.und stat.ions as  pol:e.ntial 'I'IIRSS users t.o receive 
prccise tirnc. LransCer , the  zone of (:overage ~01.ilcI incl udc k:i:~s t- 
Longitude 1ocaI.ions to !.he easl. coast of Africa and WesL T,nngitutlc 
locations to the  west coast of Aust:ralia. 'This region of coverage a t  1 . h ~  
earth's surface includes all cur.rcntly an t i c i pa td  STIIN sl,;jtions. A 
basic illustration of- communic:ation relay via 'I'I~IRSS is shown in 1'iqur.c 
1 . 1 .  
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Fig. 1.2 Forward and Return Relay via the Tracking and Data Relay 
Satellite (TDRS) 



I . 1 ; .!t i  SS Sr.r,vic:ils 
- 

'1.11,o b;xic ~ypt::; r j f  ser>vi(:e ulill b~ pr<~vi(jf:ci 1 1 1 7  l ' l)[?SS, Sjriglc 
. . Acl:e~,: c I r 1 ~ j  Aluliip!(> ;7t-:(:css. I r S r i s  r ,  each 'T'Dii 

t i  i t t r :  i -  n r  1'11~1 dual fc(:ltl:; provide 
f o r  S-F?;jnd ;1n3 l i  ~ 1 -  H;iric:! i-u1nr1l~.l11i(::n?~.ii:111 ( SS;! ;itIc! KS 3 ') lo cind f r m l  

use rs .  l-(jr b,l~sitip!~? Access ( $I;-\ ' J  s t , ~ , \ ; i r  I . ) ,  e 2 r . h  -:- I )li > ; t ~ L t ? l I i T t >  h;?s ;:I 

]:)l?lnc?r S - . / ~ & ~ I C ]  ;l.rl-,;.i.%$ <irl:.(:nIIa l : .? tpdi j l ( :  ~ . j ~ ~ ~ ! ~ ~  ~ O ~ ' v f i i ~ ~ ~ : !  [j~nd I ' ~ t ? l L . l ~ ~ ~ ~  ~ I ~ ! ; I T ~ I  

lor-ming . I"or.itn-~,ci ! in  lc bri;rnl i I:; t'mln y tii ; I  I.I:;('!' i:; ( i o t ~ c i  tit I h t r  .I 'I)R 
sntell-it.c 2nd r ~ t u r \ n  link bc:cin~ ior\l?-linq i'rorn ;r L I ~ - , c ~  is  ( d ( : j ~ l t '  xi: t . h ~  I-IjRSS 
grocrrld s tatio:l. 1 I s t  , e r r   IS /.tic e.~~uival~:. i lL of a 
clirezl:cri bcarn. 

Z'orwar-d and rctur-n relay between t h e  I'LIRSS g round  s.I.at.ion and 
thc  TI>R sat~1liLr.s js al i<u-'L5and. 'Thc r'cclcrircrl rncllt.iplctxing, 
demultiplexing and  frf?y~ler icy t ranslat ions 1.0 and  irorn the user a r c  
done a t  t h e  I ' U R  salel l i tc .  1'iyur.c 1 . 2 is a simplified block diagram of 
t h ~  sj y nnl f l o ~ ,  thr-(ugh a 'T'TILI snt.cllitc:. 

1 . 4  'TFlL<SS . -- Signill L j~s iqn  - - . -. .- 

In  o r d c r  to hes t  sntisl 'y Lhc cornbined r-ccluir7cments of Iitnited 
riidiation Flux d t r i s i ty  , Single and hlul tiple Access r-nnging a n d  data 
s e r v i c e s ,  anti  individ-ual hcam forming for. each Multiple Access usex-, n 
pseudorandom ( P R N )  code sigrinl design was chosen  lor  'I'rIILSS. 

'l 'hc cnpability of simul l.nncous ranging a n d  tl;ita communication is 
d i rec t ly  applicable to time Ironsfer ' .  Ranging is accomplished by 
syxlrhr- .oni~ed forward and rt : turn l i n k  P R Y  codes i n  n "1-o-untl t r ip ' '  o r  
"two s>,ay!' rari y inq mocie (. i'i)T<SS hlodc l j . Fur-w~1r.c.i and r e  t-urn 
.Lelemetry (fala a r e  modulated onto the r.~spcc:t:i\~e codes nIlo~\,irly 
simul taneou:; twa-w.vay ciat~j t r a n s i e r  . 'Yhc T'R ,A code "r:lpat.h!I s i q n i ~ l s  or- 
"slat(! indicnt .orsl '  sel-vc ;I:; eevenl. maskers for time t ransfel- .  Signal 
margins art? suc:h thaL thesc m a r - k ~ r s  wiil be quitc s-\.able a n d  i.:odc 
acq i~ is i t ion  Lirnes rclla tivcly short . 

1 . 5  TUHSS In ter face  
.- - . . . 

The basic type of i n t c r t ~ c c  bctiv(5cn us tJ rs  and  'IITSI<SS i s  n da ta  
in te r face ,  available wiLh 1~ot.h Single ~3nc.i $1-ciltiplc Access s e r v i r c s .  
Baseband iligilal data a n d  ciata rlack ;ir.t< app1ic:c.i i.11 l . t l(> ri)L<SS qr-o~xnt 
st.ation to a for.ward link daLa in t e r f a re .  Rii:;iit-)ancl ciigitiil d a  tii mci data 
r:lock a r e  r e t u r n e d  from t h c  user' via a rlr . tur*n l i n k  da1.n i n  I iy:l,fat:c. The  
lar,\vax.cl and return PKN code "epochs" or. " s t a l e  ~ n d i c a t o r s "  lv-ill t-)c 
utilized fa-r time t , ransfer  t o  t h e  N A S A  gr-nund .t-lcl.wor\k s In t ions 
(Srl'DN ) . 

A hlock dingrarn of the  time tr*atisfer hardwart: a n d  [ .he in t-er'facc 
with the 1 ' U K S S  g r o u n d  s ta l ion  a t  White Sands is show71 in Fiqilr-e 1 . 3 .  
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i i i c  i . . i ;i~ii:  time t~',.311sfi+r imit ( , ' i ' -T l . ' )  ir1i:iuric~ the  ~nic:t~oprocossc)r wi.th. 
nssili.:ial.ed p ~ v - l p h ~ r ' ; ~ l  hnr.ci~inr.r.5, t hc  time in ler'\;al c o ~ ~ r ~ t i n g  ilnits, ;lnd 
tt~il itt.c-.i.~uvncy stan4;ir.d 2nd c1ot.k. 

kjlor:k t l iagran~ i-)f t i i ~  Sl'l Ih' sta Lia-rl ' L ' l l i  nnci '1'1 JliSS interfar:(: 
11nrciw;~r~c is shown in 1:igure 1 . 4 .  l:sst:nt.i;jlly tlhc s ime  hardwar-(: is  
used hrr.c as issuc!ci ; ~ t .  t h i :  -rr)ICSS g round  sltltion except: thal. t h e  
tr-ansmit/rercive interfatye is ~v'i.1.h :I ' l ' l jR S S  u s e r  t r ' i inspond~r ' .  

2 .O T D R S S  'I'ThlL: T R A N S I ' L R  ':I'EC:~(NIQTJL: 

For. t.he p u r p o s e s  0 1  th is  paper ' ,  I.hc I r.;~ rlsfer' of time is defined t.o 
mean t h c  deter-mination o f  the iiifPex.cnc:c b e t ~ t , c ~ r ~  the clock t j r n ~ s  o f  two 
pt1ysic;~lly sepnr.;lLed s t a t i ons .  I!. i s  ;jssullit~tl th;il encch stalioxl has  ;I 

clock 1 LIPS s i q n ; ~ l  derivet:I from ~inri  hitvinq t l lc  ;Ic:c'ilI-ni.bT of i i s  0w.n t i r r l~  
stnnciartl. ' T h i s  ;~llorvs Ihp tilnc~ inler,val L)cL:v~c~n i:lock:; L o  be> rnonsi~r,eci 
os  thc: Limc int.or.vol f~rt.\\,ceri orc-~.. r,r.firlcc.s of the3 :;t,~l.ions' ~ > e s p c c t i v c  I 
PPS :;ig nals . Flict c~hjr\c tjvt. oi the l.ech niquc. iiesc7riht:cf here in  is t:o 
d ~ l . ~ r - r n i n e  t . h c  t i m e  int.r'rv;ll bel.~vc.en Ihosc: 1 PPS s igna ls  (i.i:. , t he  clock 
e r r o r ,  r ) .  

2 . 1  C:lock Error- Calculi-] [.ion 
. -. . - - -- -. . .- 

'The tcc:hnique tlescribcd bciou7 (:an nssurnc ;3 hInslcr/Sliivc 
rclat.ionship h e t ~ t e e n  Ihi.  s ta t ions  wher-ti in fac t. t h c  master. s tntion would 
he  thcl n'!7SA t .ermit~;~l a t  the hrhit.e Sands  TIlliSS gro.~.ind s ta t ion .  l ' h e  
s lnve  sttition ~ v o ~ l l d  t)c one  i l f  [he !.jT'I),U t .r ,ark~rlg :;t,at.~c)ns or- ot.tlc:r 
suitilbly cquipped -1'l.iHSS' user.. -1'hc irnplcmrr~latiol~ coc~id bc> s u c h  t h ; ~ l  
essent itill-y Lhp salnc-i hnr,tilvar-.t Liu t. s l igh lly d i l fc ren  t sol'twar-e (Sectian 
3 .  (1 dist:~lsstis i~nplernen tat-ion ) \voul i l  rnclkc t h ~  two s tnt.ions rec:ipr.ocal, 
so 1:hat cithcx. st-atiorl (::oil Id I 1 the  master.. I'his would h c  
ntlvant,ageo~.ls i f  a qit'e11 slal.ion ~1-0:; r f ? r ~ ~ . l i t ' ~ d  Lo havp the  capnh.ilit.ies of 
e i t he r  tllastcr or. s l a v e ,  n s  in a chain-l.ypc t.irnc t.r,ansl'crr. 

-To determine the clock cr.t\i)r., c ,  Lhe mltstcr n ~ ~ l s  I. knt:)w when t f1.c 

s lave ' s  1 PPS occurred r.clnt.ive to his o w l .  'ri-lis is uchicved by having 
both mnstcr and u s e r  rncasuri. t . h~  t.imcs ir~tt;rvi~l 1.1-om t.ht>ir r ,cspet:l iv~ 1 
PL3S s i q n i l s  to  a common reFcrenc.c. ihc: (:olrlinon r.cl r~.tinc:t? i s  ;in cpoch  
nr. s t a t e  indiciitor signal of thc. F'ItN (:ode t)i:iny r.rl;3yi.d t)i-.tivc-icn r~ia:;ti>r. 
arlcl s l ave ,  via t.he Tllli satellit.(>. 

ils this code is genp.ratet.1 , t.hr cotJc vtti: tor:-s (31' s t.at.ci ind~i 'a tor ' s  
(SI 's)  occur' r epea t ed ly ,  oncr: Sor, cactl i ~ l l l  i:yc:it: 91 I . 1 - i ~  r:ode. 'La avo.id 
ambigui ty,  one specific SI 1s sclectcci nr. layqed :;(:.I thal. t-)ol.h s lave  a n d  
mast-cr. -refer tht-:ir rncasurcment to thii snmc S.I. A t-irning diagrbarn 
illustr*at.ing the intervals t o  be meosur-ed ( A  and  A,;) 1s given in k'igure 
2. La. l ' rn rn  the dingram, one can cxprcss the clotfk cr\r.or. a s ;  
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Fig. 2.1 Basic 'Tir-ne Transfer Signals and Tirne Intervals 



'This represents a "one wayf1 or Ifret.urn onlyt' method of timc transfer 
in which A and A a re  t.he intervals measured by the slave and master, 
respec.tively, anti 'I'R is the ret.urn link pat.h delay from slave t.o master. 
(It. is assumcd that  any hardware d.elays have been t,aken into account.; 
t h i s  will kc discussed in Section 4 ) .  

'I'o actually calculate C - ,  the delay T1l must be dctermjned. For a 
onc-way link of user-to-master (TDRSS Modc 2 re turn link only),  Tl;t 
would havc to be calcuidtcd using ephcmcris data on the TDR satellite, 
as well as  the exact locations of slavc and master. 

A second method of determining 'TK i s t o  estimate i l  from 
measur.cments using a two-way link (TDRSS Mode 1). In this rnodc, the 
mas t,er originates the PRN c:ocle ; the slave r-eceives dnd retransmits thc 
code, and makes his Az  measurement which is also scnt  back during the 
next one-second measurcment interval. The returning code enables the 
master- to make no1 only nn initial interval measurement ( a ,  j , but  also 3 
second interval measurement ( A , ) .  The measurements arc! made from 
his 1 PPS to thc tagged S1 as  it is being transmitted ( a , )  and received 
( A ) .  E'igure 2 .  l b  illustrates thc timing for this situation. 

From r'igure 2 .  l b  one can see that the total path delay, TF+'YR is ;  

where is the forward link path delay from master to slave. Hencc, 
the Lwo measurements made by the. master, A ,  and A, ,  allow estimation 
of the path delay. If we now assume that  the forward and return 
delays through the satellite hardware a re  equal and that the satelljte is 
motionless relative to the ear th ,  the rc turn path delay, TR, is equal to 
the forward path delay, TI:. IJsing this assumption and E q .  (2.1-Z), 
C q .  ( 2 . 1 - 1 )  becomes ; 

A:, - A ,  
c = 2 - ( a 2 - a l )  

Several assumplions were made to obtain thc sirr~ple result  o f  F:q. 
( 2 . 1 - 3 ) ,  namely equal forward and return delays through satellite, 
master and user station hardware, and a "stationary" satelli Lc . T h~ 
influence of hardware delay and satellite motion in the (:lock error  
estimate arc  illustrated in Section 4 .  

Satellite motion can cause an error  in t h e  computed value of of 
ahout 25 nanoseconds over an interval of about. 1 minute for a linear 
radial motion of 30 mcters/sec. The timc transfer system proposed 
herein is capable of cstinlating l.he f i rs t  order (linear) motion of t.he 



- 

sat.ellitc using tllc time in te rva l  measurf2ment.s. With ;I set. of 
measurements  bciny made mr:e each second ( co r r c spnnd ing  to  each :! 
PPS) ,  t . h ~  pr'cvious two secnnds  of mei~suremcnts  will bc  sufficient to 
cstima t:e ].incar. motin-n. S ~ c t i o r i  ,,1 con t . n i x ~ s  i.i more c:nrnplc t.e d13scription 
of satellite motion , har\iiiv;lr<- cli'lal', a n d  signal j i  t f ~ r '  contr ibut ions 1.0 
time tr7;lnsfcr\ error-.  

:3 . O I F  I 1 ' 1 T .  \ i .) F iiii.; TT)i<S:; 'I'TbII: 'J 'H A E Sl 'Ei? 
'rEC;HNi(,!UL:S 

Section 2 discussed the gencr.al I.echxlic1-uc used to  effect  a "Lime 
transfer" using the TTjIiSS. T h c  det.aiIs of implernentat.ion wcrc 
ignored .  'These will now kc discusst:d. 

3 .1  Data [ , ink 
. . -- -- - - 

il nurnbcr. of qi.lcslions L.ier.(.! l e f t  unclns~vercci i n  Section 2, such 
as  how the m;is lcr. obtiiins the rncas~irernc:nti; [;lade ;I I Ihe slnvo sLat.ior\ , 
arid espcc:-ially hoi\> one p;~-r..tii.ulc~.il.. S l  i s  "Lagg~tc.1'' SO i ha t  bolh s tnfions 
recognize i t .  ('L'his ess t~nl in l  fc;jt.~.lrc will be descrit)rtci in Section 3 . 2 . 2 ,  
paraqr-nph 2 . ) i7ornrniin i c..atii.)n tl1.r-ot.ry h t.he l'l.)liSS dat.2 link a n d  the  
I:orrnat ol' t h i s  cornmunic.alion pr,ovidr t h e  answers .  Motluiated on1.n the 
PHN codc is da t a  in tjlclck form a s  shnwn in 'T'nt)ict :3 .1 .  'T.his dat.3, 
ycnernt-ed .by thc  'l'ime ' l ' r ~ a n s l e ~ ~  ':L'crm~nnl ('irl'L1), is used  t.o t r a n s f e r  
such r equ i r ed  informa tion ds: 

a . The quant i l ies  r1cc:i:ssnr'y for. clock e r r o r  calcu lotions inrl uciinq 
time intcrvnl rrlcasu r-~mcn t s , t imc-of-day , a n d  , -in a "~:,ne-way" 
s i tua t ion ,  rnllr.jc: in l-oi'mal.~on pcrhiips in I.he for.ni o i  po:;it.ion 
conshn t : j .  

1 ~ .  11 sl .a lus st7or.d used to cc:)~n~ii~.. r1icat.e Ljct ~ v c r n  rn;~sl.cr ;ind 1:lscr such  
th ings  as  ili11:;i \:alirlit.y , loss  i ~ t  iranlcl, c>nd of tr.;insrniss-inr~ ,, and 
oLhir.1-s . 

c .  Sync words which i l ~ d i c ~ i t ~  1 hc.) beqinninq of bhc. Lr1ernctx.y framr, 
nnrl also gpncra t.e n " r ~ a n q i ~  cjal r " t.o r,esclli:ci lhct s t a t c  indicator  
(Si) nmbigilily by tiig<qitl<j a part icular '  S1. - 1 h i s  is dist::ussed in  
more detail in n lalet. sul):cc:l~i~ri . 

(:I. A sixtccn-bit SCIM(1:llk i:,; usc?tJ L i  I .  t r~~~rismissjot i  cr%r.or 
dc tec t ior~  since no  allo-i.cance it.os ru;.idc tol. ~t,or,l-i pdr71ti/. I 'he  
SI:MC:HK holds t h e  cornplenlcnt vt' l h t  I ' sum of the: 
conlents of the previoul= 27 L y  t.ccc;. 11-1 ;:~r.ici i t i o n ,  the :.;ynl:. wnr-ds , 

, . 
frnwlc l L ) ,  2nd s l a t u s  \cord a l so  he lp  triainta~n (r.;-lmc inteyrlity . 

Sui'l'icicn t in formdlion is included in th  c fur'rnnts 1:o allocv either 171i1stcr 
o r  u se r  lo c;llc~.llale t t ~ c  e r r o r  t-lctiveen c1oi:ks. 
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Byte No. 

Table 3.1 
TDRSS Time Transfer 

Telemetry Frame Format - kth Interval 

Master T L M  
Description 

User T L M  
Description 

Frame Sync 
Frarne Sync 

Frame I D 
STATUS WD 
STATION ID 
TIME-OF-DAY, DAYS 
TIME-OF-DAY, DAYS 
TIME-OF-DAY, HRS 
TIME-OF-DAY, MINS 

TIME-OF-DAY, SECS 

A ,  ( !<, I )  

A, (k-1) 
A l  (k-1) 
A, (I< 1) 
A, (k-1) 
a, (k-I) 
A3 (I<-1) 
A, (I<-1) 

A, (k-1) 
A, (k-1) 
Position Const. I D 

Position Const. 
Position Const. 
Position Const. 
Position Const. 
SPARE 
SPARE 
SUMCHK (LSB) 
SUMCHI< (MSB) 
ETX (End of Text) 

Frame Sync 
Frame Sync 

Frarne ID 
STATUS WD 
STATION I D  
TIME-OF DAY,  DAYS 
TIME-OF-DAY, DAYS 
TIME-OF-DAY, HRS 
TIME-OF-DAY, MINS 
TIME-OF DAY,  SECS 

A, (k-1) 

A, (I< 1)  
A2 (I<-1 ) 

A? (k-1) 
a, (I< 1) 
(- ( k-2) 
c (k-2) 
t (k-2) 
r (I<-2) 
E (k -2)  
SPARE 
SPARE 

SPARE 
S P A R E  
S P A R E  

S P A R E  

SPARE 
SUMCH I< (LSB) 
SUMCHI< (MSB) 
ETX (End of Text) 



. .. 

' l 'he da ta  frarnes inrludf th i r ty  eight-l)i t  bytes (or  w o r d s )  for a  
total of 2/10 b i t s .  A t  the pr.opnsed bil rot.(-: of 1200 BPS (;I s tandi l rd  
modem baud  r.al.c), t.h(: irarnc period is 200 rnsccs. 'l'hc I-esult.inq hyt.6: 
pcr.iod is 6 . 7  rnstlcs, 2nd the b i t  per-iod is 0 . 8 3  n1scc.s. It. i s  s ~ ~ g c ~ c s  ted 
t h a t  i l l  nurne-r-ic: da ta  t)c in packer1 \3(.:r) fo-rmat ( two dccimnl d ig i t s  per 
b y t e ) .  '-['his allows the  use of t h c  cintn-int-i~lpentknt valucs lo,,, -15,,, in 
4-hit. nibbles f o r  conveying alphn1)el. i~ in formation such o s  s y n c  words ,  
end-of - tex t  ( E T X )  , and  frame ancl u se r  ill. 

:3 . 2 

The: hilrdwa1.e used t.n yencra t . r ,  format ,  and control  thc 
transmission a n d  rcc.ept.ion o f  t h e  data fr-nmc is slioivn in l'ig. 3 .  1 for 
bo th  rnastctr a n d  s l ave .  'This hardware rnust also a c c ~ p t  the  nclccssnry 
inp~1t.s artd make ; ) I 1  cnl(.ulatjons requ.ir.cd to  dctpr.minc clock er.-rar., as 
well ;3s p~'ovicl(: a n  inl,erfacc to t . h ~  g round  ~ l e t . . ~ l o r k  via NASI>(i)hl. I'oL' 
ciisc:ussion purposes, l.his h;r-dwar-ti is sc?par-ated into Ihr-ee genera l  
i3 r ' C a S  : 

1. 'L'URSS (gr-ound st-ation and  use r  t r a n s p o n d e r )  ccluipmcni.. 

2 . Fq uipment which pr.ovic-ic:; vnrious r~c lu i r c t i  .in.p u l.s to  thc 
pr'i)i:essor . 

I. ' l 'hr  prucessol.  u n i t  . 

3.2.1 

l ' h r :  'TTjt<SS equ ip~nrn t  is ilst!ci to providt: Lhc- ~:ommunicalions link 
brtwocrl master  clnci s l a v e .  I1 c-llso providcs a cclmrrlorl ever1 L rnor'lccr 
r>c.fer.itnr:e (t .hc r)lilL c,odc S1 p u l s ~ s )  cind ;-I means of relaying the  da ta  
involved. 

3 . 2 . 2  

, . 1-hc  second levcil hor.c-l~i,;i~\r ~ n c  ludr-is t h e  itcrns -I ndri:nt.i:ii bt:lnit, . 

1 . Timtr. iril.i~rv;il c:our~tt>t,:; a.r-i. ~rt:ilui r-,cci to nicas-;u r.1: ( . he  L , ' s  . 

2 .  Logic: gatt:s a n d  1;7t.c:hcs a r e  r I I to proviilc. t.irning I 

s y  rich r.ijnizi?tion o r  t hti in t ~ r v t i l  ( :OUI I  t t !  r s b-1~1 SrJ ' i l  t <  'I..iS'-l'OP 
pulscs and s-ynchr.onizatian of (::tlr,li:iin inli . t-r , i! j .) l :~;  . ' l ' t~es( !  L I T ~ ~ L S  

also t.dg o r  ga t e  t h ( :  p rnpc r  SI pllise using ;I 11'i~nIc' Syllc dE!t,e~Liofl 
s iqna l .  TIIC taggccl ST is i n  1l.lr.n 1citi:h~d a s  ;I I(;\:. lcvci i l l t o  t.hc 
in le rva l  counler-,  I h u s  slop-ping t h c  4 ,  count  \ \ , i~ich t-iad t ) ~ e n  
stnr'lcd by Lhe 1 1'PS via t.tli: :;;]me lat.c:h. H F ? I ~ C I ? ,  3, is ;J rniwsur,C 
of the: in te r \ /a l  b e t i t , c ~ n  t h r  ! Pt )S  - r111d l.he .. ttirlsI SI ~:lul:;c foI io \~~ing  
the l'l'nr'n~ S y n r  \t,c)r-ds . Si rlcc / .he da t.2 tr.arnc -is ncjlt r .aicr ,cni 'cd 
-t.o 1 . h ~  PI<N co(lc (tr.;jnsmis:.;ion is init.iat.ct-i by anot.llcr. S i  - p u I s r ) ,  
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TDRSS ground station Master processor 
Ext.  clock - data iriterface - --- --- 

Intel 8080A 
~ ~ C ~ O ~ I - O C ~ S S O ~  

(a)  Master Processor TDRSS 
Time Transfer 

Ext. clock 
'10-1100 MHz 

User processor 
- ~nterface - --- 

Intel 8080A 
~n ic rop ro~ess~ r  

-- 
User Processor 

TDRSS Time Transfer 

Clock & 
time code 
aerl./butfer 

Fig. 3.1 Time Transfer Processor 
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E:lct. clock 
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the  .r.aggetl S1 
F'r-arne Sync .  
same scqucnce  

pulse wlll always be t h e  f l r s t  one following the  
(IDurrng rcccptlon o i  a "turrrrd-;lr.ound" r o d c ,  Lhe 
o c c u r s ,  yielding t h e  intcrvdl  A, .  i 

3 .  'L'hc f r cq  i~erlcy s tnnd;~xd, stdtlon rlock , a n d  tinlc ccrdc 
denerxalur-jhuf f ~ r  hnr'dwar'c pr.ovlde the  I PPS signals dnd allow 

4. A NrlSC.:(::)M int.erlnrc: -is xkcquir.i:d to allo\zl i:cirnmurlications bet.ween 
1 h c  master- sLa tion a n d  c-:ontr.ulling 10cat.inns ( c .  cj . , C;SL'C,!N'I"TF) . 

5 . An opcr,al.or, l/ 'O i:c)nsal~ l;jcility is r1r:quir\ed to a1 low in l.cr.ai:Linn 
ticlwcen operat.nr:; anii Ihc time t r '~r lsf i>.r  sy::tcrn. This  ;~lin.li:x 
data \/;llucts s u c h  a s  clock e r r o r  t.o be  ciisplayerl on dc:mand as w ~ J i  
a s  providing a rneans of t:nl.cring cornrnnnds i-n1.0 I.hc s y s t e m .  

'I'hc processor  sys t em,  c:onsist.inq of a mi(-r-aproressor. and  
associa Led pel-iphernl I/() c h i p s ,  is t.17~ basis of ihe Tirne 'T'r.ansfcr. IJnit 
('l7'1'U) har-dwnr-e. anti ciocs nl l rec~uix.cd i.2rnput.a tion and most. of' t h e  
c:on t.r-ol . In  an  nppli cation u.hc1r.e o sl-nc111 amount. of sirrrplc cali:~lla t.ion 
and  a l a rqc  amount o f  contr.ol ;ire rr.qu-irc:(.i, ci rnic.1-oprr3cesscir i s  the. 
nalur-nl solu1.ion. Fur t h ~ i  t i r ~ i ( '  L~'ii~l!<ier sy5711171, Ihc lntel  t<(li>(j ~ltis 

i.nit.ially se1ect:ed . C)thcr> pr-oi:,t:ssory:; i i i .  y . , Zilr:;q's 7-!jO) htivf: similar. 
capahili t ics and could ;~.lso I)(: ~ . i s r i i .  7'11~ i<O::O :\as :;{:iected bcc-.,.~usc not  
only doe:; it havc  a suff'icient il-ls~r,uctic-)n sei.: wor.d :;ire, anci s p e e d ,  
h u t  also because  it is cu r~ r~cn l ly  well suppurxt  c:ci Ly a~yailablc softu.ar.i-:, 
peripher;~l  ch ips ,  cievelaprnt?nt. har.dware, 2nd set-ond--sour.c::p. ve.~:dnrs. 

i lssociatcd wi 1.11 t . h ~  micx~o~~~r~orc: ;s i~r>;  ( i r l ; ; ' ~  ! ci i  :: Lhree l.ypcs of 
per iphera l  interf.ace (-..hips ( r .e - I~ . r \  t:o 17iy , 3 . 1 ' I 'hr .  .L;SARq'>< arc 
universal  sync-hronous; asynct l rox~ous rltic:~iv.et-, tr;ix~sn.lit t c r s  ~ v h  icii iir'c 
uscd tn ronvcr,t t hc  I - ~ ~ I - ~ I I P I  d3t;r (of: t h ~  111' ir.ito ~ ~ . n i : ~ l t . ~ . j n o i ~ : ~  ~c:r.i,ii da ta  
f o r '  thc  ?'T:)HSS Tr~;-~nsmi~sic-ln l i r i  k ~ 7 1 1 : l  tk(! r t . \ - ~ t ' . ~ ~ .  l ' i j t  r.i'i:c:p!!~rn . 
LISA t i ' l ' s  provide syn i. LX or.ds a t  :he st.;~r,t. i;l i'.ar:,Il di i t - ,~ ir.;-lrr.;t d ~ . ~ ~ \ i r ~ q  
trc?nsrni:;sion , sy.t~c' ~ v o r d  >;e;~~,c:h ~n i:j ii~ir.ir1i.j ~ , t - i . t ~ ~ )  i i o n  , /::ciri t.;' c:l:c>~:k~.rl(j  if 
dr-tsircd, I-lnlf- or. f~.!ll-cI~.iplex . I  t i ,  I .  I L J !  of athe] '  

, , func:t:ions. TIIP . S I alsci 1 I :  natlir-aliy v a t . t i  rnt.cr~aclive 
ter-m-inal cicvices ( e .  g . , i . tr lr~tr, .p~, i-:H .r < O ~ S ~ : J ~ C ,  c t.c . \ .  

Tht: -- PPis . .- . . a r e  pnr.;lll(!l p r ~ ~ i p / ~ e r ~ i l  iril.i:r.ftici>s ~~ . t i i c t l  i~ll(:)\h'  direct 
Lransfer. of parallel d ~ t ; ~  into t i ~ - ~ c l i  o u t  ol  t i l t !  pt j .  f:ach PPi  has [.he 

I for' con t.rol p ~ i r p i - ~ s e s  . I 
L'intilly , t h~ - PIC: 1s a prior i ty  i n t c r ~ u p l  r.'ont.ra!J(:.t., ~vhich ;~c:reiit. 

cxter.rl;~l itllcr-r\upt :;inn;~ir; anci, in  ~3 spcii:ifir;:i priol-it.)r, ;>llo~v:; one 01 



them to 1nLerrilpt t h r  pp wklle holdlny m y  others  that  hdve occurrecl. 
'The PIC: dlrccts  the yP to thc pr'ocessing routine corresponding to the 
~ n t c r r u p t  that  was accepted. Hence, the time t ransfer  program 
operates a s  an  ~ n t e r r u p t  driven system, mdking more el ' f ici~nt  LISP of 
the ,UP. 

3 .3  Processor -- Operation 

l'unctional flowcharts of the  master and use r  systems a r e  g iver~ in 
E'lg . 3 . 2 .  In g e n ~ r n l ,  both master and use r  processors receive, s t o m ,  
and format the  various inputs (e .  g .  , A ,  ' s  and GMT time) into n data 
frame. This informdt~on is stored In onc o r  more of three  tables or. 
1)uffcx.s. One hufl'er contains t h c  telemetry to be sen t  ('1'X RIJFF), 
another s tores  the Lclcmctry being r.ecelvcd (1lX HTJFF), and the t h i ~ ~ d  
retains a hlstory of p e r t ~ n e n t  data (OLD IJA'C'A RIJFF) .  1lur.1nq thc kth 
~ n l ~ r v a l  'TX BCII'L' and R X  HIJF'F contdin data measured rluriny the  (Ic- 
1 ) th  interval a s  well as a r u n n ~ n g  account of the  ~ 'a l ru la ted rlork e r ro r ,  
E ,  which can be  avcrdgcd,  A s  pa r t  of cach interval 's  calculation 
phase ,  the OI,D L)ArI'A 13UrF is updated from the  R X  RIJFF and '1'X 
L<IJf'F, and the 'TX UUL'I'  i s  updated with nrw time ~ n t e r v a l  
measurements, time-of -ddy , and a s t a tus  word. 

Edch processor will have a simple residerlt monitor program which 
allows communication with Lhc l/C, console, possibly with NASCOM, aids 
in debugging,  and dllows software modifications. Commands to inillate 
and tcrmindtc time t ransfer  could be  made h y  an operator from t h e  
consolc , via the  rnoni tor ,  to the  time- transfer. program. These 
cornrrlnnds could also come via NASCOM o r  be initiated ~utomallcally lf 
one so desired.  For example, n (:ode lock indication from the 'SL>R:;S 
intcrfdcc could initiate tr.ansfer, and ,  af ter  a pre-se t  time ( e .  g . , 30 
seconds) , the program i t  self could terminate t r ans fe r .  'There a r e  many 
possibilities, some of which will prove to be more operationally 
acceptable than o thers .  

Once inltidted, the  time transfer  program 1s dircctcd by a s e r i ~ s  
of in te r rup t s  which a r e  monitored by the  processor's progr-ammahle 
interrupt controller (PIC) ,  Flags can be s e t  to convey ccrtaln 
Information required by  the  program once the  data exchange is 
completed (about 760 msccs into the  one-second interval) .  

The processor is  responsible for  other ~ C ~ ~ V I I I P I - ;  a s  well. AS the 
serial data a r e  received hy t he  l i S A K r I '  (universal 
synchr-onous/asynchronous receiver/transmit ter )  , data vnlidi ty is 
checked in various ways. A s  valid data 1s i~ccepted and storetl,  
calculat~ons needed to determine clock c r ro r  a r e  made and checks for 
End-of-'l'ransmission (COT) a r e  made. 

l'lnally, following COT, the pr.occssor has thc option of 
performing varlous lcinds of andlyses that  may bc desired and thc 
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capability of displny~ng r-equcs tcd rcsul ts  on the  console o r  other. 
tlevices. l'r'om t h c r ~ ,  pr-ogram control r'cturns to the  monitor to dwait 
operator commands (ei ther locally vla console o r  remotely via NASCOM). 

4 .o  'r rMF, r ~ l ~ ~ ~ ~ t ~ ~ ~  ACCURACY 

4.1 -- l ' h e  TDRSS -. Relay Path Model 

The time interval measurements and clock e r ro r  calculations 
whic:h were discussed In Sect  ion 2 can be illustrated by the l i n m r  model 
of the  TDR sal.c:I 111 P reldy path  shown in E'igure 4 . 1 .  This linear modcl 
d s s u m e s  that  TTIR satellltc motion resul ts  in a constant  r ang r  ra te  
relative to each stdtion over. the  time period rcquir'cd for  time t rans fe r .  
The three  bdsic factors whirh contrlhute to Llmc t rans fe r  e r r o r  can dlso 
he v~sua1lzt.d from 1'1gure 4 . 1 .  'I'hesc fdctors a re :  

a .  T h e  variation in thc  transmission timo or  relay path due lo both 
sntrllite rnolion and propagation ~ t f e c l s .  The variation due lo 
TDR satellite motion is a polenlially greater  sour re  of error' if not  
acrnur~ted for than propagation effects .  

b .  Ilardwdre delays a t  thc '1'DRSS ground stat ion,  the STDN user  
stat lon,  and thr.ough the  TDR satcllitc. 

c .  Variation o r  "jitter'" in t he  PRN code s ta tc  indicators (ST'S) duc 
to noise in the tr5acking loops. 

'l'he contributions of thcsc factors to Lhe estimate of overall tune 
t rans fe r  e r ro r  1s tabulated irr 'l'ciblc 4.1 of Section 4 .3 .  

4 . 2  Calculations Based on the Linear Model -- a" -- -- - - -- 

One form of the basic clock e r ro r  calculatiorl glvcn in Section 2 
1s : 

; = - (A2-A,) . (4 .2-1)  
I-' 

Edch of t h e  terms of E q .  (4 .2-1)  is illustrated on Figure 4 .1  . 
T h e  intervals A ,  and  A ,  a r e  measured betwccn d clork one pulse pc3r 
second (1 pps )  and  a PRN code s ta te  indicator (S l ) .  'The forward  rclay 
time, 'SF, is t o  be estimated from mcasur.ernents of the "round t r ip"  
relay time, 'll=Aj-A, , based on the  linear. model. T ~ P  estimate of the  
forward relay lime is:  

A 1 (7, +Y,) 
TI: = -[I - 2 2 1 (tM-rREfI (4.2-2:1 
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Table 4.1 

Error Summary 

- Column A assumes currently specified maximum delay variation ( -  30) for the TDRSS 
ground station, TDRS Satellite and TDRSS user transponder. 

- Colurrin B assumes currently specified "repeatability" of delay variation ( -  1 u )  for the 
TDRSS ground station, TDR satellite and TDRSS user transponder. 

Source Error (A)  Error (B )  

1. Time Interval Measurements 
and Calculations Based on Linear 
Model 6 nsec 

2. Differential Delay of STDN 
Station Hardware (TD RSS 
Transponder) 

3. Differential Delay a t  TDRSS 
Ground Station Hardware 

4. Differential Delay a t  TDR 
Satellite 

5.  Differential Propagation 
Effects 

6. Total RMS 

(no avg. or data 
6 nsec smoothing) 

30 nsec 10 nsec 

20 nsec 7 nsec 

30 nsec 10 nsec 

,- 1 nsec? - 1 nsec? 

47 nsec 17 nsec 



propagat ion ,  v , = r / n ,  with n-I ; in  t i  c=2.99Sx10' mt+t.e:x.s/scc. A l o r g ~  
mjluc of TI+) . ,  f o r  ii S Y I I C ~ ~ ~ ~ ~ ~ L ~ S  si irr . l l i t~ orbit is ? , - I  0 . A:i s la ted  in 
Section 2 ,  this  can ran i.r,ib~.ilc. c713011t 21 23 nt inos~~ ' i3nd  bins cr.r.or> ove r  
;~; )proximntelv  i-1 one: minute -inl:c:r. vdl . 

Eq. ( : I .  2 - 2 )  b.as c i e r i v ~ t l  tlircctly from Yig-urc 4 . 1  by equat.iny. 
tirne -ini.c:r.vals. Highctr order  trr-ms -in r ,  e . g .  , r ', y-', e t c . ,  are  
ncylccted . 

'I'hc inLervnl A !  at  the usrr., may be n fixed and known PRN code 
epoch o f f se t ,  n var.iai;le offset. r.cquir.iny rnensl;ix.cmcnt., o r  Ai=O, implying 
a "ccjherrnt r.ctr.ansrnissiox~" of the code r.c.ccivet1 by t h e  i:iscr.. 'I'he 
delay t e rms ,  r y ) ; ,   TI?^ , ctc:. , r'eler. to  the forw~t- t l  i ~ n d  r.cttiii-n l i n k  
delays a t  t he  blaster., User. and  -l'DT? satellit.(>. 

( A  mor-e el2bi;lr.a tc " d n  t .<~ f - i  l t c r , "  cou I tl be ernploycd Lo contirnially i1pdat.e 
~ . h c  rst-irnatc o i  both 'I'!!. and , 7 ,  ~ i s i n q  all t h c  time in te rva l  
measurerncmls obtained o v c r  a period of time. ) 

I L q  . (4.2-2) shilrz7s t t l i i t  thc hat-d\int.,c c-iclays depicted in  l'iqur-P 
4 . 1 appear.  a s  a dif ferent:i;i.l delay e l ' l  ect , ci . y . , A( T J . ~ , ~ T ~ ~ ~ , ~ )  . 'T'hese I 
diftctrcntinl delays c i i l l  tlijvc to be in(li:ponciFnt.Iy mclasilred o r  
"calit)r.at.ccri ou t " .  Acc: i i l>ate riingintj via TI-JliSS ;~l:;o r,i:q~~ir.es I i r lo~~lccigc 
of I.hrsse de lays .  T)t-!lc?y rne;lsur~t>rnnnts I'or t t l i ~  c.th;-lnncls In set-.vic:cl will bi: 
made as p a r t  of nor-mdl l'lIRSS opc:r.ating pr-occdur.c. ' Ihe  tet-rns which 
indicate  tc~tal ha rdware  delay show ~.it.hor> a dil'i ererlcc: jn toLal delay or 
arc significantly reduc:ed b y  a different-in1 rdnge  r a t e  parameter. 

I'ropagation pa lh  de lay  will alsrj occur  a s  ;I differential delay 
bclween t.hr forward ntic-l rctul,n p a t h s .  Sinct: the f o r w a r d  a n d  r c t u r n  



propdgdt~on pa ths  a r e  Lhrough t h c  same regions of space and t h ~  
forward and r e t u r n  transmissions occur within a v e r y  shor-t time s p a n ,  
thc differential delay should be  quite  small. 'This should be the  case 
even though t h e  forward and  r e t u r n  LCu-hand and S-band frequencies; 
a r e  different .  

4 . 3  Time Trans fe r  - . - -- Accuracy -- 

'L'he linear model discussccl in t h e  preceding sect-ions allows the 
fac tors  which contrihu1.e to time t r ans fe r  e r r o r  to  he cat.egorized. 'I'ht? 
time interval  mensur-emen t.s A, , A,, and  A, which a r e  used in t.h t: 
estimation of forward time, T F I  the  r-anye r a t e  paramctcrs Y I + Y  2 ,  and  
the  clock e r r o r  calculation a r e  all subject  to noise o r  "jil ter" in t h e  P1tP.J 
code trackiny loops. At: t.he sjgrlal margins available for  time transfe-t- 
this t racking jit.t.erk would be  qui te  small and averaging (o r  data 
filtering based on the  lineal- model) can rctiuce t.his contribution ever1 
f u r t h e r .  The  linear model itself should h e  qui te  accura te  over  
relatively s h o r t  intcr.vals, e .  g .  , 10 minutes o r  so .  Thc  time requi red  
for forward and  r e t u r n  link signal acquisition, da ta  accumulation, a n d  
clock e r r o r  calculation will be ; ~ h o u t  5 minutes.  

Unknown o r  uncalibrated hardwdrc dcldy appears  to  be  thc 
la rges  1 potential source of time Lransfcr c r r o r .  Specification daLd on 
ground s ta t ion ,  sdtellite and  u s e r  t ransponder  hardware delay 
contribuLions to T D K S S  ranging accuracy can be used to  estimate timrl 
t r ans fe r  accuracy.  Thesc  spccifiratjons were used Lo compile Table 4 . 1  
which summarizes thc dnliripated accuracy of Llmc tr'dnsfcr via TDRSS.  
Analysis and  tcs t  data on PRN codc trdcking stability i s  used to 
esLimc~tc? the  effect  of ji t ter.  'l'hc c r r o r  summary of Table 4 . 1  is  for 
"two-wayft o r  "round t r ip"  estimation of forward dcldy to  t h e  u s e r  
(TDRSS Mode 1). 

5 . 0  SUMMARY O r  OPERATIONAL CONSlL>LRATlC)NS 

If two s tandard  frequencies differ- b y  a few p a r t s  in 10" fr'orn 
their- nominal fr'cqucncy of 5 MHL the  correspox~ding clock rd tc  
divergence would he about  150 nanoseconds per  day o r  about  one 
microsecond per week. Once d week t h e n ,  could he a reasonable r a t e  
a t  which t o  check SfT'13N station clock e r r o r .  Also, "intensivctl  t e s t  
periods oi several weeks could b e  used to  ~ s t a h l i s h  a "prcdictcdtt  clock 
t)(lhdvi~r'  with each stal ions '  clock error- being mcasurcd twice a d a y ,  
for  example. 

5.1 -- 'I'EliS System -. Loading . 

A s  s tated in Section 4 . 3  the total time t r a n s f e r  interval is  
expected Lo bc about  5 minutes. This includes forwar.d and r e t u r n  link 
1)KN codc and  carr ier  acquisition, da ta  acquisition, and one Lo two 
minutes of clock error- calculation with sample values occurr ing  a t  a r a t e  



of orlc per. s econd .  'The 5 minutc inLcrv&l d o ~ s  not inclut-lp. se rv ice  
i:i)nfig urat-ion t.irnc. l 'or cxamplc , thC time to ver i fy  tha t an assigned 
hlultiplr Access ( h l A )  Fh;~tintil is ;~vi-~ilak)li. ; ) n i l  opi:r.at.ing pr-operly i s  no t  
incl~~di:(I  + 

It i t  is  assumed tha! each S'I'rjN i\lt.ation:s rloc:k e r r o r  is being 
checked " r egu la r ly" ,  30 to  ,'I0 rninu1.c'~ per, wcck might hc r e q u i r e d .  
'l 'his woulti not  appca r  to be  a ser ious  operational hu-rdcn. lt was notcd 
in Si:r:tions 2.0 and  4.0 that  !.he r-ole of Master and l i s e r  s ta t ions  could 
be in terchanged so  t h a t  the  e r r o r  of t . h ~  TDRSS grmund sttltion clock 
could alsn be chcckcd  a s  a rout ine  proc:edul-e. 

5 . 2  t 'nrwartl 13c:arn Shar ing  
- - -- - - . . . - . . . 

Since the M u l t i p l ~  14i:c.c:~~ ibli ' i)  :;crvii.e is tc.) ki;~vr. 20 x'i-turn 
channr:ls pcix 'I'IIR satell i te ( poter~ tial I.ol.al of '3s2(:1=00 i-:karir~rls ) hu-!. 
only onc forward  charlniil pi'r' 'I'bli s a t c l l ~ t e  (,a total o f  3 )  it will bc  Lkc 
fo rward  l ink accessi hi1 i 1.y [.hat places sz811;:jtc\/r->r .I imi  t ;I Lions might a r i s e  on 
time tr;lnsf(!r v-ia 'I'DRSS hlode I oper-.;~i:-inn . ' l 'his r n o d ~  is t.h r two-way 
"coherent  rarig.ing " rnocit. which perrn-its its timation of tht? f'orword 
propagat ion time hy 1.hc !'I-ound t r i p"  rneasl.~x'emcnts d iscussed  i11 Sect-ion 
4 . 2 .  Since t h e  MA forward an tenna  beam is  relat.ivp.ly brc>ncl, i .  c .  , 
abou t  10" Thc possihili t l 7  of sever,;~l tirnc Lr-ansfet- u s e r s  sharinq the  
same for-i\,ilrci bcanl e x ~ s  t s  i3nd will bc ronsiiler-rd as  a n  opcr*d lionnl 
possibili ty.  Shar ing  a f or-ward hei~rn ivoulii ptdr-mi t- clock rtr.r,or est.ima!.es 
t o  be m a d e  To-r si!vc.r.al S?'T.l?j st.;~t.iotls in  r.api1.1 sur:r:(>ss.ion. ' l 'his 
appr.oai*h would r.c:iluirt: acir~ii tiiin;~l t~rnt! 1 r.ansfcr1 :.<iynal rnult:ipli?xing in 
t h e  j)r,occssor jcnntrnlle-r,. 

5 .  3 "On(:-Wtw . . . . . - . Tinle . l l..;ln:;ft,t .qi.i-i~ r'ac'y 
. . . . . -- - - . . . 

'.llhc basic t e c t l r ~ ~ q u i .  cind Ihar,d\c;~r.e clisrusscd !n Sect.inns 2 ;jnd 3 
i ~ n d  thc model dc:si.t~iLi;d in Si;lc-'tion 1 . 1  pcrmi!  c:loi-.k e r r o r  c-:;~I~:ulalion 
eithcr, by  forwnrc-i-link-onl~. t r7;~nsrnisslclxl fr.c)m t.hr 'I'T)RSS gr.oun(! 
st.ation to the  SrI'ljN usi:r. st.;)! ion or t i ) .  ~~cLur~ri-I in  k-,,nr~ly ('l'L>l<SS hlocl~ 
2 )  fr-orn t-hc: S'l'IJK usrt-, : , t ~ t  loti 1:; thc I2HSS [jr,ol.lnci sLrit.ion . Thr  
f u n d n m ~ n t a l  differ-cnc:c> - i ~ ;  t i - ~ ; ~ t  fi.jt: tky:+e. " c > - l ~ ~ t : - \ v ; ~ ~ . "  Lr.arismissior~s, t.hc 
cstirnr~.t.e of  forwar.d pr.ol:,;iq;~I ior-I l imr: I ( ( ; I  ' I  - -  ) t ~ t , i ~ ~ i i r ~ i . ~ d  101' t h ~  i.ltji.1.: 

1 )  
ibrrir c.,dIc:~il;jtion [nu:>t 1 : ) ~  <)l:)-ti~ir~(:il ~K.(,II-I ' i!)F< ~;;jt.i?llil.(,, c[:jl~~:in(cr~ls ~ i ; ~ t c j  
ri3t.hi-sr t k2~1  ;I " r , o u n i i  trip'' d i ~ l ; ~ ) .  I :  t r  and 
propnqat-ion ifi;lays ;if tei.1 I.hc i r ' r ' c x -  r,;li:ul;~i ion (jir't:c t i ? ,  not as ;I il(:lay 
diflerer1ce ;IS in the " t ~ \ : : , - ~ ~ . a y "  I - I I I S I I I ~  : .  'l'hc arc:-u-r-;lcy 
available wit11 r(tlurn-1i1-ik-l.itil\- or, ~ ~ : J ~ ~ v ; ~ ~ ~ - ~ ~ i - ~ i r ~ l ~ - - i j n l y  !.l-iins1nissior1 
should be in t h e  or.dcr1 of. GOi: ;?onoscconds i-irprncl ~ n g  upon Ihc, v;~l idi ty  
o f  'T'IIK satell i te ot.bi1 pri?ii lrt ians fol, the lime pc:r,-icjd uvcr  whit-h t . h ~  
clock ~ r r - o r  is heing c)stimat.ed. Ac: notcd in S ~ c t i o u  I. 5 ,  one p i ~ r p o ~ e  nl' 
the TT3fZS user  t rnnsponder  a t  tho SrI'1)11' s t i ~ t . . i ~ > ~ l s  IS fo r  l.hi+ .;uppart of 
1 sat.el1it.e o r k i t  dcl.i~r.n.iin;~t.ion k y  i l  ~>a-rlr j ir~g" . ']'his 
s u p p a r t  ~ v i l l  c'c7nlr'ibul.~ to the‘ tli:cLll'ai:y of tirnr t.-ransfcr. lo ;I S'I'ljN 
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s t , i ~ t i o ~ ~  cvizen the transponder is uscd for  that purpose in a "one-way" 
transmission mode .  



Q U E S T I O N S  A N D  ANSWERS 

DR. GART WESTERHOUT, U .  S .  Naval Observatory: 

F i  ve speakers d e s c r ~  bed s a t e l  1 i t e  time t r a n s f e r  systems, a1 1 o f  
then1 d i f f e r e n t  b u t  a l l  of then1 doing the saliie thing.  Is  there  a  
movernen t afoot  to eventual ly  s tandardize some o f  t h i s ?  

M R .  McINTYRE: 

I ' m  n o t  aware of any such e f f o r t s .  The TDRS system i s  r e a l l y  t o  be 
p a r t  of t h e  NASA Tracking a n d  Data Network in t h e  19801s ,  d n d  i t  i s  
s a t i s f y i n g  NASA purposes in supporting spacc ~ n ~ s s i o n s  of a l l  va r i -  
e t i e s - - the  space s h u t t l e ,  f o r  example.  I t  turns out  t h a t  the 
pa r t i cu ld r  s lgnal  design and impler~l~nta t ions  wu have discdssed here 
a rc  very s u i t a b l e  to  trarisfcrr-ing t irr~a t o  the cjround s t a t i o n s  o f  
t ha t  network. Therc i s  no attenlpt to  d u p l i ~ a t e  o r  n o t  dupl ica te  
whal sonieonz e l ~ e  i s  d o i n g .  It i s  here--we w i l l  use i t .  

MR. ROGER CASTON,  Naval Research Laboratory: 

Let me answer a l i t t l e  d i f f e r e n t l y .  Paper 1 1  had 100 microseconds 
as f a r  as accuracy. Paper 12 was 2 5  microseconds, a n d  paper 1 4  was 
about 100 nanoseconds. So there i s  qu i t e  a  d i f ference  i n  the  
accuracy of several of  the sys tems .  
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