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ABSTRACT 

A submicrosecond Time Disseminat ion  
System has been developed by t h e  Johns 
Hopkins U n i v e r s i t y  Applied Phys ic s  
Laboratory.  The System is composed of 
a n  expe r imen ta l  t r a n s i t  improvement 
s a t e l l i t e  (TRIAD) ,  TRANFT S a t e l l i t e  
Tracking  System, and s p e c i a l  s a t e l l i t e  
s i g n a l  r e c e i v e r s  each t i e d  t o  separate 
cesium clocks. The 400 WFZ s i g n a l  
from t h e  s a t e l l i t e  is phase modulated 
k45O by a pseudo-random n o i s e  (PRN) 
d i g i t a l  code w i t h  a b i t  rate of 5/3 MHz. 

Eva lua t ion  of t h i s  system has shown 
t h a t  s a t e l l i t e  o sc i l l a to r  f requency  
i n s t a b i l i t i e s  are t h e  major s o u r c e  of 
error. During a three day obse rva t ion  
of the  s a t e l l i t e ,  t he  maximum excur s ion  
of t h e  s a t e l l i t e  osc i l la tor  f requency  
from a s t r a i g h t  l i n e  f i t  t o  t h e  observed - 

-12 ( A f  d i f f ) .  
f f requency was 7 x 10 

Experiments i n d i c a t e  t h a t  Global t i m e  
t r a n s f e r s  can  be made w i t h  errors less 
t h a n  100 nanoseconds. 

INTRODUCTION 

Improvement of t h e  Navy Naviga t ion  ( T r a n s i t )  S a t e l l i t e  
System has led t o  t h e  development of a new series of 
sa te l l i t es  which i n c o r p o r a t e  t h e  f o l l o w i n g  improvements: 

1. Wide Band Pseudo-Random Noise (PRN) Phase Modulation 
of t h e  carrier fo r  r ange  n a v i g a t i o n  and p r e c i s e  dissemina-  
t i o n  of t i m e .  
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2 .  Dis turbance  Compensation System (DISCOS) which com- 
p e n s a t e s  fo r  the aerodynamic drag forces and so la r  
r a d i a t i o n  p r e s s u r e .  

3. Programmable f requency  s y n t h e s i z e r  which compensates 
f o r  f requency  d r i f t  of the s a t e l l i t e  q u a r t z  c r y s t a l  ref- 
e r e n c e  o s c i l l a t o r .  

T h i s  paper s h a l l  d i s c u s s  nanosecond clock exper iments  
u t i l i z i n g  t h e  improvement mentioned under number 1. With 
t h e  implementat ion of broad bandwidth d i g i t a l  pseudo- 
random n o i s e  (PRN) high f requency  phase modulation on t h e  
carrier f r e q u e n c i e s  of t he  new T r a n s i t  Improvement S a t e l -  
l i t e ,  TRIAD, came the  a b i l i t y  t o  r e s o l v e  t i m i n g  marks 
w i t h  g r e a t l y  i n c r e a s e d  p r e c i s i o n  us ing  p r a c t i c a l  elec- 
t r o n i c  c i r c u i t r y .  One key advantage of t h e  T r a n s i t  
S a t e l l i t e s  for  d i s semina t ing  t i m e  is t h a t  these satel l i tes  
t r a n s f e r  t i m e  i n  a p a s s i v e  mode (one way s i g n a l s  f r o m  
s a t e l l i t e  t o  u s e r ) .  The advantages  of t h i s  p a s s i v e  t i m e  
d i s semina t ion  sys tem ove r  an  a c t i v e  or t w o  way t iming  
s y s t e m  are t h e  fo l lowing :  

1. No l i m i t  t o  number of s imul taneous  terrestr ia l  u s e r s .  

2. U s e r  need n o t  compromise h i s  p o s i t i o n  by t r ansmiss ion  
of radio s i g n a l s .  

3. U s e  of portable omni -d i r ec t iona l  an tennas .  

DISCUSS ION 

The purpose of t h e  nanosecond clock experiment  w a s  t o  
de te rmine  what l e v e l  of accuracy  t i m e  c a n  be d isseminated  
us ing  PRN s i g n a l s  which are broadcast from t h e  TRIAD 
Sa te l l i t e .  The task was to  i n v e s t i g a t e  how a c c u r a t e l y  
t h e  Clock Epoch Di f f e rence  between t w o  cesium beam clocks 
cou ld  be de termined  us ing  the PRN modulat ion t r a n s m i t t e d  
from the TRIAD Sa te l l i t e .  The v a r i o u s  sources of errors 
were examined and  their  order-of -magnitude c o n t r i b u t i o n s  
t o  t h e  t o t a l  were de termined ,  

The expe r imen ta l  sys tem is shown i n  Figure 1. The 
experiment  w a s  t o  de te rmine  t h e  clock epoch d i f f e r e n c e  
o r  error between t w o  cesium clocks when t h e y  are used 
as recovery  s y s t e m  clocks for r e c e i v e r s  moni tor ing  
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SIG. 1 SATELLITE AND RECEIVER EGUIPMENT DIAGRAM 
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t h e  TRAIT) S a t e l l i t e  PRN d i g i t a l  code modulat ions on the 400 
MHz s i g n a l .  The t w o  modes for  de te rmin ing  the  c l o c k  epoch 
error were the Regional  Clock T r a n s f e r  Mode and t h e  Global 
Clock T r a n s f e r  Mode. For  t he  Regional  Clock T r a n s f e r ,  
both r e c e i v e r s  monitor  t he  same sa t e l l i t e  s i g n a l  s imul-  
t aneous ly .  For t h e  Global Clock T r a n s f e r ,  measured PRN' 
epoch t i m e s  of a r r i v a l  u s i n g  one r e c e i v e r  are compared 
w i t h  predicted PRN epoch t i m e s  of a r r i v a l  u s ing  data from 
prev ious  s a t e l l i t e  p a s s e s  measured w i t h  the other r e c e i v e r .  
S a t e l l i t e  oscil lator d r i f t  p r e d i c t i o n s  a re  e s s e n t i a l  f o r  
p r e d i c t i o n s  of PRN epoch t i m e s  of a r r i v a l .  S l a n t  r ange  
p ropaga t ion  d e l a y s ,  i o n o s p h e r i c  and tropospheric refrac- 
t i o n  d e l a y s ,  and equipment delays must be determined i n  
order to de termine  the clock epochs error between the  t w o  
cesium clocks on the ground. These t i m e  delays and t h e i r  
v a r i a t i o n  d u r i n g  a s a t e l l i t e  pass are schematically shown 
i n  F i g u r e  2. By s u b t r a c t i n g  these delays from t h e  PRN 
t i m e s  of a r r i v a l ,  one  can  de termine  the PRN t i m e s  of t r a n s -  
mis s ion  from the s a t e l l i t e .  The PRN t i m e s  of t r ansmiss ion  
are determined us ing  t w o  d i f f e r e n t  clocks. The d i f f e r e n c e  
i n  t i m e  is the clock epoch d i f f e r e n c e  between the  t w o  
cesium clocks. 

The clock epoch d i f f e r e n c e s  a s  determined by ground simu- 
l a t i o n  of s a t e l l i t e  s i g n a l s  and when the t w o  r e c e i v e r s  a re  
s imul t aneous ly  viewing the  o r b i t i n g  s a t e l l i t e  (Regional  
Clock Synchroniza t ion)  are shown i n  F i g u r e  3. The maximum 
v a r i a t i o n  between these t w o  methods t o  de termine  the clock 
epoch error is 43 nanoseconds w i t h  a mean b ias  of 4-22 nano- 
seconds  f o r  the  s a t e l l i t e  passes compared t o  the ground 
s imula t ed  s a t e l l i t e  s i g n a l s .  The s t a n d a r d  d e v i a t i o n  of 
t h e  s a t e l l i t e  data from the  g e n e r a l  c u r v e  is on ly  n i n e  
nanoseconds, however. 

The bias  i n  t h e  Regional  Clock Synchroniza t ion  Data com- 
pa red  t o  t h e  s a t e l l i t e  s i m u l a t o r  cou ld  come from s e v e r a l  
s o u r c e s .  D i f f e r e n c e s  i n  an tenna  d e l a y s  fo r  the  t w o  
r e c e i v e r s  cou ld  account  for  p a r t  of the  bias and/or 
dynamic r e sponse  d i f f e r e n c e s  between t h e  t w o  r e c e i v e r s .  

Data for  t h e  Global Clock T r a n s f e r  Mode are  gene ra t ed  by 
u s i n g  PRN epoch receipt t i m e s  as measured by the BRN-3 
r e c e i v e r  fo r  one pass to  p r e d i c t  when PRN epochs shou ld  
a r r i v e  a t  the  SRN-9 r e c e i v e r  f o r  the next  pass and com- 
p a r i n g  the measured t i m e s  of a r r i v a l  w i t h  t h e  predicted 
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CLOCK SYNCHRONIZATION METHOD 

COMPARE PRN SATELLITE TRANSMISSION TIMES USING DIFFERENT (J.DCKS 

7 PRN TRANSMISSION TIME, C W K  #I 
7 P3N TRANSMISSION TIME, CLX3CK #2 

4 It- C W K  EPOCH DIFFERENCE 

- At*q TIME OF TRANSMISSION = TIME OF RECEPTION -p/c. -At ion - Attrop 
SLANT RANGE, FROM SATELLITE EPHEMERIS AND RECEIVER 
COORDINATES. 

SIGNAL 
DELAY 

At ion FROM REFRACTION CORRECTION FREQUENCY DERIVEI) BY 
MIXING THE 150 and 400 MHz CARRIERS TOGETHER. 
FROM TXOPOSPHERIC MODEL USING TEMPERATURE, Attrop 

PRESSURE, AND HUMIDITY. 
At EROM EQUIPMENT DELAY CALIBRATIONS. 

eq 

/ 
SLANT RANGE DELAY 

FIG. 2 CLOCK SYNCHRONIZATION METHOD 
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t i m e s  . The d i f f e r e n c e  between these predicted t i m e s  and 
t h e  measured t i m e s  is t h e  c lock  epoch d i f f e r e n c e ,  deter- 
mined i n  t he  Global Clock T r a n s f e r  Mode (See F i g u r e  4 ) .  
The predicted PRN t i m e s  of t r ansmiss ion  f r o m  t h e  s a t e l l i t e  
are based upon estimates of t h e  s a t e l l i t e  osc i l l a to r  
frequency d r i f t  . The measured TRIAD osci l la tor  frequency 
between days 72 and 74, 1974 is shown i n  Figure 5. The 
la rges t  d e p a r t u r e  of t h e  measu ed f requency  from a 
s t r a i g h t  l i n e  f i t  w a s  7 x 10-l' ( A f  c l i f f ) .  

f 

P r e d i c t i o n  errors can  also be gene ra t ed  by BRN-3 t o  ERN-3 
p r e d i c t i o n s  j u s t  l i k e  t h e  BRN-3 t o  SRN-9 p r e d i c t i o n s  
(Global Clock T r a n s f e r  Mode). From s u c h  p r e d i c t i o n s  and 
the  data shown i n  F i g u r e  4, w e  l e a r n  t h a t  clock synchro- 
n i z a t i o n s  on a global bas i s  can be made w i t h  errors less 
than  75 nanoseconds when the  t i m e  t r a n s f e r s  between t h e  
s a t e l l i t e  and t h e  t w o  clocks be ing  synchronized  are made 
w i t h i n  100 minutes .  The l a r g e s t  error observed  d u r i n g  
t h i s  experiment  w a s  200 nanoseconds for twelve hour pre-  
d i c t i o n  t i m e s .  The mean b ias  error for  t h e  twelve hour 
p r e d i c t  i o n s  was 90 nanoseconds. 

One of t h e  purposes  of t h i s  experiment w a s  t o  g e n e r a t e  t h e  
error budget shown i n  Table 1. T h i s  error budget was 
gene ra t ed  from t h e  data  used t o  g e n e r a t e  F i g u r e  4, ephem- 
e r i s  de te rmina t ions  for t h e  TRIAD S a t e l l i t e ,  ground 
equipment n o i s e  a n a l y s i s ,  and a theoretical  s t u d y  of 
error s o u r c e s .  
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FIG. 5 SATELLITE OSCILLATOR FREQUENCY OFFSET 
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A. 

B. 

GUBAL C W K  SYNCHRONIZATION 
ERROR BUDGET 

S c i e n t  if  i c  Problems: Time Error 

1. S a t e l l i t e  P o s i t i o n  - 75 n s  

2. R e f r a c t i o n  e 30 n s  (90% P r e d i c t i o n )  

10  ns  1 3. Grav i ty  R e d  S h i f t  

Engineer ing  Problems : 

1. S a t e l l i t e  Osc i l la tor  200 ns/12 h r s  . 
2 .  Rece ive r s  (Two) 20 n s  

TAB= 1 GKDBAL CLOCK SYNCHRONIZATION EXROR BUDGET 

’While o r b i t i n g  t h e  earth,  t h e  s a t e l l i t e  expe r i ences  a 
va ry ing  g r a v i t a t i o n  f i e l d  and t h u s  the magnitude of its 
v e l o c i t y  f l u e t u a t e s .  Because of t h i s ,  the  s a t e l l i t e  
osc i l la tor  f requency  changes d u r i n g  each r e v o l u t i o n .  
These f l u c t u a t i o n s  were not  modeled d u r i n g  t h i s  experiment ,  
t h u s  they  c o n t r i b u t e d  t o  t h e  error budget .  
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FUTURE DIRECTION 

During t h e  next  y e a r  e x p e r i m e n t s  i nvo lv ing  receivers sp read  
o v e r  a g r e a t e r  geographic  d i s t r i b u t i o n  should  be i n i t i a t e d  
t o  confirm t h e  i n d i c a t e d  g l o b a l  c a p a b i l i t y .  An experiment 
t y i n g  t h e  Naval O b s e r v a t o r y  t o  Hawaii would be of g r e a t  
exper imenta l  va lue  as t h e  d a t a  can be confirmed by an 
e x i s t i n g  a c t i v e  t i m e  l i n k .  F u t u r e  s a t e l l i t e s  are planned 
which w i l l  i n c o r p o r a t e  t h e  u s e  of PRN modulation on t h e i r  
s i g n a l  a t  h ighe r  power and w i t h  less u n c e r t a i n t y  of o r b i t  
p o s i t i o n .  One of t h e  sa te l l i t es  i n  t h i s  series is TIP 11, 

xhich w i l l  b roadcas t  on  approximately 2.25 wat ts  CW and PRN 
component on t h e  400 MHz channel  and t h e  150 MHz channel  
w i l l  have . 9  w a t t s  CW and PRN component. Th i s  increased  
power should  i n c r e a s e  t h e  r ece ived  s i g n a l  by approximately 
10 dB o n  the  ground. The advantages of TIP I1 should be 
t h e  fo l lowing:  

1. Grea te r  f requency s t a b i l i t y  and frequency c o n t r o l .  

2 .  Higher o r b i t ,  t h u s  dec reas ing  t h e  s a t e l l i t e  p o s i t i o n  
u n c e r t a i n t i e s  from t h e  g r a v i t a t i o n a l  model a t  least  by a 
f a c t o r  of t w o .  

3. St ronge r  s i g n a l  l e v e l  dec reas ing  PRN TOD j i t t e r .  
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