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ABSTRACT 

Within t t ic  lust y ru r  o scries of  e v t - n t j  have uc:r:vrreci wit\-t 
respect to the operutior~crl I'davy I\.Jnv~gc:~tion Satellite. 5vster.r-! 
(NNSS), c~lso known cor-I-ir-nerciolly (-1s TRAT\ISIT7 which rnnv 
have direct  henetits for the Precise Time clncl Tirne I:-~terval 
(PTTI) cormmunity. 

I r i  September of 1977 the Director-, Strnteqir: 
Systems Projcc ts qran ted perrriissiorl for  the 
Navy Astronautics Cirovp (NAVASTROCRCJ), in 
cooperation ~ / i . t t ~  ~IIC 1.J. 5. I\.]~vcI/ O t )servn t~ ry  
(NAVOOSY), t o  clef ine chnnqes in eqoiprnent arid 
operat ionul p roce t i ~~ res  which cnt.)lci ir-riprove 
TRAI'JSIT sa ic l l i tc  tii-lie nccurncy w i t h  respr r t  t o  
LJTC (NAVOBS'I' Muster Clock). 

f o r  the f i r s t  tir7-ie in ttir 14-year scrvic-c t~ ls to ry  
of the TRAIISIT S;/ztern, requirerncrits specific 
to  tirnincj uccuracy w i l l  soot- be irnplc.r,r-~cntcd. 

Recc-.r-it t l e v ~ l o p ~ r - ~ c n t  of (I Fi ANSIT Model T-200 
Sutcl l i te Tirriir-iq Re7eivtl.r by Satel l i te r\lavigation 
Systems, Inc. expedites TRANSIT tinic-. transfer 
capabil i t ies us wcl l  ns providiriy I\JAVAS I R0T;RO 
ari independent rri~asurer-rient of s c ~ l ~ l l i t c .  tirne. 

A rlew qrnera t iori of superior scl t~l l i tc.s (I'dOVA) 
w i l l  b r  Iauricticd stort inq in c.urly 1980 to 
uugrricnt the exist inq operational Tt(Ai\lSIT 
constel lnt  inn. 

This paper reviews the TRANSIT Sutel l i te Systt'rrl in terr-ns 
of i ts  current t irrie transft?r cupabi l i t ips. Potel-lf iul irnprove- 
r-nents usit-icj cvrr?rit  opcr(.ltior?ni satel l i l cs  ore disci.~sscd irl 
terr-ris of ~ I i u r i q r s  i r i  c.cjuipnient onrl opc-.r-..itior~cil proc.cciurc.s 
wkiict? cnn be r-riudc w i th  r-r-iirlirr~ul e f f o r t  (:)r ~ 'x l ' i c r id i t l~re ( ~ n d  
withoot deqrc.ldutiori tc, thc ~\~AVA~Tl-i(_)C,F:I....I pri1r;(:ir,y 
(navigot ionnl) 111: I s \~on .  - ..' 



INTRODUCTION 

The Navy Navigation Satel l i te  Systerri (NNSS) i s  a fully operational navigation 
system that enables the Navy Fleet or cornrrlercial users to  accurately obtain their 
position anywhere on Earth, day or niqht, and in any weattier. Thc NNSS, 
commonly known as TRANSIT, became fully operational in January 1964 nnd was 
released for uncontrolled public use by a Presidential directive in July 1967. 
TRANSIT is operated by the Navy Astronautics Group (NAVASTHOGRU), locatecl 
at Point Mugu, California. 

Thc Applied Physics Laboratory of thc Johns Hopkins University (APLIJHII) 
has played the central role in the technical development of the TRANSIT Systerri. 
The oriqinal idea wus conceived there, rriost of thc actual development was 
performed there, and APL continues to provide technical support in maintainincl 
and improving the systern. Fig1~t-e I illustrates the position of NAVASTROGRU in 
the Navy chain of command. 

Today TRANS1 T consists of a constel lotion of f ive operational satel I i tes in 
fixed circular polar orbits at an alt itude of approximately 1100 kilorrieters. The 
characteristics of the current operational TRANSIT satellites as well as their ( I ~ s s  
than optimal) longitudinal coverage as of I April 1978, are sumrrlarized in figure 2. 
Al l  points on the surface of the Earth periodically pass under each orbital path 
with a nominal t ime between passes of 90 minutes. 

The TRANSIT Systern requires accurate time to accomplish i ts nc~viqat ioncll 
rnission. For this reason the satellites transmit a precisely timed fidocicll t ime 
mark (FTM) every two rniriutes. The tirriekeepirig abil i ty of the operational NNSS 
is superior to that required for the navigational rnission, but is perhaps only 
marginal in terms of rnoclern Precise Time and Time Interval (PTTI) stundartis. 
Within the last year, however, a series of events have occurred wi th respect to  the 
operational TRANSIT System which may have direct benefits for the PTTI 
community. 

I. In September 1977 the Director, Strateqic Systerns Projects (DIRSSP) 
granted permission for NAVASTROGRU, in cooperation with the U. S. Naval 
Observatory (NAVOBSY), to define changes in equipment and operational 
procedures which could irnprove TRANSIT satellite t ime accuracy with respect to  
lJTC (NAVOBSY Master Clock). 

2. The recent development and availability of u TRANSIT T-200 Satellite 
Timinq Receiver by Satellite Navigation Systems, Inc. expedities TRANSIT t ime 
transfer capabilities as well as providinq NAVASTROGHU an independent 
measurement of satellite time. 

3. In November 1977 the DIRSSP approved the bIAVASTROGRU recorn- 
mendation to install and evaluate a TRANSIT T-200 Satellite Timing Receiver at 
its Headquarters Computer Center. 
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Figure 1. N a w  Chain of Command. 



CHARACTERISTICS OF OPERATIONAL TRANSIT SATELLITES (APRIL 19fs) 
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Figure 2. Current Operational TRANSIT Satellite Characteristics. 



4. In September 1978 )tie I\IAVASTRO(:;KI..I anti I\1AVOHS'I c-orrirr~enceci u 
cuoperutivt. test and eval~.~atiori progrurn to identify error sources rind operational 
constraints, i f  uriy, i r i  trunsferrincj TKANSIT t ime w i th  ttie TRAiilSlT T-200 
Sntell i tc Timing Receiver. 

This report reviews thc TRANSIT 5atel l i te Systetn in terrns of current t ime 
transfer capabilities. Emphasis i s  p l (~ced on tirne recovery and operntionnl t i~me 
rntinugerrient. Potential irnprovem~r-lts osiny c:ul-rc?nt opc-.rut ional satellites are 
discussed in terms of ch(ingvs iri c q u  iprnent ur-~d operat i o r~a  1 ;)rocedores which cur1 
be niadc'  titti ti rriiriitncll c f f o r t  or cxperldi ture crnd without tivgraclat iori 1 o the 
NAVASTROCRCJ primary (r-:c?viqational) rnission. 

THE TRANSIT SATELLITE SYSTEM 

After  u briet descriptioi-3 of t\4I'\lSS confiqorntion. \.up e:iot-nine in t v r r ~  ttic 
major constituent parts insofar as they dc-. tcrr-nine the -i-i r-n~. ond fretjueric:y c:)!itrot 
of the systcrri. 

1-tie NNSS consists of an operational constc.llution of f ive TRANSIT satellites 
and their associated ground sripport syster-n. 1 he grounti support systcr7-I consist:, 
of four trccking stations nntl a c:cr-i~rol cornputer tc~ci l i ty .  As shown in f iq r~re  3: 
the stations locutccl at  I..aq~jncr Peak, Poirit Mi.iqu? I i f  lioscrnount, 
Minnesota; and Prospect "icirhor. Mairhc. functinrt CIS hoth trackinq oritl (rr\~ssnge) 
irijection faci l i t ies ('THAINFAC's), \vvl-.~ilc ti-IC statioti In !Vcrtiiowc~, H c ~ \ ~ o i l ,  c~pc.rutc:i 
only as a trackinq tclci l i t y  (TRAF AC'). A i  I c~roi.~ric; sto t ioris i~civc u cotrirriuni(:~c:I 
link w i th  the Heodquurters C:orri[~!~ 1c.r C.'c.rl tc.x'. locc!t?ci ot Point Moq~.;, C:nl iforniu. 
The operntionol con f i gu ra t i o~  of the tNN.55 5tl(.)wri ir-i f iqure 11 i l l ~ ~ s t r a t e s  the salient 
-features wt~ic t i  we now sur-nr-tinrize. 

Lnr:h THANSIT satel li tc cont irioously I ransrnii s i ts present epherrieris encoded 
by phase modulation on two stable c-arrier Ct.c-:que!-icit>s of clpproxirnately ! 5 0  and 
400 MH7. This nuvigutionul iriforrricitior-1 is hrocldccrr;! in two-n-iinote intervals 
which bcyiri und end at  the insiar!t o f  each cvt:ri rninvtc. ..1:i e:ricodecl tirne rriurker 
is pc-irt of this brouclcast wi th tin:e :~niq~re l \ /  rliarkpc' at  the instant ot ti-lt. even 
minute. A l l  broudccrst freqveric:ies, as well 0 5  the scitelli tc. i-In(-k cire kuscct 017 a 
highly precise rriustcr oscillator. 

As pass cjeon-ietry arid operational considerat inns pert]-!i t! t\JA\JASTr<OGKI_J 
stations track each satell i te to obtuiri cfoppler iriforr-r-intinn and the raw tirnirig 
datn. Af ter  the satell i te has set (typicall,/, 1 7  rriir1utc.s elapse fror-11 rise t o  s c ~ ) ,  
the tracking data are transmitted to the Headcj~~lurtcrs C'orriputer Center where all 
measurements f rom all trucking s:a?ions for eat!) so-tellite qre CICCIJI-nulated, A ?  
lenst once a day the data are used iri (I lc~rge t:ornpotir~q procjrar-r-1 1.9: 

1 .  Dcterrnir~c the c:or~tc-trriporcirv orhi t  spc.cificaiior-1 for ttie satell i te unc! 
predict an ephemeris for the next 1 I, hours. 

2. C'orr~pc~te the nyccksary correcttons to thp scitelli t ~ '  rloc-k to compensate 
for the predictable part of the oscillator dr i f t .  
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Figure 3. TRANSIT Ground Support Systen.  
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Figure 4 .  Operational Configuration of the N NSS. 



The ephemeris predictiori arid satellite clock correction inforrrlation is then 
trarisrnitted back to all three injection sites. One station perforrns the injection; 
however, the mutually-in-view station provides backup in the event of equipment 
failure. The injection stution inserts an updated ephemeris into the satellite 
memory. Typically, injections into the satellite occur at 12-hour intervals even 
though the satellite merrlory has sufficient storage to  contain o 16-hour 
epherrieris. To navigate using cr TRANSIT satellite reql~ires a special tracking 
receiver/cornpi~ter. This receiver measures the broadcast carrier freqoencies a t  
discrete intervals to recover doppler information and sirnul tnneously demnd~~lates 
them to recover the satellite. ephemerides. A small computer is necessary to then 
calculate the position of the navigator. 

TRANSIT SATELLITE CLOCK 

The TRANSIT satellite contains an ultrastable 5-MHz oscillator. This 
oscillator is a temperature-stabilized, crystal-controlled transistor oscillator 
ciesiqnc.d to qenerate an extremely precise frequency. I t  is l~sed as the standard 
frequency source for all satellite operations. 

The exact operating frequency of the oscillator will, of course, vary slightly 
wi th circuit  age and environment. The norninal value or design center is specified 
as 4,999,600.0 Hz, an offset of 80 parts per mil l ion below 5 MHz. The octual 
value is expected to remain within a tolerance of 1- 10.0 Hz (2 parts in 10" over 
the entire operational l i fe of the satellite. Frequency dr i f t  rates in fl ight have 
been on the order of several pclrts in 10' lper day. Over the t ime of a single pass 
(approximately 20 minutes) the dr i f t  rate has generally been several parts in ! O1 2. 

TRAPISIT satellites transmit coherent carrier frequencies of 150 and 400 MHz 
(offset -80 ppm) by multiplication of the reference oscillator frequency c~nd hence 
shore the sarne stability. The satellite navigation message wil l  be transmitted on 
thesecarriers in the f o rmo f  a double-daubletprclitern of phase modulation. Thc 
rnerriory read rate i s  controlled by a clock consisting of a divider chain reducinq 
ttie master oscillator frequency. 

The satellite clock is constructed as an integral part of the mernory readout 
system. Operating from timing provided by ttie master oscillator, this systerri i s  
designed to read a complete message periodically every two minutes. A timing 
rnark is included near the beginning of each readout in order to generate a well- 
defined two-minute interval. Fine control over the timinq (or epoch) of the clock 
is provided so accorate synchronization can be maintained with UTC. 

Satellite timing i s  synonyrrjous with memory readout rate, arid timing control 
is contained within rnemory content. We therefore describe TRANSIT rriernory 
organization before discussirlq the control of the FTM. 



l'tlc. r-r1er-r-lory of the TR/\I\4SIT .;otc.llil-P corisists of 641) thirty-nine-bit \vor(!s 
wtlich arc: cli\/idc:cI into (1 r-riuir-1 or u fixrd rrii+rr-lory of 160 worcls nncl CI variahlc. or an 
epherner3n1 rner-iiory of 480 words. Ficlorc 5 i l losirutes ttic. TRANSI I  sotell i tc 
rr.~emnr-y rriessayc. format, icientificut ion words, cinrl lo(:ation of the I- 1 M. Althooqh 
t-iiuin r-nerrlory contoitis 1613 thirty-nine-hi-t word:;, t tie s c ~ t ~ l l i  t F. w i l l  bronc-lcnst 1; 103 
bits (i-e., 1.56 worcis plus 19 extra bits)  everlly spnccri c:jver cut-11 two-rr~irlulc. 
intcr\ /al .  ( 1 - h ~ '  reniuir~inq bits clre oscc:i fnr rt.ul-t ir-n~ o;>err.ltiotic~l c-ornt-nnrids. To 
recover t irning orid rnessayc intorr-i-ic~t ion frot-1-1 (11 TFIAI'dSIT sotcll i  l e  lhroarlcusl a 
ground receivcr must identify the heginninq of (11 I-nrsstlcjc trc~risrr-~issiori c l i - i d  
syrichronirc wit t i  u vnicjoc- b i t  p o t t ~ r r ~  t n  detc.rr-riir-if. tlic. I-TM. The f i rs t  three 
words of ~ n c l i  rnessage brondc:ust cycle c~ccor-npl is11 1 tics(: cjou Is. 

The f i rs t  word i s  a BAHKER \vor~i,  T t i ~  fir51 3 3  b i t s  of ttiis wort-I rlre t l~c .  
burker pruticrn and urc c~rrcriyed i r i  sorl-i u fashion t l ~ u t  they iicver rnr i  11e rerjvrli.(.:d 
in any ot1ic.r part o f  the trriess(.~cj(:. This CIIIC)WS ( 7 ,  ilr(:)~.~rid r(.~(:i\/(:r t o  id(:rit/ty th(: 
stc~rtit-iy poirit of t tw rnessoge. This .33-/:lit put t r r r i  is i he hc~r-rir: for oil T17AP.JSI I 
sntellites. Bits 34 ttirooqti '31 o f  this word iorrr: n ! . I I I~C~~JP ~rlt(:ll itcl identificc.~litsti 
code w17ile bits 38 clnd 39 urc. ulwnys ;.pro. 

The second word is the synctironi7ntion worci or SYNC: worcl. The f i rst  14 ki ts 
are special-porposc bits. The 15th b i t  is u zero followcci I:)y 2:3 one's and onother 
zero. It is this final 25-bil pelttern wtlict-i is osec! in conjunction \ ~ i t t l  thc RARKER 
word by the NAVASTR0C;KIJ nuviqotion rc.cc.iv~rs (AI'J/DRI'I-3) to  dt:tt:rrriinc:. the 
FTM, al-tt-louqti hy clcfir~it ioti the I U M  is t t i r  firs1 ptiusc. troti;itiori of the f i rs t  h i t  of 
the th i rd word. This tt i ird word is c:c~lltrd (1 R E t P  worci l:)c.co~~se tt-if? ~.)r-iiquc. Ihit 
puttern associulecl wi th i t  procivces on n i~d ib ic  bec?p of approxi tnat~ iy  $(I)(:) HL i r i  
NAVAS1'tiC)LRIJ rec-civiricl eqi~iprner-it. 

Thc remaining 1 5 3  words c~t  tiif: r-cu(:ioilt cycle it - i  qc:r-icrul (-:ontoin the 
information cormprisincl the: navigntior~ rrlcssuqe i n  be l)ronrl(:asl. This r-nessagc 
(which i s  pvriodicnlly trul-isrr.iitted fror-n the yrouricl c~nd stored ir ttic sutcl l i te 
memory) consists pr imari ly of a sct of Kepler pururr-ic.tcrs specifying the c-urr-ent 
orbi t  of 1 hc. sutel li te. Finc c:orrect ior1.j to thrse fixed pc~rurr~cters (whicti are osed 
by the riaviqator or, the ground to cormputc3 (I r-nor(: clc:c:urul(: current scrtellitc. 
position) are provided in  CI set of c:ight spccicrl words. cn l l rd  ephvr-rlcrol \~orcjs. 
These words taken in pairs contain the correc:tior-15 I I ( : F Y ( ~ ~ ( ~  fo r  u pc~rti(: l~lar two- 
minute i n t ~ r v r ~ l .  

As indicated in f ic j i~rc 5, c.ncti <>[:)I-i~rr-lernl word in tthcb , s ~ t  of (:i(.jIlt is furr.list~(:(.i 
cuch rcudout interval, 1'0 kr:c.p tt-11. 5t.t refrret- lc~cl to  t h ~  irlriic-u-ted post,  ~presc.l-lt, 
und future two-rninote intervals, thc svt i s  sthiflcd Cl(:~\vr~ 5i:i r-ricr-nory Incntions 
each rvadovt cycle. The roost fulvrt. (:r-itry o f  the set (word i O j  enters frorn 
ephemeral rner-nory (word I6  I )  while. the olclest entry (wort1 8) is lost. 5inc:e orle 
new word i s  rcquired ecic:h two-rninute i n te rvd  curid cpl-1c.r-r-~rrc~l I-nernory can furnish 
480 words, ttlc sutcl l i te con c~perate tor 16 tio!.rrs I-~efore ext-lui~stinq its (:orrent 
orbit informcrt ion. (Injec I ions of cipdatecl orbi t  infnrrnotion nre r-riode on n 1 2-hour 
basis.) 



SATELLITE MESSAGF FORMAT 

: } PASTE.HE.E.*.W..DS 
1-2 

T PRESENT EPHEMERAL WORD 

:: 
FUTURE EPHEMERAL WORDS 

T+6 
- T+8 -) A A 

Tp TIME OF PERIGEE (MINUTES) 

MEAN MOTION ('/MINI 
W 

P 
ARGUMENT OF PERiGEE ( O )  

L‘J RATE OF CHANGE OF up (O/MINJ 
E ORB1TAL ECCENTRICITY 

*P 
SEMI-MAJOR AXIS IKM) 

!P 
RA, ASCENDING NODE (O) 

R RATE OF CHANGE OF fip (O/M~NJ 
c ~ s  I COSINE OF ORB1T INCLlNATION 
f! GREENWICH RIGHT ASCENSION lo) 
ID SATELLITE NUMBER 

TEB MESSAGE LOAD TIME 
sin I SINE OF ORBITAL INCLlNATlON 
cly, FREQUENCY OFFSET (UNUSED) 

1 I ZEROS AT  IN.IECTION 

EPHEffERAL MEMORY 

READ FROM W O R D  161 
DURING WORD 50 
INTERVAL AND RESTORE 

INTO MA1 N MEMORY 

WORD 44 

Figure 5. Satellite Message Format. 



Iri cldcii t ion to the worcls clscd for thc: r~uvigul-ion r-riesscqe, t ticrc. clre specicll 
words cirid bi ts wi-iicti clre 1.1sed for ct!rtoin scitellite rrior~itorir~cj oncl c.ontrol 
functions. Ttw last thrcc bits 0 %  al i  memory worcls to l l  into this cutcgory. Only 
ttlr: f i rst  36 bi ts of each 39-bit worcl are t ~ s e d  for rncssaqe clc~ta. The lost three 
/.)its of eacti have specinl ful-lctions: they ore cksicjncrtecl P, T, ontl (1, for parity, 
telcrnctry, and clock c:orrrctiori, rt:spcctively. Of irltc:rcst here are ttie (:lock 
corrt:ctiori [hits, wl.~ic:t~ clrr used to t:-ic~kc f i ; - ~ e  corr~c- t ions in ttic satell i te tir-ninq. 
Thc 39th b i t  of rnost r-r-lair-1 rr)c:rriory worrls throocjh word 136 ancl al l  ephernernl 
wortls is ~vc~i lc ib le as o C I O C . ~  corrertiori bi t ,  

The discvssior~ of satel l i  te ticird\vure which n! lows tlicsc: clot-k correction hi ts 
t o  fvnction ns n verriipr tirr-~e c-:ontr-oi is uidi:cl I-)y reference to ficlvrc. 6. A t  ttie top 
of this ficjurc. is the general block diuqrarr-i i l lostrotinq ti;c cli~rierr.11 featr~res of 
TRANSIT siyriul gerierntion previoi~slv disctlssed. Wc-. co r i cc~~ t ra te  now on the 
divitler ctiuin (FREQ DI\,IIDr t:)lor:k) between ttic-. rr1ustc.r oscillntor nncS t t i c :  
MEMORY block. 

This divider chain is c:orlslructed w i th  seqoer-iticil divisions ot 16, .3, 2, 32, aritl 
32, yielcling o totcil trcclucr~cy divisiori of the muster oscillrltor of 08,304. The 
rner-nory rcud clock thos forrried tius u freqoeri(:y of 50.859 HL correspondinq to  n 
r,ecld periotl for cuch h i t  of 1 Y.6623 13 I-ni l lisecond.;. Sirice I t i c :  total  rnesssge 
consists of 6 103 t:)its, ttie transrnissiori t irnc is 1 1 '.!.995'/16Q se(.:orlcis. v:tiic.t~ is  537.6 
rnicroseronds short of u ~ ~ r c c i s ~  two-r;liril.~tt. iri tcrval. The otljl rst tr i~nt of ttic. 
rncrnory read clock to a pre(:.ise t \ .vc)-r~~ir i~i  te i n te rv~ l l  is 17-)0ti(:  it 1 1  tlie C.IOCI: 
correction hits. Fic10t-e 6 shows tihis lirik is rric.lrle viri ttie ALI.JIJ5 I- 51.6 p SET: line 
f rom the MEM(_)I(Y block to ttie F-RLG LIIVIUF blor:k c-~nti c-onstitt~tvs t l ie vcrnier 
tirne control. 

I t 1 t .  vcrnier t ime control systerri, callcd the time r~orn~al izcr ,  opcrc~tcs us fol- 
lows. Wtlencver u word is recid frorri rriciin rr-icrr-tory, the 39th b i t  i s  checked for 
coritcnt. It i t  is o 7ero hi t ,  satell i te tirniricl continl.~es t~ninterropted. tiowf:vcr, if 
i t  i s  o one bit, a polsc c~cl ivotcs thc D E L E T ~  r i r r o i t .  T t l i s  (:ir(:iiit sirriply dcluys by 
exactly one periotl the signal ot its input. Tliis iri(:)!.~t siqnol freqver-lcy tiavirig been 
rcduc:rd frorr-1 the rrtastcr oscillcttc~r lhv a fnc-tor of 48. Iicis a p(:riocl 3.6(3 
mic-roscc:onds. This nc:t ion delays nl 1 rr-lt\r-r~ory reudoc~ t olperot ions 1enqthenir:q the 
d l~rut ior i  of Il l? thit, nnd hence ttie e r i t i r ~ '  T~:?cIc~c)~.J~ cycle thy thnt C l l ~ l ~ l ( ~ ) l ~ t ~ t .  

Since cacti r lock correc:tinr? b i t  ( i f  u ur-ie bi t)  ienqthens the ititervcil nf the 
r/ric.ssuge readout by 9.6 rriicrosecontis, to  uchievr. an exac:t two-r-ninute intervcil 
537.6 rriicroseconds + 9.6 rnicrosecoi-ids -- 56 clocl.r c:orrcctiori bits or(: rccluircd. 
This, of course, assurnes a nominal rr-iclster oscillutor frerjucricy of 4,'393,600.0 Hz. 
T o  providc both posi t ive and neqativp rorripenstl 1 ior~ clhoi.~ t this rlor-r~iriol opercif iricrj 
l ~o in t ,  an additional 56 clock correction bits ore r ~ q v i r e d .  This c~llows a tir-ne 
cidjustment of 1 538 rnicroseconds pf:r t wo-m invte interval. In fact, of I he 
possible 1.56 words i r i  rriciiri r-riel-riorv exact IY 12q words tlrc. t~vuiloblr: (the rc:rriclininq 
32 ure not used for vurious rcnsons). Sir-](:(: the c:hur-ic~r. of u sir-icjlc t i t-r~e cur-itrol b i t  
in rnuiri rrlernory resi.~lts in (1 c~~n-t~..rlotivc. disp1occrric:nl of the I - T M  by 9.6 
rnicroseconds every t v~o- tn  inr~tc: period, over (1 pc:r iod of  1 7 I-1oc.rrs this ar~ioul-I ts  to 
n net displacer-r-lent of the FTM ot 3.456 n-ii1lisec:nrit~s. 



TRANSIT SIGNAL GENERATION - 
OSCl LLATOR FREQOENCY MULT 

5 MHz 80 vpm 

L 149.988 MHZ\/ 
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FREQUENCY MU1.T 
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PHASE MOWULATION t 

SATELLITE CLOCK CONTROL SYSTEM 

OSCILLATOR 
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f -: 104.159HZ 

EOUENCY DIVIDE 

1. SATELLITE OSCILLATOR DESIGN CENTER FREQUENCY = 4,999,600 

2. DIVIDER CHAIN RATIO IREAD) 16 x 3 x 2 m 32 x 32 = 98.304 

3. 98.30414.999.600 = 19.662373 mrlBlT 

4. 19.662373 x 6103 - 119.9994626 SECONDS 

5. 120.9696600 - 119.9994624 = 537.6 pS 

6. DIVIDER CHAIN RATIO (DELETE) - 4814999600 = 9.6 US 

7. 537.6 uS19.6 US = 56 CLOCK CORRECTION BITS12 MIN. INTERVALS 

Figuro 6 .  Satel l i te  Clock Control Systurn. 



Til-1-r control thon that which i-sn be obtained by inserting (or clcletiny) a ful l  
control  b i t  ecich two-rniriute cyc l r  is available in the forrn of (:lock correction bits 
stored in it le epherr-icrol rriprriory words, These bits are used only oncc, when thcy 
ore recld frorri ttie epherricrol rmetr-lory a t  worct 50, nrid thus they p r o v i d ~  (I l.)riicluc 
corr rc t ior i  tor eac-ti individusl t \ v (o -~r i i r l~~ te  in t~ rvc i l .  Siricc ~ n c h  h i t  i i  usetl o r~ ly  
oncP in thp entire nnrr~ial  12-hoi.ir spat1 1:)elwcen ir-!jc:c-lions (whicl i  rploatS t t ~ c  
rncr-r-lory), i t  has one tIirc.c?-tii~titlreci-sixtiett: l t l ~  ~ . f f ~ v . l i \ ~ ~ r ~ ~ s s  of the t i r~ i t ?  
correct ion hi ts ir-i the rrriairi tiiernory. I l ' i l  /i pr'oper' rr.w of' t i l ~ s e  t)il,.s, togst ,hpr wi th  
those i r ~  main nlernory. it i,s litc3orc.tical1\' possible. lo tlolcl thcJ c:locI.c on t . i r r~c i  1.0 nrI 
accuracy of' + .4.8 rnicrosrcor~cls OI;P,' 12-/lofi1' period. 

[tic operation ot t h ~  t ime  r ~ n r r ~ ~ a l i z c r  has i~c.c-lr~ c1esc:ribecl in terrris 01 tit-r-ie 
increr-cierits, bot in p roc t i re  its p r  Inc:ipal functiori w i l l  be to r-orripcnsc~t~ for r~iuster 
osc:illator frec1ucnr:y vt~r iut ions iri such a w a y  0 5  to I-~olt i  ti-ie ler~qt l i  o f  the rec~cjout 
interval to  cxnr t ly  two i m i t i o t ~ ' ~ .  'Nheri ti-ic osri l lotor speed; t lp, the prop(-:r r~urnher 
o f  uclditioric~l one hit5 wi l l  be i r ist~rted CIS tir.~-ic: corrf,c:tiori bits to  slow cln~!t-~ tlhe 
reudout and r-i-iairitsin a colistnnt i:ycl(., Irngti-1. \ / i i h~n  ttic. osc.illator  lows clown 
correspondincl k i ts \,will bc rer-nnved fo 1.1-intcli. I r i  this \*,iny. Ilie (-,lock cut: he held to 
o f ixed two-rninote cvcle i t 1  syr1c.tirorii7otinr1 ',vittl ILJTC;. TI-le arr-~ocunt of  treq~rericy 
cor~iper~sut ion correspornclir-i~j to  (.I single clock c.orrc:ctiori \:)it i s  qiver: lby i18 + 170 - 

0.4 Hz, since eac:h h i t  (-ontrols (7 dclction of 48 c\ilc.ies frorr-1 the totnl  two- r i i i r i v t~  
interval. The totul  ainoont of control avuilut:jle, rorr(2sponding to  f 56 trloc-k cor- 
rect ion bits, is n frcquencv c:orripc.r:scitior; of t 22.4 Hz. I t  can t ~ e  scen thot this 
control is rnorc thon eriouqh to cover tlie expec:tc:>ci litetitl-ie d r i f l  ( ?  I 0  t k ~ )  of the 
oscillator w i t h  sorne Icf t over for t inic sync:i-ironizinq operut ions. 

'Ihis. then. is the satellite cl(:~cG: systcrri -- o staijlc oscillator ciriviriq the 
rncrr-iorv readout throuqli a f reqc~nc-y di\/ider rhciir:. I;\/!--!chrorii~niior7 ot the TTM 
rer~dout w i th  IJTC'  i s  uchieveci ttiroc~gti ror i t rol  of tihe frec1uc.r-icy clividcr chuiti osing 
specinl (c1ocl.c correctiori) bits ernhed(.!crd it-1 t h ~ :  sntclllite r-riessuqc?. Tthl-~s 
synchroni7ntiori i s  controllc2ci fror-11 thc clrowrirl t h ~ ~ i . . i ~ j ~ i  t t ~ e  use of (:lo(:-k correct ior~ 
hi ts transmit ted aricl storeti ir: tt ie scitellitc rricrr-ic~ry. Iri opcrotion ttic syster.n 

. . 
stlould consit i tu le o prc.c.;slon cloclc \h~liic-h cnn he n(:(:i.~ratply synctironizecl ~hiith 
UT(3. 

To understclnd how TKAFJSIT tirme i s  I-r-iaintuinecl; i.e., Iiow the proper nl.)rrlbt:r 
of  clock correction bi ts is dctcrt-riineti. we vroceed to ori oi-)t-~rc~tionc~l dvsc:ription of 
the qrourid control svstcr-11. 

THE GROUND CONTROL SYSTEM 

The cjrourid control systerri cror~sists o f  (.I trac-:l,:irig tcicility (TIHAFAC), tracking 
und injection futilities (THAIPJFAC1s). o r~d  tthr. H~ociqi..rcrtc,rs Computer Center. 
Figure 7 is n functional blocl: diagror-n of (-1 TK?AFAC/TRAII\IFA(I nnd the t-leud- 
quurters Cornpuler Centc:r. 



I ANTENNA I 

I TRArusmlTrER r TRAFAC & TRAINFAC RE( 

BUFFER 

4 b 

* 
CLOCK (CESlUMl BIT SYNCHRONIZER 

GROUND 
AUTHENTICATION 

SYSTEM X L-b 
i 

t o  
HEADQUARTERS 

COMPUTER CENTER 

T 
COMPUTER CENTER TIMING - DATA FLOW 

OIP IBM 7094/11 

NSMS IBM 384140 
FREQUENCY - 

SATELLITE 

SATELLITE 
EPOCH ERRORS 

WITH CLOCK 
CONTROL 

ERRORS 

Figure 7. Functional Diagram of Ground System Facilities. 



TI:(: ~hrincipal furic-i ion o f  the g r n ~ ~ n d  c-oriir.f~l systcrn is to compote the proiler 
puttern of tirrie corrcc! ion k i t s  req~ j i red  to I io!d the ciock on tir-r-~e w i th  respect t o  

7 

the ~hoser i  r ~ ' f ~ ' r e r i ~ e c I  tirne, UTC:, I his cnlcolotinn can be tllouql-I l of us bcirig 
carried O I J ~  in two steps (althouql-i tI:c results of both steps ore, in  prntrtice, 
cornbi!~ecI to  fnrrri (1 siriqle p c ~ t t ~ r n  of /) i ts to be incloclecl in the injection messaqe 
and trar-ismi t tet i  to  the sutel l i te). First, t t i ~  propcr t~i.!n~ber cf correct ion bits 
recj!~iretl to holcl $he desired r:lnc:,: ->-,tc. is deterlriined c~c:cortliriq to  $t i t !  c:!.~rrerit 
oscil lc~tor fre(1rit'rlcy. Secoticl. ttie ! i ~ ~ r . ~ i j . j ~ r  of bits r ivcd~'d I(:? c-orrec.t any error i1.1 
ti-le clock c?prrcl~ is culc~.~lstecl in sl~c:i-: a >r!ciy that l l h c ,  vrra:. \v i l l  bc rc~!r.iovccl 0vc.r u 
nor ri-lnl I 2-t io1~r i r ~ j c - . ~  i ior-i pcr iocl. 

lloppler and t iming inforrr-iai ;:_,ii (:olic:r:tc.(:l t-)y ti-;? TF<AFA(-' fror-r-I cl TF.Ar\l.C,IT 
suiel l i t?  pass is sent tp ti-ic k-lcu(.i~j;.~i.~r-i c r  (;ornp~.iter i::rriter-. The t ir-riing clrita !:Ire 
prot:essed in ncur rcul t irnc by the I lAVASTRO(IRI.J Sntel I i te  ,V!orii toring Systc-rn 
(I\dSMS) pruyrarr-1s. In this Ijrnqror-n :-ow tir-riinq dntci cor?sistincl of receivetl FTMts 
re ic~t ive t o  the TKATAC Ccsit~rr-1 r-lock are processed t n  i:)htairi t i le FTM epoch 
rcfcrericed to the satell i te nzti rc-.lc~t~\/c-? to UT(I:. Tlic. ot.:ipoi of itic. I'dSMS is (I plot 
of the t irr-ie errors associclted wi th i-jjaS,se.il over ri t i r v i ~  .;ij(1ri of t h r  previot~s :36 
hours. From this plot, ( j  j~.ltiyrrier:! 15  ;riutlc by ~ r 7  i l t ~ t~ l ys t  :IS I C  I I.!<! ~Ioc:k q ) ~ r : t - - i  

error. A;-\ cxurnplc of !his p lc~ t  Is stios.ur-1 i t 1  f iqvre 8. I ;--I? ~ . : . ~ ) ~ r t e d  epoch error, it-) 
this CCISP 30 rriicros~cori(:l';, 'v i l j  t : ) ~  .i(?:lt .to t t i ~  Firl~ll F~~ . t .~?c~ t t i r~c j  (FIF!:)) proqrt!rri. 
li; addition, n secor-id irip!..lt to i-llT(.j i.s t l ic rc.sul! of tlli: dopplcr tlatc: ar-iolysis. 
Fron? this onnlysis, tt-ie most-er oscillutor frcc;!.~cric)l rlric! d r i f t  rat(+ nre cornpllted a t  
u predeterr-riincd epcci-i arid I incur l y  c.x trupolutcci ovvr ti-ict i:-i]c.ct ion rmessnge 
reudout spar;. (Thc proqrurri providir-\<I t l ~ i s  :~riuly sis, thc. Orbi ttrl 11-riprovernent 
Proyrurr~ (CjIP), c~lso suppi /cs thc vpdate[:l cpl-~cr-r-icr is for tt-le ncx l inject ion spun.) 

With the inputs of sc~iel l i te r lock epoch error ancl osri i lutor drif l- rc~te, t I F 0  
cali-ulatcs ar;cl inserts the proper no:r- her of clock c o r r ~ r t i o r i  Ihits into lhc ir;]et:tion 
r-nessoge. S~~bseq!J~ ' t l t I~ ,  thesc: ir.:jc:c:tiorl rrit?s.iciges clri: transmitted to thc 
TkAINFAc': for injert ion in the prop(:; scitel l i te or ti-tc. p~-op(:r t irrie. 

CURRENT TRANSIT TIME ACCLJRACY 

!-iavir-iy ciclineotcd hol)~ t t i ~  /\.l~\lSC; ~ J P ~ I P ~ C I ~ ( : S  ~lr-id r~.iciir~tuiti:i TRAPJSIT s ~ ~ i ~ l l i t c  
tirrle, cot-~sidcratiori wi l l  be q i v~ r :  T(3 ftie Iir-l?itc~t i ~ i l ~  i r~ i [~c )s~ 'd  the h~rdwclre urici 
tklc :-~lrrc:lt I i rnr dissen-:i;-]at iori nrc8.!rnt:v nf the TI <AI\,JSI r,cltvl l ii-es. 

k l t h n ~ i g h  t !~? inherent limit. l o  tii.r-~i:iq precisic)n is that of 1h(: satellite clock 
(9.6 rnicrosccunds), ttiis iirriit is rarelv crti irnp(:dirn~rit iri the rurrent  uperc~tionol 
system. A l l  TRAINFAC's I.Jse ari AI>i:RRt\I-3 rluviqotion rt-ceiver which c:clr-! ret:over 
a single f' T-M wit t i  a precision of uppru.t ir~)ately 15 microsecor!ds ( Ics). [he siclric~l 
delay tir-rir f rcrn the AI~4/L'.KP~I-3 :ec:eivt;r. nlttiouqi-: rr)ei:.;..lrcti \ ~ p e k l y .  is CI fu!iction 
of rnuny vc~riclbles, ancl the rorrel- t ion lrnrertuirit\/ i s  ar)pi-oxilnalt:.ly 1.5 r-nicrn- 
seronds !!!s). In the trc~cli i i ig of n siti?!le p r i s  (-I:: CIVC'TLICJP (>I: six I- TM rlotvrr~ points 
is recovered, th t~s  improving the tinie prpc:isior-1 h\, a tr i r tor of fi, Ecicti 
TRAINFAC-: is r-q!.!ippcd wi th o resicin- clock \vIiose tir-ne \.:!th respcct l o  LJTC is 
r~~aintairiecl (via trc~velinq cloclc cl-icc-:ksi witliir-i f ivp r-i-~ic-.rosecc)nds (ID). Ttius, the 
expected precision in a t ime rricasurerric-.r.it of n single pass c!f (.I TRAIVSI T satell i te 
within the NNSS is I ?  rnicrosecorids ( lo- ) .  
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Figure 8. Satellite 30240 NSMS Epoch Errors. 



Witti this basic hardware. lirr-!i tat  ion of r i i easu r~ rn~ r i t  prccisiorl, t iq~ i res  9 arici 
I O exerr~plif y the cul-ren t ucc\.)x-acy nf eactl SflANSIT sotel li te  re-fercnced to UTC. 

Ir-nmedintely upparent is the disparity in tirne occuror)/ betweern tt-le olrler 
and ricwcr satellites. [I-ic. clatci  has^ for c!uch sc~tel l i t?  consisteci of over 1200 
posscs c]\/ernqetl over cill trclckinq stc~tions. 5pc:ciuI probler.;~~ *t~i tk i  ttic-.. 1\v0 oiclest 
scitel li tcs are i.~nderstood: .sutel li te  :30 i 20 has rcdi.lct5cl powel- on the trclrlsrr-!issiun 
of the ~OO-MJ....IL currier; arid on sntc!llitc 30130 the l 5C ) -M~- i~  Ircinr-nission i-los the 
scrtel li te teler-r-ietry signc~l ( 2 . 3  kt-{,,) s!rpt.r ir-nposed or1 it. l k i t .  sirigle-pclss ucc\.rrary 
of the svs t t ' r l i  (a1 I sntel li tes corr\!:>illc(:!) is ~~p~jroxirr iotc: ly 1 7 r ~ ~ i ~ r ~ s e ~ o n c ! :  i II:?. 

Another fcstvre c-tppnrerit in t/.lc, tin.)(: (:lcc:rrclc:y tiistocjrclrr15 i s  I t ie r e l r ~ t ~ \ j e  
tret.l~dcri(:y of scltel li te c-lock crrc~r-5 ojler 70 r - r i  i~ . rc~s~(:~r .~(d\ .  T ~ P  ;oorc:es of ~I>C' I :C 
errors clre sritellite oscil l c l t ~ r  jtl17-ipc, 01-id qr-ol.lr.!~i s t ~ : l  i ~ r - )  injection problcrns, 
However-, these pt-oblerris are known at the. t i r r~c or their o(:.c:i)rreric:e ur-lcl c-orri-c!cd 
within a rc.asonable t ime frarne. labic I i l l i ~s t r r~ tes  the I'~II~ISS opc.roiionol tin-le 
disserninut i o t ~  rel iohi l i t y  mnintairiec.i ovcr the previoos fo:ir \/pars, 

TIME IMPROVEMENT PROGRAM 

Improvement iri TRAIdSIT t iminq rjccuracy i l l  i i ; ~ .  r;eor f v t u r ~  shoold tw 
considered in terrnis of rneusurubili iv u11cI controlahi lit:!. Hot11 c~spec:. or? Iir-ni l e d  
olt irnnteiy by the sa'tellite clocii. The   no st irnt~ortiir:t lit-r-iitc~tions iri prat:t~cc>, 
howc:\/cr, ar-e c!elnys throl.~(:jt~o~~.t t l i ~ '  fcvcl1:)uc:lc loor> nt the ci?ritrol opc!rc; t i(.lrl, This 

, . 
I irnita~ior-i becor-ries critic-ai wt-ier-i e:~!:npc31rncIec/ \kt;, i~ t ! i~ !c~ t in r i<  oil rr ic~is~~r(:~ki I i t ; / .  
Wtlcri tirme i t ~ r ~ ~ t i o l d s  arc irri/jlcri;~'riIr.ci whirl1 reqi.)ire c11:ic:l.; nnd  serious rcsporisc., 
i t  is it?-iperntive thul reliublc: i :onfir~.:-~ntioti oI.)toiircci (1s to Ihe tirric. 
rneosorement in qclcstiori. 

Feasibility of improved rneo-,ure.tnbi l i t y  wos rriode possil-~le hy the intrnti i~c-tiuri 
lost year of (I new TRANSIT firr-tiric:] receiver by Sclttlilite I'\la\/igcttion Svst~rns, Inc. 
A paper on ti le ,Voclel T-200 Satel l i  t~ Tit-riinq Receiver wc~s ~ r ~ ' s ~ r i t e < ~  an-r -Ittie Ninth 
A n n ~ ~ a l  PTTl  conference ( 13-77). Suf ! ;c:c I I to that i r l l  t i c i i  ~-.\l(:iuclf ions iriclic-ulc 
(1 t irr.1~ rccov(:ry ~ . a p ~ ~ b i l i l ~  r . : ~ ; r ; ~ j ~ ~ ~ r ~ . ~ ~ I e  I(:) t h ~  NSMS, ;/: is rccciver, i f  used ot 
each TKAFAC: woulci clivc: (1:.1 ;~ucicpcnclent rl-ieus~lrc-. c?f t,rrie i o r  ecicl) satell i te 
-trucked, ti-~ercby rcduriciar-itl\/ dcut-:iil-icj bhc :iurribcr of i!uturri po i r~ts  per pass. This 
allows o r-riorc reliable dc.lc.x~rr-~ii~,r?t!ori of scitelliti\ tirnincj \~ / l i i ch  ~ ~ l t i r r i c ! t ~ l y  r?s!~lt,s 
in better control. 

Feasibility of improved coritr-nlobi l i t y  wo!ilcl (:or-ne 1 hrovgh I'\JAVASTI <OT,RU 
operntionnl procedure ctinnges. Tr; i l lostrate the extent of the deluy i r ~  the corltrul 
loop consider tigore 8 crgain. The t.stir-niite of the clack epoct-1 error was rnntle ns 
of I GOOZ on day 283. 

The rorrec:tion, -.!(.I rilirrosernnds. wcrs injected into -the sutell i te rrierriory ot 
I415Z on day 284. The correspor-~diri!] cloc-lc corrcc-tiori bits were sprrod CIS 

uniformly os pr)ssible ttirovqtiout the 12-ho1~r renr~csl.iT pc.riod. This is u dcluy in 
corr-ectinq CI known clock error of :36 hours! Ohvio~..rsly cirly tirrie irriprover-nent 
proqrurrl ini t iu icd by I'4AVA.S rHO!;HU wi l  l place high pr iori t v  on shorteliinq this 
control loop delay. 
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Figure 9. NSMS Computed Satellite Clock Errors with Respect to  UTC.  
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Figure 10. N S M S  Computed Satellite Clock Errors with  Respect t o  UTC. 



TABLE I .  NNSS OPERATIONAL TIME DISSEMINATION RELIABILITY 

SATELLITE BROADCAST EPOCH > 100 p SEC 

YEAR INSTANCES 

1978 5 
1977 8 
1976 14 
1975 7 
1974 4 

CATEGORIES OF SATELLITE TlMlNG ANOMALIES 

- DETACHMENT INJECTION UPLINK 33 
- SATELLITE HARDWARE MALFUNCTION 4 
- OIP FREQUENCY MlSPREDlCTlON I 

-- 

RFLIABILITY 

- PERIOD SlNCF I JANUARY 1974 
- APPROX 233,000 BROADCAST HOlJRS 
- APPROX 1088 HOURS SAT CLOCK > 100 p St(' 
- RFLIABILITY - 99.5% 



The fol lowing hardware-related rnodifications are expected, either d i r ~ r t l y  or 
indirccyf ly, to  improvc. the clccora(:y of  tirrle dissemiriutecl by the 1-KANSIT 
satcl l i  te systcrn. 

I. I f ,  in the current jnirit cvoI~.)ation (by NI~VOBSY uncl NAVA5TROGKU) 
the "TtIANSI'I t i r r  recc'ivc.r perforr-ns as well as itlitin1 tcsts indicute, 
NAVASTR(1C;RIJ w i l l  reqc~cst (of DIRSSI') dcployt-rier~l o f  one r c c e i v ~ r  to  c.c:lcti 
detuchrn~nt .  

2. Contiriunl upgrading of sopplcrrictitnry helix trnckincj nnter>nas a t  al l  
T'KAINFAC:'s for irnproved reception of sntcl l i te signals. 1 his is especiully 
itnportunt os we enter u period of hiqh solar act iv i ty .  

3. Deployrnent of a secorid (.:c.sior-r\ clock to  ti-ic. detnclirricnts c l t  Maine, 
Minnesota, and California to  irnprove thc quasi-yeor ly chec:ks bv  P.IA\JOBSY, 

4. 'rhc !use of T V  I-ine- I 0  frorl-I Los Anrgelcr, KTTV ((f l~anriel I I )  by Head- 
quarters as a continual link to (..ITc tlv the TRANSIT Syst~rmi. (As of Novcr-nber, 
1978, this T V  Line-10 source is s t i l l  rlot operc~tionul.) 

Software-related irnprovemcnts clrP under considerution but  are rriorc t e n ~ ~ o t ~ s  
due to  cost factors. They would consist mainly of irnprov~rrlc.nts to  the NSMS 
tirnirly proqrorrl. 

In summary, the opercit ioric11 TRANSIT System meets the c:\)rrent I\INSS t irning 
objectives. I\IAVASTROCiKIJ fcels thnt wi tt, t l le introduct iori of the thnrdwnrc und 
operutional ctiunycs rnentioricd ubove, nnticiputecl I\,.II\4SS rcyuirernents specific to  
t irr-~inq accuracy can also be rnet. Any furf l ier req~irerrlcr-it ,  however, for l ime 
transfer to  a hiqher degree of precisinn on a continooos basis rnust he establist~ed 
through the ch ie f  o f  Naval Operut ions. 



QUESTIONS AND ANSWERS 

MR. LAUREN J. RUEGER, Johns Hopkins U n i v e r s i t y ,  A p p l i e d  Phys ics  Lab: 

I f e e l  i m p e l l e d  t o  defend t h e  AN/BRN-3 Receiver  des ign,  as I had a 
p a r t  i n  i t s  development. I t  was des igned t o  meet a s p e c i f i c a t i o n  o f  
100 microsecond t i m e  recovery  i n  1969 and I am a b i t  s u r p r i s e d  t h a t  
i t  exceeded t h a t  by as l a r g e  a marg in  as you have shown. You d i d  
no t  ment ion t h e  s p e c i f i c a t i o n  o f  t h e  n a v i g a t i o n  system f o r  t i m i n g  a t  
t h e  p resen t  t ime.  Do you want t o  ment ion t h a t ?  

DR. FINSOD: 

Yes. There i s  no t i m i n g  s p e c i f i c a t i o n  now. Our p r imary  m iss ion ,  
which i s  n a v i g a t i o n ,  determines t h a t .  I n  t hose  terms, people  d o n ' t  
get  e x c i t e d  u n t i l  t h e y  see 1,000 microseconds d e v i a t i o n ;  then  t h e  
d u t y  o f f i c e r s ,  o r  t h e  c o n t r o l l e r s ,  ge t  exc i t ed .  I c a l l  them up when 
t h e  d e v i a t i o n  i s  about 200 microseconds and I s t a r t  r ecove ry  a c t i o n  
a t  around 20 microseconds. So, because t h e r e  i s  no s p e c i f i c  r e q u i r e -  
ment, i t  i s  q u i t e  a mess i n  de te rm in i ng  who ge ts  e x c i t e d  when, bu t  
we do d e f i n i t e l y  make changes. When t h e r e  i s  a  20 microsecond dev ia -  
t i o n ,  we do pu t  i n  d e l t s ,  what we c a l l  d e l t s ,  o r  c o r r e c t i o n s .  

MR. RUEGER: 

I though t  t h e r e  was i n  t h e  works some requi rement  t o  h o l d  200 m ic ro -  
seconds re1  a t  i ve t o  t h e  Naval Observatory .  

DR. FINSOD: 

R i g h t  . 
MR. RUEGER: 

I s  t h a t  n ~ t  i n  e f f e c t  y e t ?  

DR. FINSOD: 

It i s  p u b l i c  knowledge t h a t  t h e  requi rements  t h a t  we a re  t a l k i n g  
about, which a re  coming downstream soon, a re  t o  m a i n t a i n  no more 
than  a 70 ni icrosecond d i f f e rence  i n  any s a t e l l i t e  c l o c k  on an o r b i t -  
t o - o r b i t  r e t u r n .  I n  o t h e r  words, you go around t w i c e  and you  c a n ' t  
d e v i a t e  more t han  70 microseconds, no r  can you a1 low any more t han  
200 microseconds a t  any t i m e  on any s a t e l l i t e .  

DR. ALFRED KAHAN, Rome A i r  Development Center:  

Can you comment about t h e  p h y s i c a l  performance o f  t h e  o s c i l l a t ~ o r s  
f o r  those  l a s t  t e n  years .  For example, have you observed any s o l a r  
a c t i v i t y  on those  o s c i l l a t o r s ?  

DR. FINSOD: 

I f  t h e r e  has been, I d o n ' t  b e l i e v e  t h a t  we have seen i t. On t h e  
o l d e r  s a t e l l i t e s ,  we have had o s c i l l a t o r  jumps, b u t  I t h i n k  t h a t  i s  
comp le te ly  unre la ted .  We have found no t i m i n g  problems re1  a ted  t o  



slnl at- a c t  i v i  t y ,  e x c e p t  t h o s e  caused by i r i c reased s c i  n t  i 1 1  a t  i o n  o f  
the  i onosphere ,  w h i c h  causes prob lems ?r! r e a d i n g  t i m e .  B u t  we have 
seen no ev idence ,  t h a t  i s ,  t h e y  a r e  m a i n t a i r ~ i n g  t h e i r  o f f s e t  o f  80 
p a r t s  p e r  n i l l i o n  w i t h i n  somcth- ing like 5I) p a r t s  p e r  3130 million. I 
raean, t h a t  i s  s o r t  o f  t h e  wors t  o f f s e t  we have t o  t h e  r e q u i r e m e n t ,  
a d  t h i s  i s  a f t e r  11 y e a r s .  There  h a s  n o t  been any c o r r e l  a t  i o r ~  t h a t  
we hdve seen. 

I t h i n k  k r ,  Rueger wou ld  l i k e  t o  corr~ment. 

MR. KUEGEK: 

We do have d a t a  on t h a t  s u b j e c t  and we cbse rved  t h e  n a t u r a l  r a d i a -  
t i o n  e f f e c t s  on t h e  crystal o s c i l l a t o r s  w h i c h  I suspec t  you  #:re 
see ing .  The tiorinal a g i n g  d r i f t  i n  t h e s e  o s c i l l a t o r s  i s  u p  i n  f r e -  
quency, b u t  down i n  f r e q u e n c y  from t h e  r a d i a t i o n  e f f e c ~ s  o f  t r a p p e d  
e l e c t r o n s  i n  o r b i t .  The i ~ p w a r d  d r i f t  i s  l i n e a r  w i t h  t ime,  t h e  
downward d r i f t  f r o m  r a d i a t i o n  dose i s  7 c g a r i  t h m i c  w i  ti1 t.irne, So, 
a l l  t h e s e  s a t e l l i t e s  d r i f t e d  s l i g h t l y  down, a t  f i r s t ,  and t.hen t h e y  
e v e n t u a l  l y  a r e  do l i l ina ted by t h e  l i n e a r  f \ ! nc t l ; o r~  and d r i f t  upward. 
These o s c i l l a t o r s  have had s l i ck  a large dose by  now t h a t  even f a i r l y  
s u b s t a n t i  cil s o l a r  f l a r e s  cause a1r:iost no e f f e c t s .  

We d i d  observe ,  wken we had some v e r y  l a r q e  s o l a r  f l a r e s  on 
occas ion ,  a  jump o f  t h e  f r e q u e n c y  d u r i n g  t h e  e a r l y  l i f e  i n  o v b i t  by  
as rnuch as 4 p a r t s  i n  109, kle have r e c o r d s  o f  t h e  f r e q u e n c y  as a 
f u n c t i o n  o f  t i n e  w h i c h  y o u  can p l o t  ! o u r s e l f  f r o m  che Nava '  Gbserva-  
t o r y  B u l l e t i n  1 7  l i t e r a t u r e .  Thosr? nlrrr~bers come from t h e  Naval  A s -  
t r o n a u t i c s  Group and a r e  then  re issued 5~ IJSNO t o  t h e  p u b l i c  t h r o u q h  
t h e  B u l l e t i n  17 .  

MR. FRAUHOFF, E f r a t o m  C a l i f o r n i a :  

W i th  t h e  c l o c k  specs t h a t  you have, wh'qt i s  - the one sigr7r:l t ~ a v i y a t i o n  
s o l u t i o n  t h a t  t h e  man cones d p  w i t , h ?  [ ! id  : m i s h e a r  t h a t  o r  had t h a t  
been ment ioned? 

DR. FINSOD: 

I am n o t  sure I q u i t e  unde rs tand .  I t  sounds i iLe  d c lues t i on  t h a t  
m i g h t  be d i r e c t e d  t o  our f i r s t  speaker .  Are  YCIJ t a l k i n g  about  t h e  
c o r r e s p o n d i n g  n a v i g a t i o n a l  e r r o r ?  

MR. FRAUHOFF: 

Yes. 

DR. CHARLES MARTIN, Defense Mapping Agency 

I t  i s  based on a s i n g l e  p a s s .  

DR. FINSOD: 

Based on a s i n g l e  pass .  I d o n ' t  know t h a t  f i g u r e  o f f  hand. Bob 
Payne m i g h t  be a b l e  t o  add someth ing  t o  t h a t .  



MR. R O B E R T  P A Y N E ,  Naval Astronautics Group: 

As Dr. Finsod pointed o u t ,  our timing i s  controlled within the aus- 
pices of our navigation today and  the navigation resolution i s  on 
the order of about 3/100 of a nautical mile, about 52 meters, that  
we can maintain very we1 l over any 24 hour arc. Now, we have been 
experiencing increased solar  ac t iv i ty ,  and, as you gentlemen know, 
i t  does have quite an effect  on navigation. We have seen problems 
t h a t  have increased that  number by a magnitude of 2 over what I 
sa id,  so .06 or .07 nautical miles i s  not unreasonable for  very high 
K or very high values of S average. 

SPEAKER : 

This comment, I think, gets closer t o  the answer that he asked. 

DR. FINSOD: 

Yes, I understood the question was a b o u t  the clock performance on 
navigation accuracy and the number I was giving was something of the 
order of 10 centimeters t o  a meter, depending on what osc i l la tor  y o u  
are dealing with. I think the errors you are speaking about (are 
rnai nly from ephemerous errors rather t h a n  from osci 11 a tor  errors.  
That perhaps was n o t  w h a t  he was asking. 

MR. DOUGLAS TENNANT, GPS Prograrn Office: 

I am curious t o  know i f  you have experienced anything 1 i ke discreet 
frequency s h i f t s  in the clocks? 

DR. FINSOD: 

Yes. I n  f ac t ,  a number within the l a s t  three or four months, p13r- 
t i cu la r ly ,  I think in Sa te l l i t e  13, or 30130, b u t  we have found no 
correl a t  i on between these and  any other act i vi ty. 

MR. TENNANT: 

How about solar act ivi ty? 

DR.  FINSOD: 

No. I mean, that i s ,  none of the other s a t e l l i t e s  have the jumps 
and  the jumps d o  not occur very often--once every six months usual- 
l y ,  which causes, of course, a serious timing problem until i t  can 
be corrected. 

MR. TENNANT: 

I n  GPS, we have seen discrete  frequency s h i f t s  which we have cor- 
related t o  substornis on the sun. I wonder i f  you had a conlmon expe- 
rience? 

DR.  FINSOD: 

No, a l t h o u g h  recently we have been trying t o  find some correlat'ion 
because our navigation has deteriorated somewhat, although n o t  o u t  
of specifications,  and we could find no correlation in the K 



i n d i c e s .  Bu t  a p p a r e n t l y  t h e r e  was h i g h  auroral  a c t i v i t y ,  h i g h  so la r  
p r o t o n  a c t i v i t y  i n  t h e  n o r t h e r n  l a t i t u d e  where o u r  t r a c k i n g  s t a t i o n s  
a r e  l o c a t e d ,  e s p e c i a l  l y  detachrrlent BRAVO wh ich  i s  i n  M inneso ta ,  and 
detachrrlent ALPHA wh ich  i s  i n  Maine. So, when we have prob lems,  i t ;  
i s  h a r d  t o  s e p a r a t e  o u t  t h e  p r o h l e ~ i s  caused by f ro r :~  an e x c i t e d  i o n o -  
sphe re  and t h o s e  t h a t  c o r r e s p o n d  t o  t h e  a c t u a l  s a t e l l i t e  b e i n g  bom- 
ba rded  by r a d i  a t  i on. 

So, we haven ' t been a b l e  t o  deterni  ne any corre l  a t  i ons. 




