
TRANS IT NAVIGATIO N SATELLITE 

by Lauren J .  Ruegcr* 

The Applied Physics  Laboratory h a s  nothing part icularly spec tacu la r  

to  offer in  the  form o l  time t ransfer ;  however,  the navigat ion sa tc l l i t c  

sys tem h a s  provided precision time from thc  bcginning.  Thc concept  on  

whicli the  sys tem was  based w a s  formulated about  1960 and h a s  a  timing 

requi r~ment- -  specj . f ical ly , a self  -cons is tent  timc synchronizat ion between 

the sa te l l i t e  and the  ground sys tem.  Thj.s synchronizat ion must be within 

2 rnsecs .  The navigator who u s e s  the sys tem c a n  have  timing errors up to  

about  30 s e c o n d s ,  which c a u s e  no inconvenience ,  and even  errors up tn 

15 minutes c a n  be handled .  

The carr ier  frequericies to the  sys tem a re  important,  and in the s i y -  

na l  frequency measurements ,  the sa tc l l j t c  anti the naviga tiny equipment 

must have  local -osc i l la tor  frequency s t ab l l i t l e s  whlch do not depar t  by 
9 

more than one part  in  10 over the  observat ion  period.  A correlation h a s  

been es tab l i shed  between tirne/frcquency errors rind ndvicjatiorl accuracy .  

The relat ion is very nearly a l inear  function of thc  f requency and timc er rors .  

The proportional cons tan t s  are  1/1,0 of (-3 n~ lu t ica l  mile error for a frequency 
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dis turbance  of one part in 10 during the obsc:rvation t ime ,  and a ,004 

naut ica l  mile error for a  tirniny error 01 1 msec .  The timing error corre-  

sponds  d i rec t ly  t o  the  d i s t a n c c  traveled by the  sa te l l i t e  which i s  rnoving 

a t  about  7 meters  per mi l l i second.  

This paper  will  present  c?atci to  support the claim of 10 s e c s  time r 
synchronizat ion with equipment for this program. The proyram a l so  h a s  
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in-orbit referencc  osc i l la tor  s tabi l i ty  performance of bc:ttcr than one part 
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in 1 0 over an  interval  of 100  d a y s ,  or be t ter  ~ii;;n one  part in L O  osc i l -  

la tor  s t ab i l i ty  per day.  Figures a re  included to explain how the  systcrn 

works.  

The c i rc le  can  be entered ( s e e  I'igure 1) a t  any se lec ted  p l a c e .  Clncit 

the  sa te l l i t e  is in orbi t ,  i t  t ransmits  on 1 5 0  t o  400 mc ,  a c rys ta l  s tabi l izct l  

s i g n a l ,  which i.s picked up by ground tracking s t a t i o n s .  Thesc  a r c  located  

on U .S . territory. Records a r e  kept  of t h e  frequency transmitted by the  

sa te l l i t e  a s  a function of time and  a re  then transmit ted to  headquar ters ,  

where a cent ra l  computer determines where the  sa te l l i t e  h a s  been traveling 

and  predic ts  where i t  will  be in  the next  16 hours .  That information then 

is in jec ted  by a s ignal  from a ground-based transmittcr into the  s a t e l l i t e ,  

and  the  sa te l l i t e  s to res  i t s  predicted orbit fo r  the next J.6 hours .  'The s a t e l -  

l i te  then transmits  i t s  posi t ion in  a simple Kepler coordinate systern plus 

small 3-TI correc t ions .  A navigator u s e s  the sys tem by recovering the  orbit 

da ta  from the  sa te l l i t e  and measuring the  dopplcr  shi.ft of the ca r r i e r s .  Uy 

knowing where the sa te l l i t e  i s  loca ted ,  from Lhe orbit d a t a ,  and dctermin- 

ing the  geometry between the sa te l l i t e  and navicjdtor from the dopplcr ,  i t  

is poss ib le  t o  g e t  a navigation f ix .  

1"igure 2 i s  a picture of one o i  t h e s e  s a t e l l i t e s .  It i s  not a very 

pretentious device-- i t  weighs about  1 1 2  pounds when deployed in  orbit; 

g e t s  i t s  power from solar  c e l l s  tha t  charqc bat tcr ic:~;  anci u s e s  a circularly 

polarized a n t e n n a ,  so  t h a t  ci very sirriple non-directional whip antenn;:i c a n  

be used for ground-based recept ion .  The directionril an tenna is c~irnetl a t  

the  earth because  there i s  ii penciul.um that  m(3kes iL hang in space .  It i s  

a gravity gradient  s t ab i l i zed  sa te l l i t e .  

The concept  of how the orbi ts  a re  planned i s  shown in  Figure 3 .  

Any one  of the s a t e l l i t e s  se rves  the entire  world.  These s a t e l l i t e s  <ire 

6 0 0  miles above the  ear th  and a rc  i n  nearly circular  polar o rb i t s .  They 









were planned t o  be about  45 degrees  apa r t  around the equa to r ,  but s ince  

some of these  have had long service  l i v e s  ax! were not launccd into the  

e x a c t  polar p lane  , they have  p recessed  away  frorn the 45-degree separa t ions .  

There are  f ive  in service  a t  the  present  t ime.  

Basical ly,  Figure 4 shows what each  of the  s a t e l l i t e s  con ta ins .  This 

i s  a c rys ta l  osc i l l a to r  and  a double-nroportional oven; i t  i s  a f i f th  over tone ,  

5-mc c rys ta l ,  from which both the time sys tem and the  carr iers  are  der ived.  

This i s  the receiver  tha t  s to res  i n  i t s  rnemory the locat ion of the s a t e l l i t e .  

It  i s  binary digital1.y encoded data  tha t  phase-modulates the  ca r r i e r s .  

From the very  s t a r t ,  prec is ion  time h a s  been provided a s  a se rv ice .  

There is not a n  es tab l i shed  requirement thdt  i t  be  TJTC, however,  because  

to  u s c  t h e  s y s t e m ,  the  navigators  do  not have to  synchronize t o  anything 

but s,y.stcm-time. Time i s  rccoverecl Irom the sa te l l i t e  from a unique s ig -  

nal  tha t  is transmit ted about  every two minutes . Navigation is performed 

o n  thc b a s i s  of time kopt by the sa te l l i t e  . 
Figure 5 shows the  diversity that  the  program has under-taken in  i t s  

years  o i  se rv ice .  It s ta r ted  off a s  a navigat ion aicl t o  the  POI',ARIS sub- 

marine. The instrumentation inc ludes  a r ece ive r ,  a computer ,  and a lot  

of peripheral g e a r  to keep records ,  a s  well. a s  to  rliake the computer pro- 

gramming more sophis t ica ted  a s  the gcocletic knowlcdge expands .  The 

Laboratory developed a small  unit for the  surface  equipment which has 

been used  for over  five years  by surface  u n i t s .  The military vers ion  i s  

jus t  tak,ing i t s  p lace  th i s  year. The sa te l l i t e  nijviqation program got off 

on  some tangents  because  i t  w a s  found that  the c:arth rea l ly  was  not well 

enough defined i n  the  geodet ic  Iorm for dn  ohscrver  to  te l l  pr-eciscly where 

a sa te l l i t e  w a s  going to  be i n  the future . The geocle t ic  program requires 

da ta  from many loca t ions .  The f igure shows a very small receiver  for 

taking geodetic- type inlormation, su i table  for opcratiori anpvliere in the  

world ior  good surveying d a t a  . A1 s o  o n  thc figure is a piccc:: of bai::lr-tr-ac:k 







equipment s o  small  tha t  people c a n  take  the i r  pos i t ions  on  a man-portable 

s e t .  These th ings  a r e  real  hardware; they work,  but they a r e  not yet 

ava i l ab le  i n  large quan t i t i e s .  This geodet ic  effort turned out  t o  be more 

s igni f icant  than  the  T,aboratory expected .  

Figure 6 shows what  w a s  found out  about  the  earth-- i t  rea l ly  i s  

not round a n y  more. If you desc r ibe  the  earth from the  mathenlatical 

functlon a s  a n  obla te  spheroid ,  the  l i t t le  contours represent  about  10-  

meter depar tures  from that  rnathernatical funct ion .  'This type of informa- 

t ion w a s  e s s e n t i a l  in  order t o  rea l ize  the  kind of precision t h a t  is being 

obtalncd from the  navigat ion s y s t e m .  It w a s  n e c e s s a r y  to  s e t  up a world- 

wide tracking network t o  keep track of the very small  permutations of the  

orbi t  a s  the sa te l l i t e  went  around the  ea r th .  

Figure 7 shows the  pos i t ions  of s t a t ions  opercited in  support  of th i s  

work. There a re  about  1 2  permanently located  s td t ions  which have been 

i n  service  for periods longer than f ive  yea r s ,  and which genera te  the  da ta  

b a s e  tha t  h a s  been acquired by tracking s a t e l l i t e s .  Sa te l l i t e s  i n  orbi ts  of 

different inc l ina t ions  and a l t i tudes  have  provided the  data  base  on  which 

the  present  world geodesy  1s formulated. 

Figure 8 l i s t s  the  s t a t ions  which have  s t a t ion  numbers a s s igned  t o  

them. This g ives  a n  idea  of the timing res idua l s  rece ived in some of the  

s t a t ions  in their  time synchronizat ion on a routinc b a s i s .  (This happens  t o  

be for the month of April for one of the  operat ional  navigation s a t e l l i t e s . )  

The observers  take  a number of timing da ta  points  e a c h  time t h e  s a t e l -  

l i t e  g o e s  by ,  and then they compute the rnis r e s idua l  of tha t  group of po in t s ,  

( e - g . ,  for two sa te l l i t e  p a s s e s ,  the  rnis crrors were 1 0  s e c s  or l e s s  for r 
s ta t ion  008; tha t  s t a t ion  is located  in Brazil).  The loca l  s ta t ion  in Howard 

County,  s ta t ion  111 , i s  one of the  bct tcr  frequency and time control 

s t a t i o n s ,  and t h e s e  measurements show tha t  the  timing res idua l s  a re  very 

low. One of the  operat ional  s t a t i o n s ,  s ta t ion  3130, which i s  operated by 
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the Navy on the Wes t  Coas t ,  i s  shown on the figure. Others dre located in 

various p l aces ,  such a s  Australia 11 2 ,  11 5 in South Africa, and 11 7 in the 

Seychelles.  

The people operating the tracking stat ion a t  the APL s i te  have had 

to be on duty 2 4  hours a day ,  7 days  a week, s o  they have had some spare 

time on their  hands.  These operatcrs worked up a design for a sa te l l i te  

time recovery receiver that  i s  quite small.  rigure 9 i s  a picture of one of 

these  uni ts ,  however, it  does not represent a state-of-the-art engineering 

effort.  

Figure 10  shows the inside of the sate l l i te  time recovery receiver,  

which i s  a tracking filter-type receiver a t  400  M H z ,  and some digital logic.  

These are  integrated c i rcui ts ,  TO-5 c a n s ,  and a l so  a power supply. 

Figure 11 shows the performance that i s  being realized by th i s  instru- 

ment. The phase noise in the receiver is plotted a s  a function of signal-  

noise signal-level . It operates normally on a non-directional antenna.  

Normal sa te l l i te  signal levels a re  about -115 db which represents a n  

instrumentation error of about 8 psccs in time recovery by this instrument. 

Figure 12 shows some of the pertinent pararneters regarding the 

model shown in  the previous figures.  This data relates to the f i r s t  model 

built.  There is a n  improved model that  ha s  a l i t t le  better signal-noise 

ratio and a n  instrumentation error of about 5 y s e c s  . The signal i s  a t  a 

frequency of 4 0 0  mc -80 parts pe r  million and has  a doppler shif t  of i two 
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parts in 10 . The phase-locked loop in this  unit i s  15 cyc les  wide and 

the timing output i s  a 10-volt spike with a 2/10 ,u s e c  r lsc  time. It oc-  

cupies 3; inches of panel space ,  weighs 15 pounds,  and use s  10 watts  

average power. APL i s  not in a positlon to manufacture these  items in 

quantity, s o  the Coast  Guard has  put in an  order to a small company in 

the Annapolis area for a quantity of ten.  Thcy se l l  for about $2500.  
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NAVIGATION SATELLITE TIME RECOVERY RECEIVER 

1 .  FIRST MODEL: 8 p second rms @ -115 dbm SIGNAL/NOISE = 6 db 

2 .  SECOND MODEL: 5 p second rms @ -115 dbm SLGNAL/NOISE - 3 db 

3 .  OPERATING FREQUENCY: 400 M H z  - 80 PPM (*2 X lod5 DOPPLER) 

4 .  INFORMATION BANDWIDTH OF PHASE LOCKED LOOP: 15 Hz 

5 .  OUTPUT: PULSE - 10 VOLTS WITH 0.2 p second R I S E  TIME 

EVERY 2 MINUTES 

6 .  S I Z E :  34" PANEL SPACE; 19" RELAY RACK WIDTII; 15 POUNDS 

7 .  POWER: 10 WATTS @ 60 - 
8 .  COST: ABOUT$ 2500 I N Q U A N T I T I E S O F T E N  



Figure 13 shows a n  example of  the  frequency s tabi l i ty  in  one  of t h e  

s a t e l l i t e s  from launch t ime.  The d a y s  a t  the  bottom represent  the  ca lendar  

year of 1970,  and the  s c a l e  of the  frequency resolution of the  cha r t ,  one 
9 

part  in  10 i s  a s  indica ted .  A s a t e l l i t e  w a s  launched the  l a s t  part  of 

August, and within two or  three  d a y s ,  i t  w a s  ready t o  b e  u s e d .  

These  measurements a rc  o n e  day  apar t .  Since navlgc>tion i s  poss ib le  when 
9 

the f requency error is l e s s  than one part  in 10 over  a 10 to 1.5 minute per iod ,  

it i s  s e e n  from t h i s  da ta  tha t  navigat ion qual i ty  opcrat lon is a t t a ined  12 to  

1 6  hours a f t e r  l aunch .  Note tha t  by 1 0  o r  1 5  d a y s  l a t e r ,  the s t ab i l i t i e s  

are  we l l  below one part in l o l o  per  dily. 

r igure  1 4  shows  a n  osc i l l a to r  which h a s  been operat ing i n  the  same 

time period.  A s  a matter of f a c t ,  tha t  is the  slowes, t  drifting osc i l l a to r  

APL has  in  orbi t .  This h a s  been in se rv ice  three  y e a r s ,  and. you c a n  s e e  
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a change fo r  100 d a y s  of l e s s  than one part in 10 . The instrumentat ion 

for measuring inc ludes  a n  i terat ive fitt jng routine with a measurement 
10 

sens i t iv i ty  of two parts  in  1.0 o n  a s ingle  measurement.  

The Applied Physics  T,sboratory has  been funded t o  put up another  

s e r i e s  of s a t e l l i t e s .  One of the  i tems planned for t h i s  s e r i e s  is a n  im- 

proved way  of keeping the time t o  the  UTC s tandard .  Present ly ,  time i s  

s e t  i n  10-  rsec jumps 
, which seems  t o  be a very generous time resolut ion 

fo r  a 2-msec sys,tem requirement. Now thiit ncctls a re  tieveloping 

for a higher resolu t ion ,  i t  niay be poss ib le  t o  implement some of the  rang- 

ing propagation approaches  which have  been previous1 y mentioned.  In 

order to  provide a more uniform time s c a l e ,  a dev jce  ca l l ed  a n  incremental  

phase  shi f ter  i s  planned for one of t h c s c  satel.l i  tes  . It i s  a s ynthcs izer  

tha t  goes  between the osc i l l a to r  and the input  t o  the timing and transmit t ing 

c h a i n .  It  h a s  two o b j e c t i v e s ,  a s  shown in Figure 15: (1) to  t ake  out  the  

frequency drift tha t  e x i s t s  in the osc i l l a to r ,  ant1 (2) to ad jus t  the  epoch .  

The in i t ia l  d e s i g n  for  this  next  sa te l l i t e  will  have t-i course  time resolut ion 
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of 200 n s e c s  which is the  period of one  cyc le  of the  5-mc osc i l l a to r .  

Time adjus tments  will  provide a timing error l c s s  t han  1 n s e c .  

The des ign  parameters  were picked a s  shown i n  Figure 16 ,  t o  give 
I. 3 

a resolut ion of about  eight  parts  in  10 per  adjustment s t e p .  The phase  

i s  shif ted continuously to  remove the  frequency error of the  osc i l l a to r .  

Two f requencies  will be poss ib le  for operat ing the  sa te l l i t e ;  one a t  -145 

par ts  per  million for u s e  o n  a n  experimental b a s i s  a n d  the o ther  a t  -84 .48  

par ts  per mil l ion,  the  operat ional  v a l u e .  There will  be a n  operat ional  

capabi l i ty  in  t h i s  s a t e l l i t e .  The odd offse t  operat ional  frequency i s  t ied  

back to  the  se lec t ion  of some sys tem parameters--6,103 bi t s  for a two- 

minute interval  works out  t o  provide a simple integer frequency div ider  

cha in  derived from the  offse t  5-mc s i g n a l .  

Figure 17  genera l ly  shows how t h i s  incremental p h a s e  shif t ing i s  

accompl ished.  The input osc i l l a to r  s ignal  g o e s  through a 20 0-nsec  

delay  l ine  with e ight  t a p s ,  e a c h  tap  being a s t e p  of 25 n s e c s  in  epoch .  

The analog 5-MHz s ignal  i s  ga ted  from e a c h  tap  by diode br idges .  This 

output  goes  through a 25-nsec de lay  l ine  with 2 5  t a p s .  Each of  t h e s e  

t a p s  provides a 1-nsec  phase  adjustmenl or  time adjus tment .  The gat ing 

is a l s o  ,through d i o d e s .  S ince  th is  jumping between cliode swi tches  intro- 

d u c e s  no i se  on  the  s i g n a l ,  the  output spectrums must be c leaned up by 

c rys ta l  f i l te r ing ,  These  f i l t e r s  c a n  be severa l  hundred c y c l e s  wide a t  the  

3 d b  p a s s  band l imi t s .  'The transfer  function horn the input  t o  the  output  

frequency i.s a n  exac t ly  known function of the parameters  with the  known 

se t t ings  of the digi tal  instrumentat ion which are  all. going to be s e t  by 

ground command. A s  you c a n  s e e ,  a s ignal  of S rrics comes in  and g o e s  

in to  a counter .  Every time t h i s  counter  overf lows,  i t  advances  the  phase  

shi f ter  1 n s e c .  Present ly ,  tha t  counter  i s  run until i t  r eaches  a number 

held i n  a regis ter .  The regis ter  wil l  conta in  a number l ike 70 t o  90  which 

c a n  be s e t  from the  ground. Unfortunately, tha t  does  not provide the  r e s o  

lut ion d e s i r e d ,  s o  a million s t e p s  have heen provided in  another  binary 
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system between ezch counter integer. One s tep  in th is  million unit makes 
13  

a frequency adjustmcnt of eight parts in 10  . The stepping of the fine 

frequency adjustment will follow a programmed sequence to take out f i rs t  

or second order drift rates of the oscil lator.  Consequently, counting 

registers can  go up or down to accommodate both up and down drifting 

osci l la tors ,  and each time the one million unit overflows, i t  moves the 

course register  over one.  It is a continuous system. There is no recycling; 

the system smoothly progresses over i t s  entire adjustment range,  advancing 

with s teps  of the f inest  resolution. 

With regard to  the future requirements for precise time and time interval 

for the NAVSAT program, APL does not es tabl ish  any of these  requirements. 

However, i f  a requirement i s  es tabl ished,  APL would be most happy to comply 

with the requirement. APT, has a working frequency standard which is now 
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within eight parts in 10 of the Naval Observatory in  the UTC time system. 

The timing epoch a t  our Laboratory i s  held within , s e c ,  relative to  the ' P  
Naval Observatory's time system. Common monitoring of the LORAN-C sys -  

tem is  being used in ordcr to hold the value.  Clock transfers have been pro- 

vided to  es tabl ish  and calibrate. Synchronization to the Naval Observatory has  

been done on a routine basis  for  a good many years.  Instrumentation in 

our own development programs can  make synchronization measurements 

Internally to  the Laboratory to about 2 nsecs  . Some of the receiving 

instrumentation has  been checked out that  will provide synchronization 

measurements of 1 0  nsecs  between roof-mounted antennas and reference 

signals inside the Laboratory. 




