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ABSTRACT 

Two years ago ST1 introduced an affordable, relatively compact time 
transfer system on the market -- the TTS-502, and described that 
system at the 1981 PTTI conference. Over the past few months, that 
system has been improved, and new features have been added. In addi- 
tion, new options have been made available to further enhance the 
capabi 1 ities of the system. 

These enhancements include the addition of a positioning algorithm 
and new options providing a corrected 5 MHz output that is phase 
coherent with the 1 pps output, and providing an internal Rubidium 
Osci 1 1  ator. 

The Positioning Algorithm was developed because not all time transfer 
users had the luxury of the Defense Mapping Agency's (DMA) services 
for determining their position in WGS-72 coordinates. The enhanced 
TTS-502 determines the GPS position anywhere in t h e  world, indepen- 
dent  of how many GPS satellites are concurrently visible. However, 
convergence time to a solution is inversely proportional to the 
number of satellites concurrently visible and the quality of fre- 
quency standard used in conjunction with the TTS-502. Real world 
solution results will be presented for a variety of cases and satel- 
lite scheduling scenarios. Typically, positioning accuracies were 
achieved better than 5 to 10 meters r.s.5. using the CIA code only at 
Sunnyvale, California. 

A Time and Frequency Solution allows for t h e  output o f  a time cor- 
rected 1 pps (to GPS time or UTC) and a frequency corrected 5 MHz 
(and 1 MHz) signal that is coherent to the 1 pps. This is offered as 
an inexpensive option. 

To make the TTS-502 a stand alone system somewhat independent o f  GPS 
satellite visibility, an option is also offered where an internal 



Rubidium Standard is included in the TTS-502, eliminating the need 
for expensive Cesium frequency standards. 

This paper presents various details and results of the Positioning 
Algorithm and details of the new options available. In addition, 
details of other enhancements are described. 

INTRODUCTION AND SUMMARY 

The TTS-502 and its application$ are described in detail in Ref- 
erences 1, 2 and 3. It has been recently upgraded to the TTS-502B. 
A new computer board has made it possible to make various functional 
improvements in this Time Transfer System. These improvements are 
the addition of a Positioning Algorithm, a new Time and Frequency 
Solution and a series of new commands meant to aid the user in 
performing his time transfer. 

The upgrade to the TTS-5020 from the existing TTS-502's can be 
accomplished by simply purchasing the new computer board along with 
the new P R O M ' s  containing the new software. 

In addition to the computer board and software upgrades, four new 
optians are available. These options include two different internal 
Rubidium Oscillators, a coherent 5 MHz and corrected 1 pps output, 
and a custom length antenna cable. 

The Positioning Algorithm, which is a square root information filter, 
has been tested at Sunnyvale, California and has consistently demon- 
strated accuracies of 5-10 meters. It also has the capability o f  
positioning at locations where 4 satellites are never i n  view 
simultaneously. 

The new Time and Frequency Solution uses the same type of filter as 
does the Positioning Algorithm. It pr~vides a extremely stable time 
and frequency transfer capability. 

THE POSITIONING ALGORITHM 

7-he TTS-5026 Positioning Algorithm was designed with the goal of 
solving for a stationary position anywhere on earth without much 
concern of how long i t  would take. Its primary purpose is to solve 
for that position for time transfer users who don't have or don't 
wish to have on outside service (such as DMA) to survey their 
position, 



To solve for a position with GPS globally c a n ' t  always be done in a 
short period of time. The system does not currently provide the 
required simultaneous visibility everywhere in t h i s  ~orld. Not only 
is the Geometric nilution of Precision (GUOP)  bad, it doesn't even 
exist. However, for a stationdry user, instantaneous good geometry 
i s  not required, as long as it exists over d reasonable period of 
time and provided that he has a reasonably stable clock. T h i s  i s  
somewhat the concept o f  the TRANSIT system, except that t h a t  system 
uses Doppler measurements. 

The TTS 502B algorithm relies on this concept. In that way it can 
position itself (actually, i t s  antenna) anywhere on earth. It does 
so with a square root information filter version of a sequential 
Kalman Filter that is a natural algorithm for this sort of problem. 
the square root algorithm i s  known as t h e  U-U (Upper r'angular 
Diagonal) Covariance Factorizat:on method o f  Bierman. t4j However, 
for the purposes o f  this paper, t h e  Kalman Filter implementation will 
be described because square root implementations are somewhat dif- 
ficult to illustrate. She reader should refer to Reference 4 for 
those details. 

The previous version o f  t h e  T T S - - 5 0 2  software a l r eady  processed 
measurements in a manner consistent with a Kalman Filter implemen- 
tation. Corrected pseudordnge measurements were computed every s i x  
seconds and compared w i t h  the equivalent computed range to derive a 
raw clock offset used i n  a pol~nomial smoothing algorithm. The 
Kalman Filter uses the same computation except that the corrected 
measurements are compared with a predicted pseudorange in arder to 
define the measurement residuals for the Filter. So the structure 
was already there. The filtering procedures are as follows: 

Filter Initialization --- 

1) The initial position estimate Xo,  Yo' ' 2: at to in ECEF 
(Earth-Centered-Eart h-F i xed)  Coordinates (meters) i s  taken 
to be t h e  positio~ stored in the 1'T.S-5020 non-volatile 
memory, which could have been enterpd by the operator or 
saved from a previous solution. 

2) The initial clock time offset and drift ( a t '  , htu) are taken 
0 0 

to be zero, even i f  t h e y  had previously been estimated. 
Given the position described in I ) ,  t h e  filter will solve 
for these offsets v e r y  quickly. 



3 )  The f i l t e r  i s  a f i v e  s t a t e  f i l t e r .  I t s  i n i t i a l  s t a t e  
es t imate  i s  

# 

4 )  The i n i t i a l  covar iance m a t r i x  P i s  de f i ned  based on pos i -  
t i o n  u n c e r t a i n t i e s  entered by tRe opera to r  and constants  
s to red  i n  t he  TTS-5020 f o r  the  t i m e  and frequency o f f s e t s .  
Since t he  TTS-5020 i n i t i a l l y  se ts  i t s  t ime  from the  HOW 
word, t he  i n i t i a l  t ime u n c e r t a i n t y  i s  based on t he  uncer- 
t a i n t y  i n  t h a t  s e t t i n g .  The frequency u n c e r t a i n t y  i s  based 
upon worst  case o f f s e t s  t h a t  rniyht p r e v a i l  w i t h  t he  f r e -  
quency standard t o  which the  TTS-502B i s  be ing  slaved. The 
type  o f  frequency standard i s  entered by t he  opera to r  ( c r ys -  
t a l  , Rubidium o r  Cesium). t h e  i n i t i a l  e r r o r  covar iance 
m a t r i x  i s  de f ined  as a d iagonal  m a t r i x  

r 1 



F i  1 t e r  Measurement Appl i c a t i o n  
a 

1) The measurement m a t r i x  H ~ ( X ~ )  i s  computed a t  t i m e  tk as a 

5 x 1  column v e c t o r  ( T  = t ransposed)  

where t h e  1x3 l i n e - o f - s i y h t  v e c t o r  i s  

where X s  , Y and Z a r e  t h e  ECEF c o o r d i n a t e s  o f  t h e  
k Sk Sk 

sa te1  1 i t e s  a t  t i m e  tk l e s s  s i g n a l  t r a n s m i s s i o n  t ime ;  
> 0 0 

X k ,  Y and Zk a r e  t h e  p o s i t i o n  e s t i m a t e  p r e d i c t e d  f rom t h e  k 

t i m e  o f  t h e  l a s t  measurements tk-l, where 

and t h e  ranye e s t i m a t e  R k  i s  

and c i s  t h e  speed o f  l i g h t  i n  meters  p e r  second. 

2 )  Compute t h e  pseudoranye measurelnent r e s i d u a l  v a r i a n c e  ak as 



, 
where P k  i s  t h e  p r e d i c t e d  e r r o r  c o v a r i a n c e  m a t r i x  a t  

t i m e  t and 1 i s  t h e  pseudorange measyre~nent n o i s e  v a r i a n c e  
t a k e n  ko be a c o n s t a n t  a t  (15  me te rs )  . 

3) Compute t h e  Kalman F i l t e r  ga ins  v e c t o r  K k  ( 5 x 1 )  where 

4 )  Update t h e  e r r o r  c o v a r i a n c e  i n a t r i x  i n c o r p o r a t i n g  t h e  
measurernerlts a t  t i m e  tk 

where I i s  a 5x5 i d e n t i t y  m a t r i x .  

5 )  Compute t h e  measurement r e s i d u a l  ank a t  t i m e  tk as 

where PR i s  t h e  pseudorange measurement a t  t i m e  tk and hk 
i s  t h e  p b e d i c t e d  pseudorange measurement, where 

where rk i s  t h e  sum o f  pseudorange c o r r e c t i o n s  ( i o n o s p h e r i c  
and t r o p o s p h e r i c  d e l a y  and e a r t h ' s  r o t a t i  on c o r r e c t i o n ,  a1 1  
i n  seconds) and ~t i s  t h e  sa te11 i t e s  t i m e  o f f s e t  a t  t i m e  

t k '  
sVk  

6) Update t h e  e s t i m a t e  o f  t h e  s t a t e  v e c t o r  xk d t  t i m e  tk, where 



A t  t h i s  t i m e  t h e  TTS-502 computes t h e  change i n  s t a t e  s i n c e  
t h e  f i r s t  i t e r a t i o n  ( t o )  as 

and t h e  f i l t e r  one sigma p o s i t i o n  u n c e r t a i n t y  u , where 
"k 

where Pii i s  t h e  i i t h  e n t r y  o f  t h e  e r r o r  c o v a r i a n c e  
k 

m a t r i x .  The TTS-S02B t h e n  o u t p u t s  t hese  v a l u e s  on the  
screen,  t o  a p r i n t e r  ( i f  o p t i o n  i s  chosen) and t o  t h e  
a u x i l  i a r y  o u t p u t  p o r t  ( i f  o p t i o n  i s  chosen) .  

F i  1 t e r  Time Update 

1) A t  t h e  t i m e  o f  t h e  n e x t  ~neasurement (tktl), t h e  TTS-502 
computes 

- 
Atk - t k + l  - 

and s e t s  

- 
tk - t k t l  

I t t h e n  updates  t h e  e s t i m a t e s  ( p r e d i c t s ) ,  where 

where mk i s  t h e  s t a t e  t r a n s i t i o n  m a t r i x  a t  t h e  t i m e  t g i v e n  
as k 



2 )  The e r r o r  covar iance m a t r i x  Pk i s  then updated as 

where Q i s  t h e  process no ise  m a t r i x  model ing t he  charac te r -  
i s t i c s  b f  t he  frequency standard t o  which t he  775-5028 i s  
s laved.  That i s ,  

where, i n  general ,  

where ho , h- 1 and h-2 are A l l a n  var iance  spec t ra l  d e n s i t y  

c o e f f i c i e n t s  ( 5 )  and a i s  t he  one s i g a  frequency standard D 

d r i f t  r a t e  i n  seconds/second2. These v a r i a b l e s  are s to red  
i n  t he  TTS-502B as t y p i c a l  cons tan ts  f o r  each t ype  o f  f r e -  
quency source (good c r y s t a l  , Rubid i  urn and Cesi urn). 

F i  1 t e r  Oaerat ion 

S t a r t i n g  w i t h  t he  i n i  t i a1 es t imates  and e r r o r  covar iance de f i ned  
above, a t  the  t i m e  o f  t he  f i r s t  measurement ( t o ) ,  t h e  TTS-5028 



I processes a  measurement i n  t h e  f i l t e r  eve ry  s i x  seconds s e q u e n t i a l l y  I 

t h e  measurement update.  Whenever a s a t e l l i t e  changeover occurs ,  t h e  
t i m e  between t h e  l a s t  measurement f rom t h e  p r e v i o u s  s a t e l l i t e  t o  t h e  
f i r s t  measurement o f  t h e  c u r r e n t  s a t e l l i t e  c o u l d  be as l o n g  as 90 
seconds. 

SOME EXPERIMENTAL RESULTS 

The a1 y o r i t h m s  p resen ted  above were v e r i f i e d  experimental l y  p r i o r  t o  

- - 

a b l e .  The d a t a  r e q u i r e d  for' t h e  f i  1  t e r i n y  o p e r a t i o n s  wkre a v a i  1 a b l e  
w i t h o u t  rnodi f y i n g  t h e  u n i t .  

The a l g o r i t h m s  were s t e d  u s i n g  d a t a  f rom Cateyory  2 - A u x i l i a r y  
Time T r a n s f e r  Data  ( 7 .  T h i s  d a t a  was read v i a  G P I B  i n t o  an HP-85 
desk t o p  computer .  M a t r i x  m a n i p u l a t i o n  PROMS auymented t h e  HP-85 t o  
enhance i t s  accuracy .  Even then ,  the  square r o o t  f o r m u l a t i o n  o f  t h e  
Kalman F i l t e r  was r e q u i r e d  t o  p r o v i d e  t h e  numer i ca l  s t a b i l i t y  o f  t he  
P o s i t i o n i n g  A l y o r i t h m .  However, t h i s  p r o v i d e d  a yood t e s t  i n  t h a t  i f  
t h e  HP-85 c o u l d  s o l v e  f o r  t h e  p o s i t i o n  o f  t h e  TTS-502, t hen  s u r e l y  
t he  MC68000 c o u l d  w i t h  i t s  doub le  p r e c i s i o n  ( 6 4  b i t s )  mathemat ics  
package. 

The purpose o f  t h e  a l g o r i t h m  t e s t s  u s i n g  t h e  HP-85 was n o t  o n l y  t o  
check o u t  t h e  a1 y o r i t h m s  themselves  and t h e  numer i ca l  t e c h n i q u e  o f  

a c h i e v a b l e .  
I 
I A l l  t e s t s  were r u n  u s i n q  a c r y s t a l  o s c i l  l a t o r  as t h e  f reuuency 

Whenever fou r  sa te1 l i t e s  a r e  a v a i l a b l e  w i t h  yood GDOP f o r  t h e  Pos i -  

e v i d e n t  f r a n  t h e  p l o t s  o f  R.S,S, p o s i t i o n  e r r o r  i n  F i g u r e  1, where 



where XT, YT, Z i s  t h e  DMA surveyed p o s i t i o n  a t  Sunnyvale, CA. I n  
t h i s  p l o t ,  a  f i f t e r  i t e r a t i o n  norma l l y  took  12 seconds, as t h e  HP-85 
cou ld  no t  keep up w i t h  t he  TTS-502 s i x  second measurements when t h e  
square r o o t  a1 y o r i  thm was used. A d d i t i o n a l l y ,  t h e r e  was approx- 
i m a t e l y  60-90 seconds between measurements any t ime  a  sate1 1  i t e  
chanye was made. 

When sa te l  l i t e s  were chanyed every 4 minutes,  u l t i m a t e  converyence t o  
b e t t e r  than  10 meters accuracy was achieved i n  about 45 minutes.  I n  
c o n t r a s t ,  i f  sate1 1  i t e s  were chanyed every  112 hour, converyence took 
up t o  3 hours o r  so w h i l e  i t  obv ious l y  takes  a t  l e a s t  3 hours f o r  one 
hour changes. But then, t h i s  s lower chanye r a t e  more c l o s e l y  repre-  
sents  t h e  case when f o u r  sate1 1  i t e s  w i t h  good GDOP a re  never a v a i l -  
a b l e  s imu l taneous ly .  

Th is  i s  t h e  reason why t h e  square r o o t  f i l t e r  was mechanized. Some- 
t imes when t h e  TTS-502 was scheduled t o  dwe l l  on a p a r t i c u l a r  s a t e l -  
l i t e  f o r  an extended pe r i od  o f  t ime  be fo re  t h e  f i l t e r  converyed when 
t h e  conven t iona l  Kalman F i l t e r  was used, t h e  f i l t e r  becam uns tab le .  
Th i s  i s  because t h e  e r r o r  e l l i p s i o d ,  which was i n i t i a l i z e d  as a 
sphero id ,  became very  f l a t  a long  t h e  1  i n e - o f - s i  ght  t o  t h e  sate1 1 i te ,  
and very  h i gh  c o r r e l a t i o n s  (near  1 o r  -1) between e r r o r s  occurred.  
Th is  tended t o  cause numerical  problems, C o r r e l a t i o n s  creeped over 1 
o r  below -1, caus ing t h e  covar iance m a t r i x  t o  become e v e n t u a l l y  non- 
p o s i t i v e  d e f i n i t e .  The square r o o t  a1 g o r i  thm improved t h e  s i t u a t i o n  
s i  yn i  f i c a n t l y .  However, i t  cou ld  a1 so have numerical  problems i n  
extreme cases. Thus, i t  i s  impor tan t  t o  no t  schedule a  s i n g l e  s a t e l -  
l i t e  f o r  t oo  l o n g  a per iod.  Th is  r e s t r i c t i o n  i s  no t  se r ious ,  how- 
ever, s i nce  i n  general a tz'me o f  day can be se lec ted  when a t  l e a s t  2 
o r  3 sate1 1 i t e s  a re  v i s i b l e  f o r  f i  1 t e r  i n i t i a l  i za t i on .  

The Case Where Fewer Than Four S a t e l l i t e s  a re  Ever V i s i b l e  

Un fo r t una te l y ,  i n  Cal i f o r n i a  a t  1  east  f o u r  sate1 1  i t e s  a re  v i s i b l e  f o r  
an extended p e r i o d  o f  t ime  f o r  some t ime  each day. Therefore,  one 
cou ld  a1 ways t ake  advantaye o f  f a s t  convergence. I n  o rde r  t o  simu- 
l a t e  t h e  case when f o u r  sate1 1  i t e s  ( w i t h  yood GDOP) a re  never v i s i b l e  
a t  a  g iven l o c a t i o n ,  a  schedule was d e r i v e d  where a l l  bu t  t h r e e  sa t -  
e l  l i t e s  was purposely  de le ted  from t h e  schedule. When t h i s  i s  done, 
t h e  t r a c k i n g  schedule must be s t r e t ched  i n  o rder  t o  e f f e c t i v e l y  
ach ieve a  yood geometry over a  pe r i od  o f  t ime,  t a k i n y  advantage o f  
t h e  movement o f  the sate1 1 i tes.  F i gu re  2 i I 1  u s t r a t e s  such an example 
when o n l y  t h r e e  s a t e l l i t e s  were t racked.  The R.S.S. p o s i t i o n  i s  
compared t o  t h a t  o f  a  f o u r  s a t e l l i t e  s o l u t i o n ,  I n  each case t h e  
sate1 1  i t e s  were chanyed once an hour. The converyence t ime f o r  t h i s  



p a r t i c u l a r  case o f  t h r e e  s a t e l l i t e s  i s  about  4.5 hou rs  and about  80 
m i n u t e s  l o n y e r  t han  t h a t  f o r  t h e  fou r  s a t e l l i t e  case. The R.S.S. 
e r r o r  i s  10 me te rs  as opposed t o  t h e  5 me te r  R.S.S. e r r o r  f o r  t h e  
f o u r  s a t e l l i t e  case. However, t h a t  e r r o r  compar ison i s  somewhat non- 
c o n c l  u s i v e ,  s i n c e  t h e  so l  u t i o n s  o c c u r r e d  on d i f f e r e n t  days. 

As i t  t u r n s  ou t ,  t h e  f o u r  s a t e l l i t e  s o l u t i o n  p r e s e n t e d  i n  F i g u r e  2 
a l s o  s i m u l a t e s  a  s o l u t i o n  a t  a l o c a t i o n  where f o u r  s a t e l l i t e s  a r e  n o t  
v i s i b l e  s i m u l t a n e o u s l y  because t h e  f o u r t h  sa te1  1 i t e  was a c q u i r e d  
t h r e e  hours  a f t e r  t h e  f i r s t  s a t e l l i t e .  F u l l  accu racy  was ach ieved 
w i t h  one sequence t h r o u g h  t h e  s a t e l  l i t e s ,  so t h e  f i r s t  one o r  two 
s a t e l  1 i t e s  need n o t  be v i s i b l e  any l o n g e r .  I n  t h e  t h r e e  sa te1 1  i t e  
case, i t i s  p r o b a b l y  necessary  t o  come back t o  p r e v i o u s l y  t r a c k e d  
sa te1  1  i t e s .  

Convergence C r i t e r i a  

F o r t u n a t e l y ,  f o r  t e s t i  ny purposes,  t h e  l o c a t i o n  o f  t h e  TTS-502 
antenna was known f o r  t h e  r e s u l t s  d e s c r i b e d  dbove. However, t h a t  
wou ld  never  be t h e  case i n  t h e  f i e l d  f o r  t hose  u s i n y  TTS-5U2B f o r  
d e t e r m i n i n g  t h e i r  p o s i t i o n .  The re fo re ,  a  c r i t e r i a  was e s t a b l i s h e d  
f o r  deterrr l i  n i  ny convergence,  which i s  d e s c r i b e d  be1 ow under t h e  
head ing  "How t o  Use t h e  P o s i t i o n i n y  F e a t u r e  o f  t h e  TTS-502B." That  
p rocedure  s t a t e s  t o  l e t  t h e  P o s i t i o n i n g  A1 y o r i t h m  r u n  u n t i  1 t h e  
u n c e r t a i n t y  l e v e l  i n  t h e  S I G M A  column drops  down t o  2-3 me te rs ,  where 
SIGMA i s  t h e  f i l t e r  sigma up d e f i n e d  i n  t h e  e q u a t i o n s  p resen ted  

k 
e a r l  i e r .  F i g u r e s  3 and 4 ill u s t r a t e  two examples o f  how t h a t  s igma 
compares t o  t h e  RSS p o s i t i o n  e r r o r .  I n  t h o s e  f i g u r e s  up never  g e t s  

k 
t o  t h e  2-3 me te r  l e v e l  because t h e  p o s i  t i o n i n y  e s t i m a t e s  were t u r n e d  
o f f  when a  op o f  5 mete rs  was reached,  s o l v i n g  f o r  t h e  t i m e  o n l y  

k 
a f t e r  t h a t .  That  does n o t  occur  i n  t h e  a c t u a l  i m p l e m e n t a t i o n ,  
however. The " t i rne  o n l y "  s o l u t i o n  i n  t h e  a c t u a l  i m p l e m e n t a t i o n  i s  
d e s c r i b e d  be1 ow, 

A NEW T IME-  FREQUENCY SOLUTION 

The TTS-502 has a lways had a Time-Frequency S o l u t i o n  a l t h o u y h  o n l y  
t h e  t i m e  s o l u t i o n  was d i s p l a y e d .  The f requency  s o l u t i o n  was 
a v a i l  a b l e  v i a  t h e  a u x i l i a r y  o u t p u t  p o r t .  These s o l u t i o n s  were a  
f u n c t i o n  o f  a  s l i d i n y  po l ynomia l  f i t  ( z e r o ,  f i r s t  o r  second o r d e r )  
o v e r  a s p e c i f i e d  p e r i o d .  That f i t  p e r i o d  had a rnaxirnunl v a l u e  o f  4 
m i n u t e s  ( 4 0  s i x  second samples) .  



A c t u a l l y ,  t h a t  Time-Frequency S o l u t i o n  i s  re1 a t i  v e l y  no isy,  espe- 
c i a l l y  t h e  frequency s o l u t i o n .  Because o f  t h a t ,  a  new Time-Frequency 
S o l u t i o n  has been implemented i n  t he  TTS-5026. That new s o l u t i o n  i s  
a  f a l l  ou t  o f  t he  P o s i t i o n i n y  A1 yo r i thm def ined above. I n  f a c t ,  a  
Time-Frequency S o l y t i o n  i s  p a r t  of t h e  s t a t e  vec to r  o f  the  p o s i t i o n -  
i n g  f i l t e r  ( ~ t  , A t  ) .  It i s  not  des i r ab le ,  however, t o  so lve  f o r  a 
p o s i t i o n  d u r i n d  tin8 and frequency t r a n s f e r s ,  pr imary because, as 
s ta ted  e a r l  i e r ,  p o s i t i o n i n g  i s  not  always poss ib le .  Besides, t h e  
t ime  s o l u t i o n  i s  d i  l u t e d  by TDOP (Time D i l u t i o n  o f  P rec i s i on )  when 
s o l v i n g  f o r  a  p o s i t i o n .  

Therefore,  a  " t ime-on ly "  f i l t e r  s o l u t i o n  has been implemented i n  t he  
TTS-502B. This  s o l u t i o n  uses the  same a1 yor i thms ( 5  s t a t e  f i l t e r )  
and so f tware  used i n  t he  P o s i t i o n i n y  A lgor i thm w i t h  t he  f o l  l ow iny  
m o d i f i c a t i o n s .  F i r s t  o f  a l l ,  a p o s i t i o n  i s  assumed, taken t o  be 
those coord ina tes  s to red  i n  n o n - v o l a t i l e  memory, which may have been 
entered by t h e  opera to r  o r  w i t h  a rep1 ace command f o l  l ow ing  a  
p o s i t i o n i n g  s o l u t i o n .  Then, the  5 - s t a t e  f i l t e r  i s  r e - i n i t i a l  i z e d  and 
a " t ime-on ly "  s o l u t i o n  i s  se lected.  From t h a t  t ime on, t he  measure- 
ment m a t r i x  i s  de f i ned  as 

i n d i c a t i n g  t h a t  t he  measurements from t h a t  time,on o n l y  measure t ime 
o f f s e t s .  Since t he  i n i t i a l  covar iance m a t r i x  Po has no s t a t e  cross- 
c o r r e l a t i o n  e n t r i e s ,  t h e r e  w i l l  be no cross coup1 1ng o f  t he  measure- 
ments i n t o  t h e  p g s i t i o n i n g  s ta tes ,  except f o r  t he  d e f i n i t i o n  o f  t h e  
range es t imate  Rk used t o  d e f i n e  t h e  measurement r es i dua l s .  

Using t he  d e f i n i t i o n  o f  t he  process no ise m a t r i x  Q , t h e  t ime 6 cons tan t  o f  t h i s  t ime-frequency f i l t e r  adapts t o  t e t ype  of f r e -  
quency standard be iny  used. I n  f a c t ,  t he  s o l u t i o n  w i l l  be near 
optimum given t h a t  t he  Qk r e a l i s t i c a l l y  models t he  c h a r a c t e r i s t i c s  o f  
t h e  frequency standard. The f a c t  i s ,  however, t h a t  t h e  parameters 
were se lec ted  t o  be somewhat p e s s i m i s t i c  so t h a t  t he  f i l t e r  does n o t  
become unstab le .  I n  any event, no ma t te r  which frequency standard i s  
used, t he  f i l t e r  has a sho r t  t ime cons tan t  t o  s t a r t  w i th ,  and a  
r e l a t i v e l y  l o n g  t ime  cons tan t  as t he  f i l t e r  converges on t he  t ime 
frequency s o l u t i o n ,  Th is  t ime cons tan t  adapts t o  the  type  o f  
frequency standard be iny used and i s  much longer  than t he  maximum 4 
minute f i t  span o f  t he  prev ious,  bu t  s t i l l  ava i l ab le ,  polynomial  
f i t .  I n  f a c t ,  p r e v i o u s l y  no t i ceab le  measurement q u a n t i z a t i o n  e f f e c t s  
a re  no 1  onger no t i ceab le  u s i  ny t he  new Time-Frequency Sol u t i on .  



HO!i TO USE THE P O S I T I O N I N G  FEATURE dF THE TTS-502B 

There a r e  two modes o f  o p e r a t i o n :  semi au tomat i c  and f u l l  a u t o m a t i c ,  
a c t i v a t e d  by t h e  SP and FP command, r e s p e c t i v e l y .  These two modes 
a r e  i d e n t i c a l  except  t h a t  t h e  semi -automat ic  o p e r a t i o n  uses t h e  user -  
s e t u p  satel  1  i t e  t r a c k i  ng schedul e, whi 1  e t h e  f u l l  - a u t o m a t i c  o p e r a t i  on 
computes i t s  own schedule.  

The f u l l  au tomat i c  schedul e a1 y o r i  thrn irnpl emented i n  t h e  TTS-502B 
s o f t w a r e  i s  s t i l l  expe r imen ta l  and does n o t  always p r o v i d e  t h e  b e s t  
schedu le .  It i s  recommended t h a t  t h e  semi -automat ic  mode of oper-  
at"n be used f o r  p o s i t i o n i n y .  Steps 2 and 3 o f  t h e  f o l l o w i n g  pro-  
cedure  w i l l  show how t o  s e t  up a yood t r a c k i n y  schedu le .  

Procedures  

1. Use t h e  DB command t o  e n t e r  t h e  b e s t  e s t i m a t e  o f  antenna 
l o c a t i o n .  The l o c a t i o n  may be e n t e r e d  i n  e i t h e r  t h e  Ear th -  
Centered E a r t h  F i x e d  ( X Y Z )  c o o r d i n a t e s  o r  t h e  g e o d e t i c  
( l a t i t u d e ,  1 ong i tude ,  and h e i y h t )  c o o r d i n a t e s .  A1 so se t  t h e  
e l e v a t i o n  ang le  mask t o  l e s s  than  10 deyree t o  y e t  more 
v i s i b i l i t y  and b e t t e r  yeornetry. 

2 .  Use t h e  HV command w i t h  P ( p r i n t )  o p t i o n  t o  y e t  a copy o f  
s a t e l l i t e  v i s i b i l i t y  h i s tog ram t o  h e l p  se t  up a t r a c k i n y  
schedul  e. 

3. The b e s t  schedule would have t h e  rnaxirnurn number o f  
sa te1  1 i t e s  ove r  t h e  s h o r t e s t  t i m e  i n t e r v a l .  

I f  p o s s i b l e ,  do p o s i t i o n i n g  ove r  an i n t e r v a l  where t h e r e  a r e  
f o u r  o r  more sa te1 l i t e s  s i n c e  t h e  p o s i t i o n  s o l u t i o n  con- 
ve rges  f a s t e r  i n  t h i s  case. Over t h i s  i n t e r v a l ,  a t r a c k i n g  
schedu le  may be se t  up t h a t  " r o t a t e s "  among these  s a t e l -  
1 i t e s ,  w i t h  about 4 minutes  pe r  sa te1 1 i t e .  Even when f o u r  
o r  more sa te1  1  i t e s  a re  s i m u l t a n e o u s l y  v i  s i  b l e  over  some t i m e  
i n t e r v a l  , one may n o t  want t o  w a i t  u n t i l  such t i rne t o  do 
p o s i t i o n i n g .  I n  such case, a schedu le  may be se t  up t h a t  
w i l l  eventua l  l y  cover  f o u r  o r  more sate1 1  i t e s ,  u s i  ny 4- t o  
30-minute t i m e  s l o t s .  A t  some l o c a t i o n s  t h i s  c o u l d  be t h e  
o n l y  c h o i c e  s i n c e  t h e r e  may never be more than  3 sate1 1 i t e s  
s i m u l t a n e o u s l y  v i s i b l e  w i t h  t h e  c u r r e n t  GPS c o n s t e l  1  a t i o n  o f  
o n l y  5 work ing  sate1 1  i t e s .  



A f t e r  s e t t i n y  up a schedule, use t he  I S  command t o  en te r  the  
t r a c k i n g  schedule. The a1 l o t t e d  t ime  o f  some t ime s l o t s  may 
have t o  be s t r e t ched  i f  the  schedule requ i res  more than 79 
t ime s l o t s .  

4. Use t h e  SP command, w i t h  P ( p r i n t )  o p t i o n  i f  des i red ,  t o  
a c t i v a t e  the  semi-automatic p o s i t i o n i n g  opera t ion .  Spec i fy  
t h r e e  parameters as f o l  1  ows: 

a. The k i nd  o f  f requency standard ( c r y s t a l  , Rubidium, o r  
Cesium) t h a t  i s  be iny used i n  p o s i t i o n i n g .  Th is  i n p u t  
i s  used t o  sel  e c t  t he  app rop r i a te  c l ock  model , The 
k i nd  o f  standard t h a t  i s  be iny  used has t o  be s p e c i f i e d  
s i nce  the  systeln may have been con f i gu red  w i t h  more 
than one standard, e.y., an i n t e r n a l  c r y s t a l  standard 
and an ex te rna l  Cesium standard. 

b.  A u n c e r t a i n t y  l e v e l  i n  t h e  bes t  es t imate  o f  the  loca-  
t i o n .  It cou ld  be as small as 10 meters i f  i t  i s  a 
very  yood est imate,  o r  as b i g  as 20,000 meters i f  t h e  
es t imate  i s  p icked from a  map. Th is  parameter should 
be s p e c i f i e d  i n  meters even i f  t h e  l o c a t i o n  i s  entered 
i n  geodet ic coord inates.  

c.  Enter  t he  s e l e c t i o n  o f  X Y Z  o r  geodet ic  coord ina tes  f o r  
d i s p l a y .  To conserve space on t he  screen d i sp lay ,  o n l y  
t h e  d i f f e r e n c e  between t he  computed p o s i t i o n  and t he  
i n i t i a l  p o s i t i o n  i s  d isp layed ,  

5. Wait u n t i l  t he  u n c e r t a i n t y  l e v e l  on t he  SIGMA column o f  the  
d i s p l a y  drops down t o  2-3 meters, and then s top  t h e  
ope ra t i on  by e n t e r i n g  CONTROL X. Th is  l e v e l  o f  u n c e r t a i n t y  
i n d i c a t e s  t h a t  t h e  p o s i t i o n  so l  u t i o n  has converged. 

6. U s e t h e L P c o m m a n d w i t h t h e R o p t i o n t o h a v e t h e i n i t i a l  
p o s i t i o n  es t imate  i n  non-vol a t i  l e  memory rep1 aced by t h e  
l a s t  p o s i t i o n  so l  u t i o n .  

NEW OPTIONS 

There a re  f o u r  new op t ions  a v a i l a b l e  t h a t  can be added t o  t h e  TTS- 
5028. These op t i ons  are:  

1) Opt ion 001-RL - an I n t e r n a l  Rubidium O s c i l l a t o r  



2 )  O p t i o n  001-KH - an I n t e r n a l  h i y h  P r e c i s i o n  Rubidium 
Osci  11 a t o r  

3)  O p t i o n  008 - - Coherent  5 Y z  and C o r r e c t e d  1 pps Output  

4)  O p t i o n  009 - - Antenna Cable w i t h  Customized Leny th  up t o  
200 f t .  

I n t e r n a l  Rubid ium Osci  1 l a t o r s  

The f i r s t  two o p t i o n s  a r e  i d e n t i c a l  excep t  f o r  t h e  s t a b i l i t y  o f  t h e  
o s c i l l a t o r .  These o p t i o n s  a r e  i n  a d d i t i o n  t o  t h e  i n t e r n a l  c r y s t a l  
o s c i l l a t o r  o p t i o n  p r e v i o u s l y  a v a i l a b l e .  T h e i r  f u n c t i o n  i s  t h e  
same. However, t h e y  p r o v i d e  a c a p a b i l i t y  w i t h  t h e  TTS-502B where i t  
i s  t r u l y  a  stand-a1 one u n i t  as a  p r e c i s e  t i m e - f  requency s tandard .  
T h i s  i s  because t h e  Rubidium O s c i l l a t o r s  a r e  s t a b l e  enough t o  p r o v i d e  
c o n t i n u o u s  p r e c i s e  t i m e  even d u r i n g  p e r i o d s  o f  t i m e   hen no GPS 
sa te1  1 i t e s  a r e  v i s i b l e .  

C u r r e n t l y ,  Op t ion  001-RL i n c l u d e s  t h e  E f r a t r o m  FRK-L Rubidium 
O s c i l l a t o r  w i t h  t h e  LNlkLow Noise)  o p t i o n ,  whose s t a b i l i t y  ( U  ) a t  
r-100 seconds i s  13x10- . O p t i o n  OU1-RH i n c l u d e s  t h e  ~ f r a t r o 6  FKK-H, 
where u = 1x10- a t  T = 1'30 seconds. For a norni nal  f i v e  hour  
p e r i o d  df sa te1 1  i t e  n o n v i s i b i l  i t y ,  those  numbers t r a n s 1  a t e  i n t o  t i m e  
d r i f t s  o f  about  65 and 22 nanoseconds (one sigma) f o r  t h e  HL and RH 
o p t i o n s ,  r e s p e c t i v e l y ,  e s s e n t i a l  l y  maki ny t h e  TTS-502B a c o n t i n u o u s  
stand-a1 one 100 nanosecond t i rnekeep i  ny d e v i s e .  

Coherent  5 MHz and Cor rec ted  1 pps Output  

T h i s  o p t i o n  p r o v i d e s  t h e  capabi  1  i t y  o f  h a v i  ny a t i m e - f r e q u e n c y  source 
t h a t  i s  s l a v e d  t o  UTC o r  GPS Time. With t h i s  o p t i o n  t h e  TTS-502B 
computed t i m e  and f requency  o f f s e t s  a r e  used t o  c o r r e c t  t h e  phase and 
f requency  o f  t h e  5 MHz source ( i n t e r n a l  o r  e x t e r n a l )  and t h e  t i m e  o f  
t h e  1 pps o u t p u t .  I n  a d d i t i o n ,  t h e  1 pps o u t p u t  i s  c o h e r e n t l y  
d e r i v e d  f rom t h e  c o r r e c t e d  5 MHz. A b l o c k  d iagram o f  t h i s  o p t i o n  i s  
p resen ted  i n  F i y u r e  5. 

When t h i s  o p t i o n  i s  b e i n y  used, any e x t e r n a l  1 pps i s  i gno red .  The 
TTS-502B genera tes  i t s  own 1 pps and c o r r e c t s  it so t h a t  t h e r e  i s  no 
t i m e  o f f s e t  i n  i t s  s o l u t i o n .  I n  a d d i t i o n ,  t h e  f requency  o f  t h e  5 MHz 
o u t p u t  i s  c o r r e c t e d  so t h a t  t h e r e  i s  no f requency  o f f s e t  i n  t h e  TTS- 
502B's s o l u t i o n .  S ince  t h a t  c o r r e c t e d  5 MHz i s  used t o  d e r i v e  t h e  



co r rec ted  1 pps ou tpu t ,  they  are coherent  and t h e  frequency o f  t he  1 
pps i s  a l s o  c o r r e c t .  I n  e f f e c t ,  t he  TTS-502B prov ides  a very  low 
bandwidth second o rder  1 pps Phase Lock Loop. 

I n  a d d i t i o n  t o  t he  co r rec ted  5 MHz and 1 pps outputs ,  a  co r rec ted  1 
MHz ou tpu t  i s  provided. Both t he  5 MHz and 1 MHz ou tpu ts  are passed 
through c r y s t a l  o s c i l l a t o r  phase l ock  loops t o  reduce t he  harmonics 
and spur ious components of t he  s i  ynal  s. 

Antenna Cab1 e 

The standard l e n g t h  o f  t he  TTS-502B antenna cab le  i s  82 f e e t  (25 
meters) .  Opt ion 009 prov ides customized antenna cab le  l e n y t h s  o f  up 
t o  200 f e e t  f o r  a  nominal charye. However, t he  r e c e i v e r  t ime  ca l  i- 
b r a t i o n  i s  performed w i t h  whatever cable,  customized o r  not,  i s  
p rov ided  w i t h  t h c  u n i t .  I f  the  cab le  o r  i t s  l e n g t h  i s  changed, re- 
c a l  i b r a t i o n  i s  requ i red ,  

USER COMMAND UPGRADE 

Hardware-wise, t he  o n l y  d i f f e r e n c e  between t he  TTS-502 and t he  TTS- 
502B, except f o r  opt ions,  i s  a  new computer board. The new board i s  
t h e  (knnibyte OB68KlA w i t h  96K of PROM. Th is  board w i t h  more memory 
made i t  poss ib l e  t o  implement t he  P o s i t i o n i n g  A lgor i thm descr ibed  
above. I n  a d d i t i o n ,  t he  number o f  user commands was increased from 
17  t o  32. These 32 commands are 1 i s t e d  i n  F i y u r e  6. Some o f  those 
new commands a re  assoc ia ted w i t h  t he  new P o s i t i o n i n g  A l yo r i t hm and 
new Time-Frequency So lu t i on .  Others were added t o  f u r t h e r  a s s i s t  t h e  
user  i n  ope ra t i ng  t he  TTS-502B. Also, some o f  t he  o r i y i n a l  commands 
were improved. A summary o f  these user command upgrades f o l l ows .  

General Upgrade 

I n  general ,  t h r e e  op t i ons  were added t o  some o f  the commands. These 
are t he  "Replace" o p t i o n  [R], t h e  " p r i n t "  o p t i o n  LP ]  and t he  "Output"  
o p t i o n  LO].  The Rep1 ace o p t i o n  i s  used t o  rep1 ace da ta  i n  non- 
v o l a t i l e  memory w i t h  t h e  corresponding da ta  shown on t he  screen 
d i s p l a y .  The P r i n t  o p t i o n  i s  used t o  ou tpu t  t he  image o f  t he  
d i sp layed  da ta  t o  t he  a u x i l i a r y  RS-232-C bus. A user-prov ided RS- 
232-C p r i n t e r  can be used t o  o b t a i n  a  hard copy o f  t he  screen 
d i s p l a y .  The Output o p t i o n  i s  used t o  ou tpu t  a  fo rmat ted  da ta  
ca teyory  assoc ia ted w i t h  t he  g iven command t o  t he  a u x i l i a r y  RS-232-C 
and/or t h e  G P I B  busses. 



I n  a d d i t i o n ,  f o r  t h e  u s e r ' s  conven ience most commands t h a t  r e q u i r e  a 
t i m e  i n p u t  w i l l  now d e f a u l t  t o  system t i m e  i f  t h e  t i m e  i n p u t  i s  
o m i t t e d .  

New Commands 

The f o l  1  owi ny i s  a  summary o f  new commands: 

1) DD - D i s p l a y s  a l l  o p e r a t i o n a l  d a t a  base parameters  -- 
see example i n  F i y u r e  7 .  

2 )  UT - D i s p l a y s  UTCIGPS parameters .  

3)  UG - Computes UTC-GPS t i m e  d i f f e r e n c e  a t  a  p a r t i c u l a r  
t ime .  

4 )  HV - D i s p l a y s  v i s i b i  l i t y  h i s t o y r a m ,  i .em, t h e  number o f  
v i s i b l e  s a t e l l i t e s  and t h e i r  1 0 ' s .  See example i n  
F i g u r e  8. 

5 )  DV - D i s p l a y s  e l e v a t i o n  ang le ,  az imuth  ang le  and 
Dopp ler  o f  a  p a r t i c u l a r  s a t e l l i t e  as a  f u n c t i o n  o f  
t i m e  on a p a r t i c u l a r  da te .  

6 )  CD - D i s p l a y s  a  snapshot  o f  e l e v a t i o n  ang le ,  az imu th  
a n g l e  and Dopp ler  o f  a1 1 sate1 l i t e s  a t  a 
p a r t i c u l  a r  t i m e  and d a t e .  

7 )  SS - D i s p l a y s ,  f o r  r e v i e w  o n l y ,  t h e  semi -automat ic  
t r a c k i n g  schedu le  a d j u s t e d  t o  any p a r t i c u l a r  da te .  

8 )  CP - Computes a  f u l l y  au tomat i c  t r a c k i n g  schedu le  f o r  
p o s i t i o n i n y  such t h a t  each s a t e l l i t e  ( e x c e p t  
p r i o r i t y  U) i s  t o  be schedu led a t  l e a s t  once a 
day. 

9 )  SK,FK - Per fo rm t i m e  t r a n s f e r  o p e r a t i o n  u s i n g  square r o o t  
f i l t e r  t o  produce t i m e  and f requency  e s t i m a t e s .  
SK uses semi -automat ic  schedu le ;  FK uses f u l l y -  
au tomat i c  schedule,  

10) SP,FP - Per fo rm yos i  t i o n i n g  f u n c t i o n  u s i n y  semi -automat ic  
o r  f u l  l y - a u t o m a t i c  schedule,  r e s p e c t i v e l y .  
D i s p l a y s  d i f f e r e n c e  between updated and i n i t i a l  



p o s i t i o n  i n  X Y Z  o r  geodet ic  coord inates,  See 
example i n  F igure  9. A  new da ta  ca tegory  #12 i s  
ou tpu t  every 6 seconds, i f  se lected.  

11) LP - D isp lays  t he  l a s t  p o s i t i o n  computed by t h e  
p rev ious  SP o r  FP command. With Replace op t ion ,  
t h a t  p o s i t i o n  w i l l  be s to red  i n  n o n - v o l a t i l e  
memory t o  be used as re fe rence  p o s i t i o n .  

12) CB - Stops t h e  "beeping" alarm. 

13) ?? - D isp lays  format of a  p a r t i c u l a r  command, 
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S I N G L E  5 MHz - COHERENT 

STANDARD S I  OEBAND ,L- PHASE LOCK 
5 Ml i z  

I N P U T  -I+ I MOOULATION LOOP S I N U S O I D A L  OUT PlJT 

A 
S I N  COS 

NUMBER 1 Ml i z  COHERENT 
CONTROLLED 11 : PHASE LOCK 1 MHz 
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MULTIBUS Y 
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TIME-TRANSFER + lo6  
PROCESSOR 

CORRrCTED 
(I . 1 PPS 

OlJTPlJT 

1 

COMPUTE0 l P P S  
FREQ CORRECTION FOR MEASUREMENT 
FOR PHASE OFFSET 

FIGURE 5, TT5 5028 OPTION 8, COHERENT CORRECTED 1 PPS 

S T  . . . . .  S e t  1-11ne l t l r  ..... 
f?T . . . . . F:equest Time CF'I SCj . . . . * .  

X?X3 . . . . . P a t *  B . l ; ~ i ?  1npl.lt. CI:17 (3s. C:F' . . 
U D  . . . . . Ljata Dace D I  ripla:. Cr'I11 SA.FFi . . 
;If, . . . . . A1 ~nanac 13c1l 1 ec t i c?n St,.. Fk. . . 
IiS . . . . . Heal tl-I :5 Status C F ' I  ?;F..FT--. . . 
HU . . . . . H e a l  t , h  2 Cnnf i c g u r a t i o n  LF'I LF' ..... 
514 . . . . . SV S p e r i a l  IMer,saqe CF '3  01'1 . . . . .  
U1 . . . .. UT[:/GF'S Data CFI  Fill . . . . .  
LJG . . . . . I:c~mpt.r te I.JTC--GPS CF'I Pf3 ..... 
RL' . . . . . S V  ' l l s l b r l ~ t y  CI"01 I ?T  ..... 
t i V  . . . . . SL' O i s i b i l i t g  t i i s t o y r a m  CFI CE( ..... 
DV . . . . . Dai 1 y E l v / A z a ~ / D a p p l e r  CPI HE ..... 
CD . . . . . SV E l v / A = m / D o p p l e ~ -  C F ' I  ? . - ..... 

Input. Sclir~!dl.llt? LIZ,] 
5h1 f t  Sch~rr iu1.a LF'1 
C(.~IIIPLI t (2 SC.~I+(JI I L r. IPR -I 
1-ime l l . - ansF~?r .  !F-'c)l.y~ LI'J 
r l  r n e  1.1-an~fnr-- rl- -7L lri.an! I:F':l 
F ' us~ . t i i l n i nq  CF-'07 
Last-Coinpcrted F'c~'s~t.ic.~ri ['I--'1 
O p e r - a t - c ~ r  l'le.i.;iir]e 
F'ece L :*er 1401-1 1 t. ,>I-  

B l  a5 (:a1 i br-al: I. o n  
Diaqrtustic; T a l - ~ l l :  
Cancel Be1 1 
F'r r n t Comrrlancl L t (sl: 
Command  F o r m a t  

FIGURE 6.  TTS-502B's 32 COMMANDS 
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