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A rcvicw of gcncral principles ancl operational l~ rocc~durcs  i l lustrntcs how the 
typical passive u s e r  and omni rcccivjng antcnnn can recover  1'TTI inform:ttjon 
from n low altitudc navigation sntcllitc systern for  clock calibriition nnrl synch- 
ronization. 'rhc papcr presents  cletailed discussions of concepts nntl theory oS 
the rece iver  design. l'hc iniportancc of R F  correlation of the rcccivcd nncl 
local P N  encoded sequences i s  emphasized a s  ii m w n s  of reducing delay uncer- 
tainties of the instruincntntion to  values cornpalihle with n : ~  noscconrl to submi- 
crosecond PTTI objcctives. Two rc.ccivcr configurations were kihric:~ted for  use  
in satellite-to-1abor:itory ewpcrjincnts. In one receiver  the delay-1ocl;cd loop 
for  P N  signals synchronization uses  n djtllcrcd amplitude cleteciion process  wl~i lc  
the second rccc iver  uses  a complex sums phase detection method for  mcnsurc- 
ment of delay e r r o r .  The necessity f o r  compensation of tlopplcr shift i s  treated. 
Differences in theoretjc:il signal acquisition :in4 tracking- performance of the 
design concepts a r c  noted. 

Tests  are underway in which an cxpcrimcntal satell i tc in  polar orbit  a t  450 n. mj. 
altitude having :I P N  modulation of 3 .  T, lLTTIz I~andwidtli :~nd 2 " lcngth a1 3 400 MHz 
c a r r i c r  provides the source signals f o r  evaluation of the receiving instrunzcntn- 
tion just clcscribed and l o r  fufir1amcntal demonstrations that reflect the i n l l c r ~ n t  
capability of the systern lor PTTI applications. Inclurletl a r e  tes t  resu l t s  which 
show thc instrumentation noise levels during thc period oS reception a s  the sat- 
ell i te passes  the laboratory. T11c djffcrcntial jitter of the two r e c e i v ~ r s  operating 
with the s a m e  satell i te sign:tl gave variations jn measured tleloy :it :lbout 1 0  n:ino- 
secontl. When the two P N  rccc ivers  were connected to separa te  :intcnnas i t  was 
possilnle to  discriminate their  pl~ysical  separation to distances of l e s s  than 10  
feet. These preliminary resu l t s  infer very accurate global clocli synchroniz:ltion 
systems of various complexity :tnd cost  with ultimatc :iccuracies :ippronching 
nanosecond levels. Degradation o l  synchronization accuracy froni the limiting 
valuc will be dependent on variations among the radio path(s) bctween the satell i te 
and widely sep;~ratcd receiving points principally due to  refraction effects and 
also the e r r o r s  inherent in the navigation process  required for  estimation of 



thc required compensation for delay due to path length. (Experiments in clock 
synchronization between two rcmotcly locntcd receiving points a r e  planned but 
have not yet been performed.) 

From the work conducted to date wc bclicvc thc following conclusions to be sup- 
ported by the preliminary tests: (1) the satellite P N  modulation and radiated 
power lcvcls at  the 150/400 MHz channels will be satisfactory for nanosecond 
to submicrosccond. PTTI applications; (2) progress in correlation receiver 
t3esign for PN recovery has eliminated the instrumentation delay uncertainties 
a s  a major sourcc of PTTI error .  Thus the low altitude orbiting clock satellite 
systcm i s  :I viable means lor  clock synchronization of navigating a s  well a s  fixed 
site users. 

In contrast to the satellite navigation systems being proposed for high and quasi 
synchronous altitudes which systcrns require as many as four satellites in suit- 
able simultaneous view of the navigating user,  this low altitude global satellite 
systcm cnn provide the desired PTTl service with a singlc satcllitc in orbit with 
waiting intervals at  thc uscrs  location 01 8 to 12 hours. Current schedules sug- 
gest than an operational PTTI scrvice, contingent upon demand by users in the 
national intcrcst, could be available from the improved satellite of thc nsviga- 
tion systcm by 1975. 

It is a privilege to report to the PTTI community on evolutionary improvements 
of the "Operational1' Navy Navigation Satellite Systcm. TRANSIT has been and 
rcmains dedicated to providing scrvice :IS :I radio navigation aid, however some 
of the developments in instrumentation a r e  of interest since they providc a means 
for indepcndent and cooperative users  to calibrate and synchronize their clocks. 
The purposc of this paper is to review the system concept, describe new satel- 
lite ant1 user equipment dcveloprnents, and to present some measured data ob- 
tained in exploratory tests  with the TRIAD satellite which transmit a new P N  
synchronizing signal. The tests  indicate that the improved TRANSIT system 
anticipated (luring CY 1975 will be capable of satisfying many of the submicro- 
second timing requirements of navigating as well a s  fixcd sitc users. The pro- 
gress  in correlation receiver designs has eliminated the P N  receiving se ts  a s  
significant sourccs of e r ro r  in submicrosccond PTTI applications. 

REVIEW OF GENERAL CONCEPT 

Time disciplined signals, broadcast in the  VHF /UHF b,ands from :in orbiting 
satcllite clock can be used by any numbcr of remote receiving stations o r  navi- 
gators for  timing purposcs with essentially thc same basic procedures and pro- 
cesses that would be applicable to other one-way radio systems. For example, 



as illustrated generally in Figurc 1, a navigation solution is required to deter- 
mine rangc compensations for the distance travelcd by the signals from the 
satellite source to the user. Submicrosecond accur:~cies recluirc that Iurther 
compensations he made for ionospheric and atmospheric refraction effccts on 
propagation delay. The instrumcnt~tion will introduce e r ro r s  in the nature of 
(1) a fixed bias and (2) random v;lri:~tions of the observed satcllite timing mnrhs 
zts received. The fixcrl bias can bc corrected by n local delay ca1ibr:ltjon of 
the receiving set using :I precisely simu1:ited satcllite signal, injcctcd effectively 
ar; the  rcceiving antcnna terminals. The random variations of the data will bp 
smoothed by the statisticnl processing over a segment of the ovnilablc s:~tcllite 
pass to determine an avcrngc variance and 2 least sclu:lrcs fit of the mean v:~lues 
to a straight line from which the synchronization l'datcll e r ro r  of thc u sc r l s  clock 
rclatjve to the satellite refercncc is indicated. A slope of thc mean value timc 
inclicatcs e r ro r  in timc interval between the s:itellite and user ' s  clocks. Gcncr- 
nlly the processes just clescribecl will be performed Ijy a local computer if thc 
user is an inclcpendent navigntor. Ll the uscr js : ~ t  a fixecl sitc p:lrt o r  all of 
the computations can he perforrncd at  some ccntr:tli7ed l'acility. 

Distinctions a s  to the typc of time service t1i:it one-way s:~telljte lnroadcasts may 
provide should be recognized since there a r e  import:tnt implications for 110th the 
uscr  and the ground support networli of tlic satellite constcllatjon. Fi rs t ,  therc 
is a ftdatett disscmjnation mode that pcrmits a fully instrumented independent 
user,  a t  n fixed site, o r  on :I moving platform, to cal i l~ratc and synchronize 
lttlate and time interval1' of his cloclr to UrI'C(USNO) via thc s:ltellite, to the full 
accuracy of the system. 

The second type of service can hc r r fcr red to as  a "uniform time intcrv:lll' 
broadcast mode. For this servicc thc s:ltellite clock lldatctt control may bc cn- 
tircly absent o r  too coarse to qualify for P'I'TI. This rrlodc permits cloclc syn- 
chronization among two or  more cooperativc uscrs ~ v h o  transfer thcir own tlel'ini- 
tion of lltlatett and l'intcrv:~ll' snzong thcmsclves from a rlcsignatctl mi~s te r  clocli 
to the coopcrativc slaves. Thc basis for the clocli t r :~nsfcrs  is  the rclativc corn- 
parison(s) of the respcctive in :~s ter  arid slave calibrations to the satcllite refer- 
cnce. The best accuracy in transfcr is  o11t:iined when the satcllite wferencc 
signals :Ire "co-visjblc" among thc coopcr:itive users. 

Thc UTC(IJSN0) lltlatclt dissemination 1~1ode is the ultilnntc system ohjectivc for 
it can service ;tII types of uscrs,  those that a r c  independcnt and p:issive as well 
a s  the cooperative uscrs.  Indeed the TRANSIT system currently operates in tlic 
l1rlatel1 disscrnin:ition mode, however nccording to USNO reports, improvement 
in accuracy of about two orders mag~iturlc woulcI now bc useful. 

The "d:iteYt dfsscmin:ition mode rcrluircs :iccuratc rnnintcn:ince of thc s a t c l l i t ~  

e clock by a systcm ground support n~tworl i  of satcllite inonitors (includjn~; a 



SLANT RAXGE FROJI /( NAVIGATION COIIPbTATION 

7 1 TUll ICATLl i  ERROR OF USERS CI.OCK 

ELAPSED T I Y E  D U R I Y G  S A T E L L I T E  PASS - 
Fjgure 1. User's Process for Time Calibration of His  1,acal Clock 



receiver at  IJSNO- Washington, TI. C. o r  :idjacent thcrcto), orbit tracking sta- 
tions, computing fncilitics, :lnd a commantl transmitting station arranged ideally 
as in Figure 2. In the ideal nctworl; there a r c  four basic timing Iunclions, 
namcly : 

1. A cooperative timc transfer by satellite direct from UTC(USN0) to tlic 
TRANSIT system working cloclr reference. With :I single satcllite trans- 
f c r  oppor'tunities occur regularly every eight to twelve hours when co- 
visihlc conditions cxj st. 

2. Calibrations of the orbiting- satellitc clocl; lo UTC. Opportunities to cnli- 
bratc to UTC (TRANSIT) occur evcry orhit (110 minutes) and to UTC' 
(USNO) cvery eight to twelve hours. 

3.  Adjustmcnt of tlie orbiting satellite clocls to UTC by radio command. Op- 
portunities occur oncc per 110 nlinutc orbit. 

4. Satellite time dissemination by one-may bro;idc:ist to users. Availability 
per satellitc will be dependent upon the user 's  position in latihidc, hut 
in  no case would i t  exceed eight to twelve hours. 

With this lcvcl of ground nctwork support thc reliability of thc satellite UTC 
transmissions will bc dependent upon tlie predictnbility of the satellitc oscillator 
and clock over the cnlibration nnd :ttljustment intcrvnls of only 110 rnjnutes. 
With a one-in-view continuous sittellitc covcr:lge it could bc possible for any 
uscr on earth to cffcctively obtain pcriodic clock calibration updatcs to UTC (USNC)) 
within n lapse of no more than 1 10 minutes. 

The PPTI community must bc warned that bcfore this level of satcllitc UTC ser-  
vice can be expected n tradeoff analysis of timing requirements vs. performance 
and cost would be needed to support the grouncl system deployment. 

PROGRESS IN IMPROVING RASIC 1NSTRUMENTATlON 

A transition period i s  planned during which irnprovcments will be deploycd. All 
improvements will be dcsigned to avoid incomp:ltibility o r  obsolcsccnce 01 the 
more than 700 military and commcrcinl navigation unjts now in service. 13uring 
the transition period a wide varjcty of user ccluipment designs can bc phased in 
to satisfy new requirements. 





~ a 
SATELLITE INSTRUMENTATION 

New (TIP) satell i te designs include features  for  improving thc detlicated naviga- 
tion service.  E'ortunately some clevelopmcnts n r c  signifjcant to PTTI users .  

1. A disturbance compensation (DISCOS) and orbit  in:~intenance subsystem 
will bc provided. Its purpose i s  to climjxintc the efl'ects of atmospheric 
d rag  and allow :I means for  control of the orbital t ra jectory in space s o  
that location of the s:ltellite i s  more  accurately prcdictetl anti reported to 
u se r s ;  fo r  examplc, for  use  in range compcnsation to timing measure- 
ments. TKTAL) experiments with DISCOS jndicate an uncertainty of 
th ree  me te r s  Io r  the ilnprovctl sn k l l j  t e  ;> t TRANSIT altitudes, comp:ired 
to a cur ren t  uncertainty of ten meters. 

2. Thc K F  signals that a r e  bronclcast f rom spacc will be retlesignecl to in- 
clude n part ia l  P N  phnsc modulation wit11 repetitive scqucnccs that a r c  
uniquely related to the R F  c a r r i e r  frcyucncics :inrl thc vari:lhle message 
modulation. The lJN phnsc ctcviation of +45 degrees :~l locates  half of the 
rndintcd RE' energy tu the 1% spectrum, tlic other half to c ~ l r r j c r  :lnd 
message spcctr:i which can therefore be rcccivcd lljn-thc-clenrll by :dl 
now existing equipment. 

Thc ITCC nllocntions permit  3 2 '"ode length with a chip intcrvnl of 600 
nnnoscconds and a P N  information bandwidth of 10/3 MHz on  tlic 400 M H z  
r a t l i a t i n ~  chlinnel. The 150 MIIz chnnncl 112s a 2 I '  codc Icngth, chjp 
interval of 4. 8 microseconcls, :~nd  P N  information b:intlwitllli of 5/12 MHz. 
W ~ e n  operational the 1'N sequences n rc  syncllronizcd and unjformly re-  
peat 61 03 t jmes in cx;ictly 120 seconcls of UTC with ficlucial t ime coinci- 
dent a t  thc even two xninutc Urr(' ~ l a t c s .  T h c  THTAL) satell i te can hro:lrl- 
~ ~ 1 s t  the P N  modu1:ttion on the 400 hTIIz channc-1. 

3.  'The satell i te frequency rcfcrcncc will bc. supplcmentetl by a digitally pro- 
grammable synthesizer.  This allows dc1:tyed ncljustments (luring the  or- 
bit of frequency offset with cornpcnsation fo r  dr i f t  r a t e  so  that n uniform 
clock t ime scalc  i s  maint:~inecl, A contu.01 s t r a t e ~ y  can he used to s t e r r  
"clock date1' :~nd inclircctly tllc P N  motlu1:ition for coincidcncc~ to "UTC 
date1' rcfcrretl  to r-i3cli:itions from the satell i te antenna. T l~eprogrammal~ le  
synthesizer has  a finc rcsolutjon jn the rnngc of 2 x 10-'2 to 4 s 10-l1 , 
The effective operating rclcrcncc f ~ c q u c n c y  is 5(10° - 84.48) Hz from 
which al l  modulation wavelorms and c a r r i e r  frequcncics a r c  cohcrcntly 
generated, with the P N  and information bit intervals being 120/G103 
seconds. 

Currently the 'I'RIAD satcll i tc operatcs jn a f r e e  running crystal  oscilla- 
t o r  motle at a nominal frequency near  5(10" 140) Hz which avoids use  of 



the experimental sntcllite by any navig:ltor. "Datet1 of the TRIAD cloclc is not 
controlletl hut a uniform interv:11 i s  broadcast giving 6103 reference pulses in 
about (120 + 6.C x 10-3) seconds. 

RECEIVING SET INSTRUMENTATION 

The I50 and 400 MHz satellite signals available at  the terminals of omni- 
directional rlipolc :~nd volute receiving antennas will range betwccn -115 nnd 
-140 dhm. It js therefore necessary in the power limited system to recover the 
PN timing code undcr ncgative SNR conditions. Thc delay-locked P N  recovery 
loop cspccially designed with corre1:ltion n t  RF  allows synchronization and track- 
ing with mjnimum delay e r ro r  undcr the negative SNR conditions. 

l'wo PN receiving ecyuipments have becn constructed as  modifications to existjng 
AN/BRN-3 and AN/SRN-9A navigation sets. Figures 3 and 4 respectively. In- 
dustry sources have completed production design studies for P N  c:ipabilities in- 
tcgrated into the SKN-SA :lnd the new AN-WRN-5, Figure 5. 

The dclny-locked feedback loop performs a cross  correlation between the P N  
encotled information of the reccived KF signal with noisc and a local signal, 
noise free, appropriately modu1:lted by the same encotled information waveform. 
The local modulating wnvcform is dclay shifted to bring its sequence into timc 
synchronization with the reccivcd cotle. Under this condition the correlator 
then produces a signal that can be uscd a s  a loop driving forcc to :~utomatically 
maintain synchronization. Er ror  correcting feedbaclc is via the volL~g-e controllcd 
cloclc (VCC) , loc;~l P N  code  ene era tor , modulator, and correlator circuits. 

Thc P N  rccejving se t  must be wideband up to thc corrclntion circuit if it i s  to 
achieve the full accuracy potentilt1 of the sprcnd spcctrum PN modulation. In 
the corrc1:ltion process the convolution of thc reccivcd :~nd local PN signals, under. 
conditions of synchronized tracking, results in n rcdistrihution of thc rcccivccl 
P N  spcctral energy into an enhanced coherent ca r r i e r  signal which may then be 
:~rnplified in very narrowband circuits lor  eventual detection of the synchroniza- 
tion error .  In contrast the convolution of thc 1oc:ll P N  with received noise and 
non-coherent interfering signals results in a spreading redistribution of the 
interfering energy across a widc band of frequencies. 

R F  CORRETATION 

A key conccpt in the design of P N  recovery equipment is the cornhination of the 
processes of correlation with frequency translation from the R F  to the f i rs t  IF, 
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F i g u r e  4. AN/SRN-9A Navigation Set with P R N  Modification 





Figurcs G :~ntl 7. The significance of R F  correlation lie in pcrformance and 
cost sincc it provides: 

1. A low and very stable vnlue of receiver time delay which may be deter- 
mined by calibrntion and used with confidence. The major delay instabil- 
ities of amplifying IF str ips a r e  avoided. 

2. E*rcqucncy spre:~ding, while the total cncrgy rcrnains small, of noncoher- 
cnt noise :inti interfering signals into widcband spcctra that can bc atten- 
unted by filtering relative to the dcsircd information. 

3 .  An optimum distribution of bandwidth, gain, and power tlissipntion leading 
to nn ensy economical design. Most of the signal amplification i s  in the 
narrowband TI? circuits. Precorrelator R F  gain must be sufficient to pre- 
serve noisc figure. 

In thc motlilicatjon of the SRN-9, Figure 6, i t  was imperative that RF correlation 
be used as  choiccs of bandwidth and gains had bccn prcviously sct  by the narrow- 
band recluir~ments of cohcrcnt carr ier  tracking and the recovery of the 50 bps 
information phase modulation uscd for transmitting definitions of satellite orbits 
to the user. 

T)OPPI,ER COMPENSATION 

Another feature oI high perforrnxncc-low cost P N  receiver designs, to be used 
in :zppljc:ttions charactcrizetl by dynamic motion, is compcnsntion of dopplcr 
frequency shift. A t  'ITANSIT :~ltitudes the maximum dopplcr cffcct i s  lcss than 
25 p:~rts in 10% "T'hc compcns:ttion is applied in two wxys. First ,  the lrecyuency 
of the  P N  rnodulatcd local reference signal to the RF-to-IF frequency converter 
(nlso the P N  cross  corrclator) is adjusted for the dopplcr shift. The converter 
output is therefore complctcly st:iljilized in frequency to a miquc cnrr icr  :~llowing 
:i minimum practical ZF I~andwidth with maximum discriininntion against noise 
power and interference, 

The second compcnsntion if; nppliecl via a syntl~esizing networlr to adjust thc 
cIocl\-ing frequency input to t h e  local P N  codc gcnrrntor.  All spectra1 cornponc~~ts 
of the local P N  modu1:ttin.g waveform will therefore match corresponding' doppler 
shifted frcqucncies oE the received P N  sign:il. Basicnlly , this  is a form of signal 
dcrived aided tr:lckjng that relieves thc delay-lockecl loop of thc burdcn of tracking 
rate vari:ibles. Srnxll eS1ectivc: noist. bnndwidtl~s may thcrcforc be used for P N  
rr:cuvery which results in a very low rmdom jittcr of i h r  P N  output timing pulses. 







P N  RECEIVER CONFIG'IJRATIONS AND DETECTION PRINCIPT,ES 

The BRN-3 ,and SRN-9 PN receivers have important features in common such 
as correlation a t  R F ,  doppler compensation and :I common objective of func- 
tional isolation and independent PN measurement with no impact on performance 
in doppler recovery from carr ier  tracking or  in mcss:tge democ1ul:ttion. IIowcvcr, 
detailed requirements peculiar to thc mission ancl environment of thc BRN-3 
submarinc user a s  contrasted to tliosc of the SRN-9 surface uscrs lent1 to dra- 
matic diffcrcnces in design philosophy :~nd circuit configurations. A full dis- 
cussion i s  beyond the scope of this report but some comment is useful. 

The modified SRN-9, E'igure 6, is  n common chztnnel reccivcr. It uses circuits 
in the receiver for the dual purpose of doppler rccovery by phasc locket1 carr ier  
tracking simultaneously with PN rccovery by delay tracking the encodecl sc- 
quenccs. For  P N  recovery the synchronization delay e r ro r  signal for loop con- 
trol is dctected in a 3 step process. First ,  the R F  correlator provitles an en- 
hanced output carr ier  whose amplitude is  a function of the clclay prror. Thc 
amplitude will be a maximum when the dclay e r ro r  is zero. In ordcr to obtain a 
polarity sensitive control the local P N  modulating waveform i s  dclny dithered 
(advanced and retardccl cqunl amounts at  n frrlquency that js fast compnrcd to the 
code interval). Now the IF carr icr  with ditlicrcd amplitudes indicating cielay 
e r ro r  and direction is amplified by thc IF strip. Thc 2nd detector i s  the phase 
coherent amplitude detector normally used Ior reccivcr AGC. Thc baseband 
output of this AGC detector contains a signz11 at  the dither frequency whosc mag- 
nitude ancl polarity are determined in n 3rd level of synchronous clctcction to 
develop the final forcing function that drives the VCC ancl local P N  code 
generator. 

The modifier1 BRN-3, Figure 7,  except for antenna and R F  prcamplification, 
uses separate receiving circuits for carr ier  dopplcr and PN recovery, hcncc 
these operations :Ire inherently isolated anrl independent. The particular IJN 
configuration i s  called a complex sums phasc sensing receiver. T l~e  e r ro r  
s i~mal  for feedback delay control via VCC and local code generator i s  rlevcloped 
by a 2 step detection process. Fi rs t ,  :I special R F  correlator produces a rc- 
sultant ca r r i e r  phase angle which i s  indicativc of the dircction and magnitude of 
the dclay error .  The IF carr ier  is  amplified and heavily filtered to obtain a 
positivc SNR. The signal is then limitcd in level for the 2nd step detection of 
delay e r ro r  by phase comparison. Ounl channels of RE' corrc1:ttion and IF pro- 
cessing a r e  uscd so that relative phase comparisons a r e  sufficient for delay er- 
r o r  measurement. Thcoreticnl :malysis of the complex sums P N  receiver is 
given in Reference 2. 



Thc major points of significance lor these recovery techniclues :jrc outlincd: 

1. Common Channcl Dithercd Amplitude Scnsing Keceiver (SRN- 9A) 

a. A minimum volume, weight, and power consumption i s  needed for 
the addcd I'N capability. 

b. Superior performance in ultimate threshold scnsitjvity is  obtaincd for 
:l specilic P N  noisc bandwidth. From Reference 3 ,  the normalized 
(rms) noisc traclring e r ror  is  

A .- the chip interval 01 thc cncoded P N  waveform 
B,, = the effective loop noise bandwidth 
N u  = thc noise spectral power density 
P, = the received encrgy in tho P N  signal 

c. The flmplitrudc enhancement of carrier signals in the common channel 
by the RF correlation process effectively improvcs the SNR available 
for earricr phase locked tracking (+3 db maximum when the P N  phase 
deviatjon at  the satellite i s  45 deg), cxcept when largc delay dithcr 
mngnitutles a re  required for jnitial acquisition or  for automatic reac- 

0 
cluisition on loss of loclr due to signal fading. 

2. Sepa.rate Complex Sums Phase Sensing Receiver (BRN-3) 

a. The use of bandpass limjtcrs for IF signal level control provides a 
delay c r ror  detection capability that is  insensitive to a wide range of 
dynamic rates of amplitude fluctuation of tho receivcd R F  signal that 
would exceed thc regulating limits of cohercnt AGC. The circuit i s  
independent of and insensitive to phase errors  in cohcrent tracking. 

b. In the complex sums rcceiver, the normalized (rms) noise c r ro r  for 
delay locked tracking is estimated to be in thc range: 

where the factor 4/n is  contributed by the IF bandpass limiters oper- 
ating at  threshold SNR conditions. The circuit sacrifices about I db 
in threshold sensitivity in return for accurate e r ro r  detection in the pre- 
sence of fast fading and for the inherent simplicity of the limiter design. 

c. The circuit has supcrior acquisition performance in allowable search 
velocity (2.7 to 1 compared to best amplitude sensing circuit) and can 



acquire :md track without phasc coherent doppler compensation. A 
programmed frequency synthesis to maintain the carr ier  signals within 
the narrow IF passband is adequate, 

d. Local phase modulation indices for P N  correlation c:tn be nrbitrarily 
set without regard to reconstruction of carr ier  :trrd message moduln- 
tion (90deg i s  optimum for interference cliscrimjnation in the P N  
receiver). Also, the circuit performs best when the rcrnot? PN 
source totally suppresses the carr icr .  

EXPLOKATORY ?'ESrl'S WlTII SATE LLlTT;, SlGNAT,S 

A few tcsts  01 limited scope have bccn performed with the TRlAD cx;7erimentnl 
satellite to obtain n "quick look1' at, the instrumentation nojse levels nnrl thc 
b:~sic resolution of the P N  tiesign for r:~nging and timing measurcmcnts. 

The objective of thc f i rs t  test was to cleterminc t11c relative stability and thc 
jitter of the system (not including thc radio propagation mediuml. This was d o ~ c  
by diIfercntixl measurements b~ tween  thc two P N  receiving sc ts  whjlc they si- 
multaneously trackctl the TRlA13 sim1l:il received from sp:tce. The tcst  civcuit 
is shown in Figure 8 and resulting rr~e:tsurcrl data. is plotted in Figure 9. The 
standard dcviatjun and the mean v:tIues a r e  plottcd :tlung with thc level of the 
signal received a t  the output of tlrc common nntcnlin terminals. Except when 
the signal level became marginal the diffcrcntial (rrns) jitter of the two sc ts  
was in the range of 15 to 25 nanoseconds. Following the test a caljbration of 
thc ERN-3/PN was obtained with local test sign:lls with rcsults shown in Figure 
10.  

The objective of the scconti test was to cE~ecl~ thc inherent resolving capability 
of the P N  instrumentation in tlptermining the distance in pliysical separation of 
two :intermas co-located with n b:tseline oricntrd approximntcly parallel to thc 
satellite N-S orbital s ~ ~ b t r : ~ c k .  The gencrnl test circujt is shown in Figurc 11 
where scparations of 50, 24.5 and 1 0  fcct were uueci. V:triations in the lrlcasureci 
mean delays between thc P N  outputs of thc two receivers over the interval from 
satclljte r i s e  to se t  should follow n sh:~llow S-curve indicating the antenna dis- 
tance separations. The peak-to-peak delay variation i n  nanoseconds will be ap- 
proximately numcricnlly twice tllc v:~lue of the scparations in feet for a direct 
ovcrhertd satellite pass. Figure 1 2  shows thc 50 feet antenno separation rathcr 
dramatically even with the 80 to 100 nanosec rnis  differential noisc jitter meas- 
used when the ERN-3/PN tracking loop was in widcbnntl position. 

The indications for the 24.5 and PO feet separations a r e  n:iturally less dramatic. 
The interesting result to note in Figures 13 and 14 i s  the substantial improvement 
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jn the djffcrcntial r m s  tracking noise whcr, volutc antenna were used for  hot11 
BRN-3 :ind SRN-9 receiving se t s .  

In the third tes t  i t  was desired to measure the apparent delay to the satell i te 
clock pulses transmitted by P N  vs .  ?lapsed time durinp, thc sntcllitc pzss. F o r  
this quasi absolutc propag~itlon clclny 1nc:isu~-cmcnt the single RRN-3/PN re-  
ceiving se t  was used with volute ~tntenna. The local rel'erence clock t ime inter- 
val sca le  was ac!,justed on the b a s x  of previous sntellitc observations to approxr- 
mate the -140 P P M  offset s:t tcll l ts t jme interval sc:~le. 13at:j obtained [luring ;i 
shor t  segment or the p:~ss, centeretl about the t ime  of c : los~s t  appronch (TCA),  
r s plotted in Figure 1 5. The srnoothncss of tllc locus of rncasurcd va lucs is of 
interest  since the data inclfidcs tllc refraction uncc.rtaintics of the radio prop:)- 
g't~tiun path a s  wcll :IS thc P N  lustrumentition crrors. 

These basic and ra ther  elemcntnrj. t es t s  constitutr. only the bcgruning of the full 
evaluation of the performance c:!pabilitics of the TRANSIT systcrrl for  nppljca- 
tions in local cloch cnlibra tion nnrl synchronjzatjon. XE !he ncxt 3 to 4 months 
some  addition:^ i effort is schedult>tl. Selectetl sa1,ellite passes  will i)e tracked 
and measured data will be proccsscd to pcrforrn rhc rnrnpcnsntions indicated 
in E'igurc 1 .  1'hc objcctjvcs wi!I I)c to est:ibli:;h m o r ~  ;-ornplctely Ihr tccbnical 
feasibility, to :~nnlyzc the m r : ~ ~ u r c t i  t3:lt;? lor :I !icfinjtitrn o I  the dominating sourc:r.s 
oi cl-ror, :ind to t i emons t r s t~  Timt~ i.ransl'ers between master 3nc7 slave clocli 
systems bv monitoring the ~ t c  l l i  tc  P V  broarlcnsts. 

Fvcn from the Sragrnenttii-y wor.r; j?er.l;c_irme(i l,u dale i.ve r,hink thc following <:on- 
ciusions can be supported: ;,I i tilt. siatcl l i t c  'C';CT -i-!?otfulatior\ (design and the rndi-  
:tted power ievels will Ilc: adcr!ustc fcr IJ'TTJ zppllcntjans t n  t h c  suk~microsccnnd 
r:i.nii;es ol accurac,v, (2: pr~g~t ; '~ : : :  111 ~ ~ 7 ~ ' : r ~ : l a t i o n  ~ C C C ~ V ~ U ~  ~ c t  c?csign for IyY 
rccovcry i1:i 8 eiimi.natec! t l ~ e  rei:~:.s-ing sei inst:rux!-!.,.cn t:-!.t:.isn ilc.i.:-[y ~~~cr:rtaixli:ies as 
1; :lignifi.cant sawref: of :,rrcl!:, ;''!:ti .iuw aitituc!c i-:lic---~v;!.j. t:r:-insl.~it-tirtg z::tc;llitr: 
~ ~ * ~ ~ \ ~ j . ~ . j ~ ~  3 ~~.[ahi!:: q~ca.,::? .!py j . : i~f, ,j:;ytgr:;tp < ~ : . i ~ j 7 ~ l ~ - ; : , . ~ , ~ ( - j y ,  ;:ir\c' ~ ~ / y ~ ~ ; j ; r ( j q ~ y ~ ~ i - ~ ~ ~ r  ,,, ,, .) 3 11f '  ,. 

C ) O C ~ < S  d j ~ t r i  h~,if;f>d g;l~[>~,i.L:; $;-, {< i i ~ ~ { . !  ~i !,I+ FLIK! ~ : ! . i l  ;.?:,,': .;:lc!: , , L :S~?YS , 

5 1 
.i ne j:i.~a,terin i rcl:portcri 'i~t-rcii-: : v: t h : :  ;vo:~:l>, p ec;t',ui;: .!I IT:>:I~ prrsrns ss,.;or:i ar;cc$ 
rvi th the TRANSIT Nr~vig:lti or! Ii :*f;~r.rr:  ,, 5i;)(,x i:i.! : l ~ ~ ~ ~ r ~ ~ ; ~ ~ ~ ~ . : : ~ ? ; ; : ~ ~ ~ ~ c + i ~ i :  is f.:iiic~: 7<T-rL, 1: *, 

F'.. F':-ozpT!.er f o r  the I.'l\r si:~l;s:~/~i*;~;.,~ of 'tfic jn;,jy;:?;::!cl .-;;:.i.i::j].itc:: :~nc.i mt3ciifig<i 
\ -,.. , P  7?, 

,I\.,.] , ,>.h 1.J-9 -r-ccciving :+c.:., 'i.i?r. ;;::<t .3a1;3 ij:;t!i; ::~rlr<:~te::i ;.iir(l plot'~,eii I>\T &IT,, 1;:. 
T. >. ..., 
i:., Er~vt3 a.nd by O r .  r < , ,  ,I., :a.yli :r ,  
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Figure 15. Propagation Delay During- Satellite Pass 
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CaUESTION ANU ANSWER I'ERIOD 

Thank you, Mr. Osborne. A r e  there  any quest-ions? 

I ,  of course ,  am in complete agreement  with you. I think we have a resource  
he re  which we have not yet  used. We have left that to thc French who a r c  using 
t rans i t  satcll i lcs lor routine timc t ransfers  and you will find a report on the i r  
experience in thc: spccial issue of Time and Frequency, IEEE, May of 1972, 

'l'herc is one question here.  

11: is 1:incl of a compou-ntl quest ion,  I am. not suye just  what t h c  'l'r-i:ld s...!;ellitc 
.is,, VSrl:~t 1 w:-lnt to know is, will I h c  "I'r.id~d tjj:-l.li.llii-ri: tie x1Yi.c ti) bc used fox. nnvi- 
g:itjon:tl pGrposec; ? Also, ~ : 2 r 1  l i . 1 ~ :  ::aL(:ili'L~, i h ~  new satellite tha.t j u s t  went ixp, 
2016, can l:::tt Ili: usc.c.1 i n  the mode th::it you. :1 ye tallring x50nt now to provide 
t iming 3fi .e~ it i s  t~sccli up a s  .:l, na\rigttiunnl satellite ? And also, can ,  sny, t h e  
twn s::tell.ites, 3.9 a.nd 18 ,  ctln thcy br: used ir! ;Iny waiy :IS n 'c'!aling satclljte? 

Yes ,  thc curimcr,t :;:l.tel!5te that went up two wccics ago or thC!Y'e2l~outs is O ~ C -  o!' 
thts trndltionni tlcsik;ns that: docs p~lovide a ti.nze se~o ice ,  but i t  docs not have 
the pscuclc- ra.rldom cxpahilii:y, ?'he pc-ri-'ormance y m  wiil  get: wi ti? i t  ~iwul.d bc: 
~ i m i l : ~ ~ :  to tknt of the other fo~r r  0 r fiui: Ghat a r c  ;~l-l-e:~dy r*n the system, 

As to the Triad satellite, it was tht: first sa.tcllitc: of the experimental inzprovc-- 
ment program. While it: was intenlied to evenf;uallg 1xve :a1 gpel:atinna% rbol.e i n  
thc system fo r  navigational purposes, there w:-1s somc ~xnl'c,.x~tuna.tc: fn-ETtiro in 
the equipment, and the satellite is :+vail.ahlh: gcncrully only for t.yx:.i,mentai 
purposes. And that docs aot say that if  rve hnd n u:dtior,a.l cn.i;:lstccphc 0.r SoTnc- 
th-ing, we might posslbiy use if;; but. t11r:rt: arc :~hso'rutclg 7 - 1 0  pl:;~:,;: i;ii use t h r t  

rr- , zicld >+ r satellit:: ever for oycr:~lion:il navigatjon, 

Hcrc is anothe?? question. 



110 you havr any Zd~:i of the cost o l  i h m ~  pseudo-rnnclnnr crocte recejvei-s 'j  

We]?, that i.3 a very  difficult tiling I;::, !;;el: :nti; 211:: I. l ~ ~ , s i t n t ~  to tail,: nXx);.l: mstE:r 

especj:llly if you put it in i:he conrrntation a!- ion. r:~:t;i,, ~ ~ C ( : : I U S C : ~  'jiO\L i;.n(:)\h', i~)!i 
cost i s  lilie be:luty, i t  is ic tl-lc r:yc.s (I-[ the k ~ ~ ' i - : ~ l i ! ~ : '  , 

'l'llerc liavr: h~t.11 t ~ v c  U I I ~ ~ B  Oxji t., :il.iil WP ~.~181:1~<:: 1;ki;;i, ~ ( f i n g  !;,he ~seccicj-ranrlo-w 
ccsrie, a;; 1.e:-1st until so~:ii:?~or.~y Tlild~ ;t :lee\:l for suljst:intl:~i r;.~.ml:~cr*a 01 c l z e n ~ ~  ir: 
apt f,rj ccjs'c yc;ra nl:ry]3' !$i;<!: 3G[i i:o titl(1 that featc~le 2:; exict,i.ng ct!ulp~:-~c:nt, 




