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ABSTRACT 

The Navstar Global Positioning System (GPS), although primarily designed for three 
dimensional position and velocity determination, is uniquely capable of providing highly 
accurate and stable timing information to users. This capability is derived from the time 
delay pseudo ranging concept which forms the basis for GPS navigation. The combination of 
navigation and timing together in one system will make GPS the Precise Time and Time 
Interval (PTTI) source of choice for the forseeable future. Only GPS can supply continuous 
timing data world wide, in any weather, to a dynamically moving user at a previously 
unsurveyed site, with submicrosecond accuracy traceable to an established reference. 

This paper discusses the application of Navstar GPS to the problems of PTTl 
dissemination. A short review of the GPS concept leads to a detailed description of the 
implementation of time transfer through Navstar GPS. Time is followed from the U.S. 
Naval Observatory (USNO) through the ground control, satellite, and receiving segments of 
GPS to the user's clock system. The three options by which a user's system can receive from 
the GPS receivers, currently under development by the DOD, are defined in detail. The 
electrical/digital/mechanical interface parameters along with suggested methods for their 
use are outlined for each option. 

A detailed error model is also presented for the traceability of UTC (GPS) to UTC 
(USNO). Although absolute accuracy of UTC (GPS) provided to a user is specified to be 
slightly over 100 nanoseconds rms, substantially better accuracies can be easily achieved. 
By understanding and working around some of the GPS error uncertainties, real time 
synchronization between stationary users on the same continent can be controlled to within 
a few nanoseconds, and absolute post processed time offset with UTC (USNO) measured 
within 25 nanoseconds or better. A discussion of some of the potential work around 
techniques and their applications conclude this paper. 
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I. INTRODUCTION 

The fundamental concepts of t he  Navstar Global Pos i t ion ing  System 
(GPS) have been w e l l  descr ibed i n  seve ra l  exce l l en t  papers presented a t  
recent  Precise T i m e  and Time I n t e r v a l  (PTTI)  meetings, Frequency 
Control Symposia (FCS), and other conferences. The reader is  referred 
t o  the  bibliography a t  the  end of  the  art icle for a s h o r t  list of those 
pape r s  a v a i l a b l e  f o r  a de t a i l ed  d e f i n i t i o n  o f  GPS navigat ion 
p r inc ip l e s .  

A. REVIEW 

1. Operation i n  a Nutshel l  

GPS u t i l i z e s  a c o n s t e l l a t i o n  of satell i tes surrounding the 
earth i n  10,900 n a u t i c a l  mile orbi ts .  Each satel l i te  t ransmi ts  two 
"pseudorandom noise"  (PRN) t iming codes on each of two L-band c a r r i e r  
f requencies  towards the earth. Because t h e  frequencies  and t iming 
codes used i n  the  t ransmission are coherent ly  derived from an on-board 
highly stable atomic frequency s tandard,  by observing the  t ransmi t ted  
s i g n a l s  and co r rec t ing  f o r  pa th  delays (i.e. l ine-of-s ight  d i s t ance  
atmospheric and r e l a t i v i s t i c  e f f e c t s ,  etc.) t h e  on-board atomic 
frequency s tandard ' s  phase and frequency may be accura te ly  determined 
by a ground based observer.  Th i s  determination of  t h e  sa te l l i t e  
frequency standard phase and frequency is  the  r e s p o n s i b i l i t y  of  t he  GPS 
ground c o n t r o l  and t racking  network, known c o l l e c t i v e l y  as t h e  Control 
Segment. The Control Segment's observat ion of sa te l l i t e  frequency 
s tandard I1tirnelf ( t iming code epoch time o r  T ) is  compared a g a i n s t  the 
GPS system time ( T  From t h i s  
comparison, a ''satef%e clock s t a t e "  ( i . e .  time b i a s ,  d r i f t  and d r i f t  
rate between T 

) as kept  by the Con3rol Segment. 

and TGps) is computed. Z 
The clock s ta te  terms which r e l a t e  the t iming code epoch time t o  TGpS 

(See Table 2 ,  equat ions 1,4) as well as the  pos i t i on  of the sa te l l i t e  as 
a funct ion of TGpS are uploaded i n t o  t h e  s a t e l l i t e  as d i g i t a l  data by 
the  Control Segment. The uploaded information is then added onto the  
PRN codes as a 50 b i t  pe r  second data stream by t h e  satel l i te  and the  
r e s u l t i n g  s a t e l l i t e  data, PRN timing codes, and c a r r i e r  f requencies  are 
t ransmit ted towards the  e a r t h ' s  sur face  as the satel l i te ' s  u s e f u l  
navigat ion s igna ls .  

2. Sa t e l l i t e -Con t ro l  Feedback Loop Operation 

When both t h e  satel l i te ' s  frequency s tandard time ( T  and the  
satel l i te ' s  pos i t i on  are unknown (as they are for  the Contro? Segment) 
merely observing the sa te l l i t e ' s  t ransmi t ted  frequencies  and t iming 
codes provide i n s u f f i c i e n t  information t o  independently determine 
e i t h e r  of  t h e  two unknown q u a n t i t i e s  (e.g. is TZ three nanoseconds ahead 

134 



of the  observer or  is the  sa te l l i t e  one meter fur ther  away?). B u t  if a 
f a i r l y  good i n i t i a l  estimate of the  unknowns can be determined, 
detailed state and e r r o r  models p lus  Kalman f i l t e r i n g  can be used t o  
separate and es t imate  the two unknown q u a n t i t i e s  based upon t h e  one 
observation. T h i s  is exac t ly  the method by which the  Control Segment 
does it 's determination of the  satel l i te ' s  clock and pos i t i on  values.  
The Control Segment uses  ex t rapola ted  va lues  o f  TZ and satellite 
pos i t i on  from a previous time as cu r ren t  i n i t i a l  estimates of the 
unknown q u a n t i t i e s  and, i n  essence,  t he  con t ro l  segment - sa te l l i t e  
system opera tes  as a d i s c r e e t  cycle  feedback loop (see  Figure 1 ,  Loop 
L,). 

During each nominally eight hour period ( f o r  example, the  
period P o ) ,  t h e  Control Segment uses it 's Monitor S t a t i o n s  (MSs) t o  
track the  s a t e l l i t e  as it moves through i t ' s  o r b i t .  The t racking  data 
during t h i s  period is s e n t  t o  the Control Segment computation cen te r  
where it is cor rec ted  f o r  propagation delays,  and coarse ly  modeled i n t o  
s a t e l l i t e  pos i t i on  and T states. These s t a t e s  are then compared with 
the  data being t ransmitfed by the s a t e l l i t e  during the period (which 
were based on the  previous per iod,  P ) t o  develop p r e c i s e  cu r ren t  e r r o r  
state es t imates  and f i l t e r e d  t o  p r e d c t  the  satel l i tes  f u t u r e  pos i t i on  
and clock states. These p red ic t ed  fu tu re  states, known as ephemerides 
and space vehic le  time ( T  s t a t e  terms, are uploaded near  the  end of 
t h e  cu r ren t  per iod f o r  S!ransmission by the  sa te l l i t e  during t h e  
following per'iod P , .  Thus, t he  process w i l l  repeat itself c y c l i c l y ,  
feeding forward a previous est imate  t o  be  used i n  determining cu r ren t  
values.  The sa te l l i t e  begins each period by t ransmi t t ing  the f r e s h  
ephemerides and TSV terms uploaded from t h e  Control Segment. As t he  
period progresses ,  the  s a t e l l i t e  continues t ransmi t t ing  the  same data 
with which it  started. Th i s  data however has "aged" and become less 
accura te  because of  t he  time dependent growth of non-deterministic 
f a c t o r s  which a f f e c t  the satell i te 's  ephemeris and T term accuracies .  
The satel l i te ' s  data w i l l  continue t o  age throughout 91, period u n t i l  i t  
is replaced a t  the start of the next period wi th  fresh data and the 
s a t e l l i t e ' s  t ransmission accuracy is, i n  effect, reset t o  i t 's  optimal 
value. 

To provide continuous worldwide a v a i l a b i l i t y  o f  s u f f i c i e n t  
s a t e l l i t e s  f o r  users, t h e r e  w i l l  be a t  least eighteen satel l i tes  i n  
o r b i t  a t  a l l  times. The GPS Control Segment w i l l  continuously repea t  
the  above feedback process wi th  each of  the on-orbit  s a t e l l i t e s  t o  
a s su re  t h a t  every satell i tes '  ephemeris and T terms are updated on 
schedule so as t o  provide the  spec i f i ed  accuracy t o  users .  Thus, there 
w i l l  be e ighteen simultaneous feedback loops opera t ing ,  t i e d  toge ther  
by a common navigat ion time reference  - TGpS, and pos i t i on  re ference  - 

sv 

WGS-72. 
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3. User Operation 

The beneficiary of the eighteen Control Segment/satellite 
feedback loops is t h e  GPS navigation user. Unlike the  Control Segment 
tracking s ta t ions ,  the user  is  not a t  a known location nor does he have 
with him an atomic clock t o  independently keep T but he is able t o  
take t h e  satel l i te ' s  navigation data as t ru th  %?'TSV and sa te l l i t e  
position. The User Equipment (UE) receiver on t h e  ground has four 
unknown quant i t ies  it must determine t o  provide a navigation solution; 
the  UE's  posit ion vector components (x, y, and z)  and it 's loca l  clock 
offset  from each T (Since each TSV is approximately equal t o  T 
(modulo one week), $5, UE need only determine one satell i te 's  T 
es tabl ish the clock offset) .  Th i s  then is the  classical problem; $iced 
with four unknown quant i t ies ,  t h e  UE must track four satell i tes (e.g. 
t9eavesdrop1f on four of the Control Segment/Satellite feedback loops) 
simultaneously t o  obtain the four independent range equations necessary 
f o r  a posit ion solution. 

As widely reported i n  the l i t e r a t u r e ,  t he  GPS UE receiver does 
t h i s  solut ion process well. Accuracies of 2 t o  3 meters i n  x ,  y ,  and z 
have been achieved and 16 meters spherical e r ro r  probable (SEP) 
worldwide is promised operational users against  t h e  reference t ruth,  

WGS-72 . But these are only three dimensional posit ion accuracies, 
what about the fourth dimension of the solut ion - the  dimension of time? 

B. TIMES I N  GPS. 

1. Navigation Time 

The GPS UE, i n  computing i ts  four dimensional navigation 
solut ion,  treats it 's unknown time coordinate j u s t  as it treats it 's 
posit ion coordinates. The Geometric Dilution of Precision (GDOP), 
which effects navigation accuracy due t o  non-orthogonality of the 
sa te l l i t e -user  ranging vectors,  a l so  affects t h e  navi3ation time 
accuracy (See Section 1 I I . B ) .  If the  time and three posit ion errors are 
normalized f o r  geometric effects, the  resu l t ing  Control/Satell i te -UE 
ranging e r ro r s  are found t o  be approximately equal i n  magnitude and 
uncorrelated. The ranging e r ro r  between each satel l i te  and the  UE has 
been demonstrated t o  be within 5.3 meters o r  17.5 nanoseconds (la), w i t h  
the  un i t s  being used interchangably. These con t ro l / s a t e l l i t e  -UE 
ranging errors are known as User Equivalent Ranging Errors (UERE) and 
more about them w i l l  be said later. 

The value of the time e r ro r  as defined above is c r i t i ca l  t o  the  
understanding of GPS's PTTI applications. The error of 17.5 
nanoseconds is (neglecting amplification due t o  GDOP) t he  error t h e  UE 
experiences i n  determining its local clock's offset from TGpS averaged 
over some period of time and averaged over a number of satell i tes 
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(i.e.,  the e r r o r  t he  UE has i n  determining t h e  navigat ion time). Th i s  
navigat ion time, T is of l i t t l e  value t o  most PTTI u s e r s  however. 
It is not  necessar%$'stable nor t i e d  t o  any accepted standard.  T 
need only be continuous and without major s t e p s  i n  phase or frequencyGe8 
maintain navigat ion performance of  t h e  system. The way t h a t  t he  GPS 
Control Segment determines T (as a paper c lock based upon the  
ensemble of  a l l  monitor statior?'&equency s tandards  and dr iven by one of 
the  MS s tandard ' s  re ference  frequency ( the  GPS Master Clock)) satisfies 
the  requirements f o r  con t inu i ty  and being without s t e p s ,  bu t  carries 
any and a l l  Master Clock frequency i n s t a b i l i t i e s  throughout t he  e n t i r e  
system as i n s t a b i l i t i e s  i n  T Thus, TGpS is  q u i t e  i n s u f f i c i e n t  f o r  
many timing a p p l i c a t i o n s  bupr'for the purposes of  a navigat ion time, 
TGpS s e rves  it 's func t ion  w e l l .  

. 

2. "Time Dissemination" Time.  

To so lve  t h e  problem o f  supplying a u s e f u l  time ( i n  the  PTTI  
sense of t he  word) t o  using systems when a l l  t h a t  is necessa r i ly  
a v a i l a b l e  from GPS is TGpS, the des igners  o f  GPS have a l s o  included 
terms i n  t h e  50 b i t  per  second navigat ion data message t o  r e l a t e  T t o  
UTC. These terms accompany those f o r  TSV and the  ephemerid;ePsS as 
func t ions  of  TGps. They w i l l  be located i n  page 18 of  subframe 4 of 
each s a t e l l i t e  s message and include;  time bias  and d r i f t  rate terms 
between T and TUTC, an accumulative i n t e g r a l  second o f f s e t  term t o  
account &!-'leap seconds, and a f u t u r e  impending leap  second change 
value as w e l l  as t h e  UTC time of  a p p l i c a b i l i t y  of t he  fu tu re  leap second 
value change (See Table  2, equat ions 4,5,6). 

The reader should note  t h a t  t h i s  is  a major change i n  GPS 
approach t o  the  problems of time t r a n s f e r .  The o r i g i n a l  concept,  as  
widely repor ted ,  was t o  steer T i n t o  direct  synchronization with 
UTC. Repet i t ive  leaps i n  TGpS orGgfep changes i n  t h e  GPS Master Clock's 
frequency t o  achieve synchronization w i t h  UTC were found t o  have major, 
al though t r a n s i e n t ,  effects on the  q u a l i t y  o f  GPS use r : s  navigat ion 
so lu t ions .  Thus the dec is ion  was made t o  a l low GPS time t o  be semi-free 
running (wi th in  an opera t iona l  bound of  1 microsecond (modulo one 
second)) r e l a t i v e  t o  UTC and accomplish p rec i se  time dissemination with 
a co r rec t ion  algori thm opera t ing  much the  same way as  the  co r rec t ion  
from T t o  TSV Z 

T h i s  time dissemination technique may be s i m i l a r l y  viewed as a 
discreet cyc le  feedback loop (L2) as shown i n  Figure 2. A GPS UE set 
has been se l ec t ed  i n  l i e u  of  a monitor s t a t i o n  f o r  l oca t ion  a t  USNO 
because of  i t ' s  lower c o s t  and ease of  maintenance. T h i s  loop opera tes  
a t  a nominal one week cyc le  period. Po) the 
UE se t  w i l l  track a series of  s i n g l e  satellites. The UE set 's computed 
UTC (based upon TZ, TSy terms' p -UTC terms, etc., being t ransmi t ted  
by each satel l i te  during P ) w i l f  f?e compared t o  UTC as  kept  by USNO 
(UTC(USN0) 1. The r e s u l t i n g  a r r a y  of  measured UTC(GPS)-UTC (USNO) 

(TGPS) e 

During each period (e.g. 

D 
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d i f f e rences  f o r  t h e  t racking  period w i l l  be t ransmit ted during t h e  
per iod t o  the  Control Segment computation c e n t e r  f o r  modeling the  
d r i f t s  and o f f s e t s  i n  UTC(GPS) and T versus  UTC(USN0) as w e l l  as 
computing the new TGpS t o  UTC (GPS) c o m c t i o n  terms. A t  t he  start of  
t he  next  one week period ( P I ) ,  these  new terms w i l l  be uploaded i n t o  t h e  
satel l i tes  f o r  t ransmission t o  p rec i se  time u s e r s  during P I ;  and so, as 
f o r  TSV, the closed cyc le  feedback loop r epea t s  ad inf ini tum. 

C. Summary. 

I n  summary, t he  d e f i n i t i o n s  o f  the types  of "timef1 used i n  GPS 
are given i n  Table 1.  The equations used t o  g e t  from time t o  time are 
summarized i n  Table  2,  and appl ied  as follows: 

a. TZ is  the  PRN code phase time as it leaves  the i t h  
sa te l l i t e .  i 

b. p lus  co r rec t ion  terms (eqs  1,2) from the 
navigat ion data Each message. TSV is 2 sv is approximately TGpS modulo one week. 

weeks s i n c e  midnight 5/6 Januar:?g80 (eq 3 ) .  
c. The UE calculates T as the  average TSV p lus  accumulated 

d. The UE c a l c u l a t e s  UTC based on the average satel l i te ' s  
(eqs  4,5). Note t h a t  t h i s  UTC is a 24 hour count only and is  

(See ICD-GPS-200 f o r  TGPS cor rec ted  for  l eap  second adjustments. 
a d d i t i o n a l  detai ls) .  

11. TIME FROM GPS USER EQUIPMENT 

A u se r  of GPS f i ts  i n  one of  two ca t egor i e s ;  (a )  those who w i l l  
design and bui ld  t h e i r  own equipment t o  rece ive  t h e  satel l i te  s i g n a l s  
and process navigat ion/ t ime data t o  t h e i r  own specificat ' .ons,  and (b) 
those who w i l l  u t i l i z e  t h e  DOD procured User Equipment (UE) r ece ive r s  t o  
ob ta in  navigat ion and time data i n  a r ead i ly  useable  format. The first 
sec t ion  of t h i s  paper addressed how the first category of use r  can 
recover UTC from t h e  GPS sa te l l i t e  s igna ls .  Th i s  s ec t ion  deals w i t h  t he  
second category - u s e r s  who can use UE as  a black box source of p rec i se  
navigat ion and time f o r  their own system or app l i ca t ion  and how they  can 
d i r e c t l y  rece ive  UTC from the  UE. 

A. User Equipment Program 

The GPS UE is present ly  i n  it 's F u l l  Sca le  Engineering 
Development (FSED) cyc le  o r  Phase I1 of  a three phase program. During 
Phase I, fou r  U.S. con t r ac to r s  developed and demonstrated UE sets t o  
v a l i d a t e  t he  GPS concept. Most o f  the  UE t e s t i n g  was conducted a t  Yuma 
Proving Ground i n  Arizona u t i l i z i n g  l i m i t e d  sa te l l i t e  coverage from a 
maximum of four  Navigation Development S a t e l l i t e s  (Block I type) .  This 
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t e s t i n g  included some l i m i t e d  t e s t i n g  o f l h e  time t r a n s f e r  capabili t ies 
of GPS. Those test r e s u l t s  showed t h a t  - 25 nanosecond (la) real-time 
time t r a n s f e r  accuracy was achievable  using GPS i n  a benign f i e l d  test 
environment, and tha t  t h e  opera t iona l  GPS should d e f i n i t e l y  include 
time t r a n s f e r  as one of  its goals.  

The present  Phase I1 began after a favorable  Defense Systems 
Acquisi t ion Council dec is ion  on GPS was reached i n  June 1979. Two UE 
con t r ac to r s  (Magnavox and Rockwell Co l l in s )  were selected out  of  t he  
o r i g i n a l  four  t o  develop preproduction prototype UE sets and f u r t h e r  
demonstrate the  m i l i l t a r y  u t i l i t y  and mission enhancing c a p a b i l i t y  of 
GPS . The competit ive environment established between the two 
con t r ac to r s  during Phase I1 is expected t o  produce t h e  most e f f e c t i v e  UE 
s e t  designs.  B u t  because of the  competit ion between the  two designs,  
t h i s  paper  is r e s t r i c t e d  i n  i t 's  d iscuss ion  of the UE design de ta i l s  t o  
s tandardized o r  non competit ion s e n s i t i v e  c h a r a c t e r i s t i c s .  

Development Test and Evaluation (DT&E) and I n i t i a l  Operational 
Test and Evaluation (IOT&E) w i l l  be conducted on the  two families of  
equipment from 1982 through 1984. These con t r ac to r  and government test  
a c t i v i t i e s  w i l l  beconducted a t  a number of text f a c i l i t i e s  on land,sea, 
and a i rborne  test  platforms. Five of the Block I1 t ype  satel l i tes  (new 
navigat ion message s t r u c t u r e )  are expected t o  be a v a i l a b l e  to  support  
t h i s  t e s t i n g .  Th i s  new type of sa te l l i t e  navigat ion message w i l l  al low 
t e s t i n g  of t h e  time dissemination procedures discussed i n  Sect ion 1,  
including t h e  UTC synchronization parameters which were not present  i n  
the  Block I navigat ion message. 

Production of GPS UE sets w i l l  occur during the  Phase I11 
por t ion  of  t he  Navstar program beginning i n  1985. F u l l  system 
c a p a b i l i t y  w i l l  be achieved i n  1987 when 18 ope ra t iona l  s a t e l l i t e s  w i l l  
be deployed i n  o r b i t .  I n t eg ra t ion  of production UE i n t o  m i l i t a r y  hos t  
veh ic l e s  and a v a i l a b i l i t y  o f  UE f o r  opera t iona l  time dissernlnation w i l l  
begin i n  1985 and cont inue through t h e  1990ts.  

B. User Equipment Functional Characteristics 

The app l i ca t ion  of  GPS UE t o  var ious  types of m i l i t a r y  missions 
under a wide v a r i e t y  of  opera t iona l  condi t ions  has l e d  t o  the  
development of  three types of  UE sets - low dynamic ( s i n g l e  s a t e l l i t e  
channel) ,  medium dynamic (two channel) ,  and high dynamic ( f i v e  channel) 
un i t s .  The following d iscuss ion  focuses on the high dynamic (HD) UE set  
s ince  it is of most i n t e r e s t  t o  a p rec i se  time user .  Deviations o f  t h e  
low dynamic (LD) and medium dynamic (MD) sets from the HD sets e x i s t  
p r imar i ly  i n  s i z e  and i n  range of  hos t  platform dynamic t racking  a b i l i t y  
and are not  f u r t h e r  discussed here .  

The HD UE se t  has been designed f o r  opera t ion  i n  t h e  most severe 
Part of  t he  av ionic  environments and for  r igorous  shipboard operation. 
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IOT&E tes t  program w i l l  be  t o  uncondi t ional ly  q u a l i f y  t h e  equipment f o r  
s e rv i ce  use  aboard v i r t u a l l y  any manned m i l i t a r y  platform. T h i s  is a 
s i g n i f i c a n t  po in t ,  i n  t h a t  t he  performance s p e c i f i c a t i o n s  cited he re in  
apply throughout the e n t i r e  m i l i t a r y  environment range. Unlike some of 
the  non DOD u t i l i z e r  designed equipment whose performance is defined 
only for labora tory  condi t ions ,  t h e  GPS UE w i l l  perform t o  
s p e c i f i c a t i o n  over any combination of  the stated environmental 
condi t ions  - a s i g n i f i c a n t  advantage f o r  the m i l i t a r y  f i e ld  user.  

Typical func t iona l  characteristics o f  t h e  HD u s e r  se t  are 
defined i n  Table  3.  The weight and power va lues  include the required 
antennas,  mounts, opera tor  cont ro l /d i sp lay  u n i t s ,  i n t e r f a c e  u n i t s ,  
power supp l i e s ,  etc. 

C. Time I n t e r f a c e  C h a r a c t e r i s t i c s  

I f ,  say,  a user  has one of  these UE sets and it is supposed t o  
provide him with pos i t ion /naviga t ion  and time da ta  - how does he access  
the da ta?  For pos i t ion /naviga t ion  data, the  manner is s t r a i g h t  
forward: i f  t h e  use r  wants t h e  data s e n t  t o  the  opera tor  - t h e  UE's 
cont ro l /d i sp lay  u n i t  d i sp l ays  the  requested data "real time" ( i . e . ,  
real t i m e  enough f o r  a man/machine i n t e r f a c e )  or  the UE set w i l l  d r ive  
the  ope ra to r ' s  f l i g h t  instruments  d i r e c t l y .  For t h e  da ta  t o  be s e n t  t o  
the  hos t  p la t form's  computer - a d ig i t a l  data l i n k  (e.g., NTDS or M I L -  
STD-1553) along w i t h  a time tagging scheme (e.g., +ea1 t i m e " ,  64 mSec 
counter ,  llslow strobe") is  used. For either of  these two approaches, 
the  senescence of data is not p a r t i c u l a r l y  c r i t i ca l .  A delay of  64 mSec 
i n  making t h e  pos i t i on  data ava i l ab le  t o  the  using system only induces 
7.7 c m  worth of  t ransmission uncer ta in ty  i n t o  the  perceived pos i t i on  
accuracy (at  a host veh ic l e  ve loc i ty  o f  1200 m/Sec). T h i s  is  a 
neg l ig ib l e  e r r o r  source when compared wi th  a 15 m SEP. 

Senescence o f  t i m e  data is another  s t o r y  however. A time 
uncer ta in ty  of 64 mSec ac ross  a d ig i t a l  data bus, w i l l  produce a 
t ransmission uncer ta in ty  of 64 m/Sec a t  t h e  rece iv ing  device - ce r t a in ly  
a s i g n i f i c a n t  error when compared wi th  0.1 mSec p o t e n t i a l  accuracy. 
Thusly, a sepa ra t e  analog s i g n a l  is the  only way t o  communicate time t o  
p rec i s ion  l eve l s .  The des igners  of GPS have recognized t h i s  and have 
included three primary analog s i g n a l  methods t o  accomplish t i m e  
dissemination/communication t o  a using system. These are i n  order  of 
t h e i r  accuracy: 

(A) Time Mark Signal  
(B) Reset Pulse  ( l imi t ed  implementation) 
(C)  Data Capture Pulse  

The frst two are output analogs from the  UE, t he  last is an 
input  analog t o  the UE. Digital data is required for a l l  three t o  
r e so lve  modulus and d e f i n i t i o n  unce r t a in t i e s .  These s i g n a l s  are 
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Size: 

Total Weight; 

Total Power: 

Environmental 
Characterist ics:  

?.lean Time Between 
'Aaintenance: 

Dynamic Range: 

Tine from Power Sn 

Until First Fix: 

7.62 x 7.5 x 19.52 inches (Receiver, e tc )  
6 x 5.75 x 8 inches (Control display Unit) 
14 x 14 x 2 inches (Antenna) 

5 66 lb s  

< 300 watts, MIL-STD-704A 
115 Vac 60/400Hz o r  28 Vac 

MIL-E-5400, MIL-E-16400, MIL-E-4158, etc. 
(F-16, Surface/subsurface s h i p  typical)  

1500 h r  

Velocity = 1200 m/sec 
Acceleration = 90 m/sec2 
Jerk E 100 m/sec3 

7 minutes 

Rate of Subsequent Fixes: Once p e r  second 

Threat Survivability: Very High 

Accuracies*: Position ( 3  dimensional) = 15m (SEP) 
Velocity ( 3  dimensional)= 0.1 m/Sec(WI) 
Time ( t o  UTC) = 0.1 VSeC !lu) 

(*worst case environment, average s a t e l l i t e  v i s ib i l i t y )  

TABLE 3 - Typical Hp UE Set Characterist ics 
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f u r t h e r  def ined i n  the  following paragraphs. 

1. Time Mark Signal  (TMS) 

The Time Mark S igna l  is a very sharp rise time discreet 
pulse  which co inc ides  with the  precise moment i n  UTC of a p p l i c a b i l i t y  o f  
each T i m e  Mark Data Block (TMDB). It is t h e  most accura te  s i g n a l  
a v a i l a b l e  from the UE t o  allow the hos t  veh ic l e ' s  GPS u t i l i z i n g  
subsystems t o  maintain UTC. The TMS occurs  a t  a nominal once pe r  second 
rate, but  does e, i t s e l f ,  represent  UTC one-second ro l lovers !  

This  analog TMS s i g n a l  should be construed t o  be only h a l f  
of  the most p rec i se  time i n t e r f a c e  from the UE. The o t h e r  h a l f  is a 
simple un id i r ec t iona l  data l i n k  which supp l i e s  data ( t h e  TMDB) to  
i d e n t i f y  the meaning o f  t he  analog pulse.  T h i s  data l i n k  is known as 
the  GPS instrumentat ion port. Each GPS UE has an instrumentat ion po r t  
( I P ) ,  and each provides  time i n  t h i s  combinational manner. An e r r o r  o f  
less than 111 nSec ( I d t r u e  accuracy t o  UTC (USNO) is promised t o  t h e  
user  of t hese  s i g n a l s  under any /a l l  combinations of UE design 
environments (accuracy of the  LD UE s e t ' s  TMS is somewhat less however). 

TMS Operational Use 

The opera t iona l  manner i n  which t h i s  approach works is as shown i n  
Figure 3 .  A using system w i l l  first d e t e c t  the incoming TMS and w i l l  
time t ag  the  TMS leading edge aga ins t  i ts own i n t e r n a l  clock (T >. 
Within 450 mSec, the UE set  w i l l  t ransmit  t h e  TMDB ac ross  t h e  IP. '?he 
using system w i l l  read t h i s  data and parse t h e  CUT Time i n t o  two p ieces ,  
one for i n t e g e r  number of UTC one second r o l l o v e r s  and one f o r  t he  
f r a c t i o n  of  seconds a f t e r  t he  last UTC one second r o l l o v e r  t h a t  the TMS 
was issued by the UE set. The using system can now compute its i n t e r n a l  
c lock o f f s e t  from UTC (USNO) by using the  following equations: 

@ TMS issuance = TUs(TMS) = TUs(TMS) in t ege r  + TUS(TMS) 
f r a c t i o n  T U s  

U T C ~ ~ ~  = UTC i n t e g e r  + UTC f r a c t i o n  

UTC i n t e g e r  - TUs(TMS) i n t e g e r  = l eap  second or i n t e g r a l  second 

UTC f r a c t i o n  - TU (TMS) f r a c t i o n  = f r a c t i o n a l  second o f f s e t  

Note though, t ha t  the o f f s e t s  computed above are v a l i d  only a t  T (TMS). 
The  reason f o r  t h i s  is t h a t  although the  TMS occurs a t  a nomi& 1 Hz 
rate, t h e r e  is s u b s t a n t i a l  no i se  about t h a t  1 Hz between subsequent 
TMS's and the UTC f r a c t i o n s  r e f l e c t  the  magnitude and s ign  of t h a t  
noise.  

(8) 

(9 1 

(10) 

offset between UTC and TUs @ TUs(TMS) 

between UTC an8 TUs @ TUs(TMS) 

146 



. . . 
- - -  

e - -- 
, 

I 
c . 

V 

147 



Analog Signal  Characteristics 

Funct ional ly ,  the TMS is e s s e n t i a l l y  t h e  UE set's own i n t e r n a l  t i m e  
strobe used f o r  keeping TUE and s t robing  t h e  i n t e r n a l  navigat ion 
processing. It is a countdown of t h e  set 's  Master Reference Oscillator 
(MRO) frequency and so is coherent with a l l  f requencies  (e.g. L1, L IF  
Lo, etc.) used in te r t@l  t o  t h e  set. Although t h e  set ' s  MRO is a%igh 
p rec i s ion  (d ( t )=10-  , t = 1 sec) ovenized qua r t z  oscillator, it is not  
i tself  t u n e l  ope ra t iona l ly  t o  a p rec i s ion  nominal frequency. For 
s i g n a l  tracking-VCO's and DCO's  are used, and f o r  processing t a s k s  - the 
p rec i se  frequency is no t  important s i n c e  as long as the devia t ion  is 
known it can be accounted f o r  wi th  software cor rec t ions .  This  anfOthe 
environmental effects ( acce le rg t ion  s e n s i t i v i t y  of 6 x 10- /g, 
temperature s e n s i t i v i t y  over +71 C t o  -54OC of  1 x lO-'/range, etc.) on 
the MRO frequency are the cause of (a) TMS t o  TMS noise ,  ( b )  the non- 
alignment of the  TMS with t h e  UTC one second ro l love r ,  (c) non-alignment 
of TMS's between UE sets, and (d)  t he  reason GPS UE provides only Time- 
of-Day and not  frequency See Table 4 for d e f i n i t i o n  
of t h e  electrical characteristics of  the time mark s igna l .  

t o  using systems. 

TMDB Digital Characteristics 

The instrumentat ion p o r t  is a b i d i r e c t i o n a l  Universal  Asynchronous 
Receiver/Transmitter (UART) device used i n  a simplex mode f o r  time 
disseminat ion purposes. The UE t ransmi ts  t h e  TMS time data t o  any 
l i s t e n e r  using t h i s  device as an asynchronous serial  stream using an RS- 
422 electrical s t r u c t u r e  operat ing a t  76.8 Kilobaud (maximum). The 
UART has been chosen for the  data l i n k  because of  t he  low c o s t ,  high 
r e l i a b i l i t y  and s i m p l i c i t y  of  the technique. 

The data i n  the TMDB comes t o  the  using system as a 70 s ix t een  b i t  
word data block. The 64 words o f  data are shown i n  Figure 4 (message 
headers and checks are omitted),  A s  can be seen, there is q u i t e  a b i t  
more i n  t h i s  data block than j u s t  time information. A ' I 1  the  data is 
v a l i d  exac t ly  a t  the  rise time of  the  immediately preceeding TMS. For 
a d d i t i o n a l  details of t h i s  data block and how t o  use the IP,  refer t o  
ICD-GPS-204, Navstar GPS Instrumentat ion and Connector s tandards 
a v a i l a b l e  from t h e  GPS Program Office. This  document de f ines  the UE 
design details and a l s o  s p e c i f i e s  how a MIL-STD-1553 data bus can be 
a l t e r n a t i v e l y  used by a using system t o  rece ive  t h e  TMDB. 

2. Reset Pulse  

While the  Time Mark Signal  is t h e  most accu ra t e  method of 
rece iv ing  time o u t  of t h e  UE set, no t  a l l  using systems are 
soph i s t i ca t ed  enough t o  u t i l i z e  t h a t  method (e.g. a s tand  alone atomic 
clock). A s  an a l t e r n a t i v e  for those systems, some GPS UE have b u i l t - i n  
i n t e r f a c e  modules t o  provide a direct reset pulse  t o  be used for clock 
synchronizat ion ( cu r ren t ly  only submarine type UE incorpora te  t h i s  



a. 

b. Width: 20 microseconds 2 20% 
6. Rise-time: I 20 nanoseconds nominal (ambient 

d. Fall-time: < 1 microsecond 

Amp 1 i tu de : 3 volt minimum into 50 ohm load 
5 volt maximum into an open circuit 

temperature), 50 nanoseconds maximum 

e. Connector Type: MIL-C-38994/201B35PN (13 PIN) 
f. Wire Type: COAX 
9. Pin Assignment: See ICD-GPS-204 

TABLE 4 - Time Mark Signal Interface Characteristics 

a. Signal Type Positive Going Pulse 
b. Frequency 1 Pulse Per Minute 
C. Amp1 i tude 10 v 2 10% 
d. Width 20 msec 2 10% 
e. Ri set ime = 20 nSec 
f. Fa1 1 time < lrJSec 

TABLE 5 - Typical Reset Pulse Interface Characteristics 
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Data Ites 

G?S Time 
e CET i b e  
j 'i frcn G?S T k e  

T b e  YaarX b u s t e r  
Pcsitioo ILat, L a 1  
?csi:ion (x,y,z) 
X;;itude (SI.. h Lbsolute) 
Velocity 
dccelewtion (E,%, Up) 
k t i z u a e  (Pitch.  Roll.) 
?rue Beading 
Y - m t i c  Variation 
Y!sure%nt Cbannel Status  
Pzsi t ioc Error Std. Dev. 
( T,5, Up 1 
?SS ;N,L,Up) ?os. Error 
o l  Std. Dev. 
Z<ui:zeellt C o n f i g z a  t ion 

+ h b l e  Preexion F l o a t k g  point 

No. of Data Type 
Paraaeters 

1 DPFP+ 
1 DPPP 
1 Integer 
1 Integer 
2 FP 
3 F? 
2 FP 
3 FP 
3 FP 
2 FP 
1 FP 
1 F? 
5 Binary 
2 FP 

1 FP 

1 ainary 

No. of 
uords 
7 

4 
4 
1 
1 
4 
6 
4 
6 
6 
4 
2 
2 
10 
6 

2 

2 

F i g .  4 - Time Mark Data Block 
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Units - 
seconds 
seconds 
10 milliseconds 
IPA 
radian3 
w t e r s  
meters 
wters/seconds 
se ters/sdsec 
rad ians  
radians 
radians 
HB 
meters 

meters 

SA 



f e a t u r e  s ince  they are the only types o f  veh ic l e s  which have an on-board 
i n s t a l l e d  atomic clock) .  

This  reset pulse  is  a very f a s t  rise time analog s i g n a l  which 
occurs  near ly  (wi th in  approximately 500 nSec worst  case) on the UTC 
(USNO) one minute ro l love r s .  U t i l i z i n g  t h i s  s i g n a l  and the  i n t e g e r  
second UTC data displayed on t h e  cont ro l /d i sp lay  u n i t ,  an opera tor  can 
u t i l i z e  the  synchronization c i r c u i t r y  i n  an atomic cesium/rubidium 
clock t o  reset the clock t o  UTC. Details o f  t h i s  s i g n a l  are shown i n  
Table 5. 

3. Data Capture Pulse  

The Data Capture Pulse  (DCP) is the least precise method of 
rece iv ing  time out  of  the UE set  - accura te  only t o  1 mSec o f  UTC. It 's 
primary use is i n  test instrumentat ion a p p l i c a t i o n s  of GPS where time 
and loca t ion  of  " s ign i f i can t  events'' aboard a platform are t o  be  
instrumented. The using system supp l i e s  a 28 v p o s i t i v e  going pulse  t o  
the  UE instrumentat ion p o r t  a t  a maximum rate o f  2Hz t o  mark t h e  
s i g n i f i c a n t  events  (See Figure 3 ) .  The UE responds with the time and 
loca t ion  of the  " s i g n i f i c a n t  event" over t h e  I P  data l i n k  ( the  UART 
device) .  The format and content  of  t he  data block thus  returned t o  the  
u s i n g  system is i d e n t i c a l  t o  t h a t  used f o r  t h e  T i m e  Mark Signal  (Figure 
4) except t ha t  i t 's time of a p p l i c a b i l i t y  is the " s i g n i f i c a n t  eventt1 of 
i n t e r e s t  ( t h e  s i g n i f i c a n t  event may a l s o  be a clock pulse) .  ICD-GPS-204 
conta ins  a d d i t i o n a l  de t a i l s  of  t h i s  UE funct ion.  

111. Error  Model Spec i f i ca t ion  

The e r r o r  sources  which effect a using system's recept ion  of  UTC 
(GPS) from UE are many. They are both de t e rmin i s t i c  and random, 
geometr ical ly  independent and highly geometric dependent, cons tan t  and 
time varying, independent of environment and environmentally s e n s i t i v e .  
This s ec t ion  cha rac t e r i zes  some of these  f a c t o r s  (UERL, GDOP),  shows 
how they combine, and u l t ima te ly  how they can be managed for higher  
accuracy UTC (GPS) recept ion  by the  using system. 

A. System Error  Budget - UERE 

The GPS system e r r o r  budget has  been widely c i t e d  i n  pr ior  ana lyses  of  
t he  time accuracy of GPS. It se rves  as  a convenient s t a r t i n g  po in t  i n  
t h i s  a n a l y s i s  as w e l l .  The budget, as shown i n  Table 6,  is divided i n t o  
system segment a l l o c a t i o n s  and t o t a l s  up t o  a 5.3 meter (16) User 
Equivalent Ranging Error  (UERE). This  t o t a l  UERE can be in t e rp re t ed  t o  
be the average e r r o r  a using system would perceive i n  the sphe r i ca l  l o c i  
of p o t e n t i a l  l oca t ion  po in t s  r e s u l t i n g  from a s i n g l e  sa te l l i t e  ranging 
opera t ion  as output  by the GPS UE aga ins t  the absolu te  re ference  frame, 
WGS-72 as used here  means averaged over using systems 
uniformly d i s t r i b u t e d  i n  both time and space). 

151 



ERROR SOURCES 

Clock & Navigation 
Subsystem S t a b i l i t y  

P r e d i c t a b i l i t y  of S V  
Pe r tu rba t ions  

Other 

To ta l  Segment 

Ephemeris P red ic t ion  
and Model 
Implementation 

Other 

To ta l  Segment 

Ionospheric Delay 
Compensation 

Tropospheric Delay 
Compensation 

Receiver Noise and 
Resolution 

Multipath 

Other 

To ta l  Segment 

Y STEM Tota l  1 0  UERE = 

GPS System Error  Budget 

TABLE 6 
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SYSTEM 
BUDGET 
(METERS 

2.7 

7 .o 

0.5 

2.9 

2.5 

0.5 

2.6 

2.3 

2.0 

T 05 

1.2 

8.5 

3-6 

5.3 



1. Satel l i te  Segment 

The GPS Space Segment contributions t o  UERE are primarily due 
to  s t a b i l i t y  l i m i t s  i n  the on board atomic frequency standards. Both 
rubidium and cesium standards are i n  use aboard the space vehicles and, 
despite some ear ly  hardware fa i lures ,  t h e  satell i te clocks are 
performing qui te  w e l l  and have generally exceeded their  performance 
specifications.  It is d i f f i c u l t  t o  say however, just how w e l l  the 
onboard clock/navigation subsystems are behaving. It is 
extraordinar i ly  d i f f i c u l t  t o  separate the  effects of the 
clock/navigation subsystem from the second e r ro r  source allocated to  
the satel l i te  - t he  perturbations about  the  nominal orbit/ephemeris due 
t o  solar pressure var ia t ions,  sa te l l i te  outgassing, and a t t i t ude  
control  a c t i v i t i e s  on-board the satellite. 

Both sources of e r r o r  have the  same ne t  effect as perceived by 
t h e  ground based observers ( the  control  segment and t h e  users):  t h e  
apparent line-of-sight difference between the s igna l  tracking derived 
range and the sa te l l i t e  ephemeris minus user location computed range as 
was a l so  discussed i n  t h e  first section of t h i s  paper. The def in i t ion  
of exactly which source is t h e  major contributor t o  the  induced UERE has 
been a hotly debated topic,  but t h e  question is moot from the using 
systems point of view. The user  still perceives a t o t a l  e r ro r  
a t t r i bu tab le  t o  the sa te l l i t e  of 2.9 meters (RSS of the three e r ro r s  
including ther" ) . This  total  error has some s igni f icant  
characteristics which are worthy of note: 

a. The error value specified is t h e  t o t a l  induced e r ro r  bound 
a t  the end of an upload appl icabi l i ty  period. Immediately 
after a new upload the e r ror  is near zero and grows as a 
function of time towards the specified l i m i t  a t  the end of the 
period. 

b. The error of one satell i te is uncorrelated r i t h  the e r ro r  
of another satel l i te  (except some small coupling due t o  common 
solar pressure effects and other environmental fac tors )  

c. The e r ro r  is random and is a zero mean process i n  the  long 
term. A l l  deterministic effects are accounted f o r  i n  the 
Control Segment's ephemeris and clock correction models. The 
remaining errors are random and a l l  biases are accounted for. 

2. Control Segment 

The GPS Control Segment Errors are charac te r i s t ica l ly  much l i k e  
the S a t e l l i t e  Segment errors although they stem from imprecise modeling 
as opposed t o  physical factors i n  and on the satell i te.  The Control 
Segment cannot physically track the satel l i te  across  the heavens, but 
instead must r e ly  on navigation s ignal  tracking of the satellites. T h i s  

153 



f a c t  imposes two fundamental characteristics on the q u a l i t y  of the  
der ived ephemerides uploaded t o  the satell i tes:  a) the Control Segment 
c o r r e c t s  t h e  navigat ion s i g n a l s  f o r  n e t  e f f e c t  -exact ly  the same n e t  
e f f e c t  t he  UE w i l l  see i n  the f i e l d ,  thus  r e s u l t i n g  i n  t h e  combined 
s a t e l l i t e  derived ranging s igna ls /Cont ro l  Segment der ived ephemerides 
being opt imal ly  cor rec ted  f o r  the f i e l d  u s e r ,  and b) the Control 
Segment cannot p rec i se ly  p r e d i c t  f u t u r e  sa te l l i t e  ephemerides because 
the input  s a t e l l i t e  pos i t i on  t racking  data has  r e s i d u a l  SV 
clock/navigat ion subsystem, S V  per turba t ion ,  and s i g n a l  path delay 
model no ise  imposed on it (as was seen i n  s e c t i o n  one of  t h i s  paper) .  
I n  summary, t h e  Control Segment e r r o r s  can be said t o  have the following 
characteristics: 

a. The 2.6 meter ( total)  error value spec i f i ed  f o r  the 
con t ro l  segment is the t o t a l  induced e r r o r  bound a t  t h e  end of t h e  
upload period. The e r r o r  has  the same time dependent c h a r a c t e r i s t i c s  as 
t h e  space segment e r r o r s .  

b. The ephemeris e r r o r s  for one s a t e l l i t e  are p a r t i a l l y  
co r re l a t ed  with those for another  satell i te.  Each satel l i te  is modeled 
independently b u t  r e s i d u a l  effects of  t h e  t r ack ing  and es t imat ion  
process induce some small co r re l a t ion .  

c. The e r r o r s  are genera l ly  not  random due t o  the imprecise 
modeling processes.  As GPS matures and a d d i t i o n a l  refinements are made 
t o  the models, t h e  de t e rmin i s t i c  e f f e c t s  should decrease i n  s i ze .  
Steady s ta te  biases are d e f i n i t e l y  p a r t  of  the modeling process  and 
a f f e c t  a l l  satell i tes uniformly. The b i a ses  discovered so far  have been 
minor and have been related t o  t racking  s t a t i o n  loca t ion  errors. 

3. User Segment 

The GPS User Segment error sources  are q u i t e  un l ike  the  Space 
and Control segment e r r o r s .  They do not  depend on t h e  upload per iod nor 
are they otherwise time dependent. The UE UERE con t r ibu t ions  are due t o  
e i ther  path delay u n c e r t a i n t i e s  o r  hardware noise ,  both of  which are 
environmentally dependent. 

Hard war e - The hardware noise  s p e c i f i c a t i o n  value of 1.6 meters 
( inc ludes  "other t t )  is sized f o r  code t racking  i n  an  
ope ra t iona l ,  high t h r e a t ,  jammed environment. It is a random 
zero  mean process  noise  and, between d i f f e r e n t  t r ack ing  
channels i n  the  r ece ive r ,  is uncorrelated.  

Path Delays - The path de lays  t h a t  the satell i te 's  navigat ion 
s i g n a l  experiences before  reaching the u s e r ' s  antenna are 
determined by the earth's atmosphere and by r e f l e c t i v e  su r faces  
i n  the v i c i n i t y  of  the u s e r ' s  antenna (mul t ipa th) .  The UE use a 
dual  frequency (L1/L2) cor rec t ion  algori thm t o  c o r r e c t  for 
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ionospheric  de lays ,  a geometric co r rec t ion  algori thm f o r  t h e  
t ropospheric  delays,  and a combination of  search algori thm and 
judic ious  antenna placement t o  minimize mult ipath e r r o r s .  The 
spec i f i ed  va lues  f o r  each of these e r r o r  sources  are the  
r e s i d u a l  e r r o r s  after making t h e  co r rec t ions  and r e f l e c t  on t h e  
accuracy of the algori thms used. These e r r o r s  are genera l ly  
q u i t e  co r re l a t ed  among v i s i b l e  satel l i tes  and have both random 
and bias components. 

B. GDOP - 
Given t h a t  each segment of GPS i s  performing wi th in  i ts  system e r r o r  

budget a l l o c a t i o n ,  t he  navigat ion accuracy a v a i l a b l e  t o  a using system 
from the  GPS UE can be determined by the  instantaneous UERE's of  the 
four  c o n t r o l / s a t e l l i t e  - UE r ece ive r  l i n k s  being used and the Geometric 
Di lu t ion  of Prec is ion  (GDOP) between the  sa te l l i t es  and the user.  This  
GDOP is a measure of how the s a t e l l i t e  geometry a f f e c t s  u se r  accuracy. 
It 's mathematical development and i n t e r p r e t a t i o n  have been r igorous ly  
described seve ra l  t imes i n  recent  l i t e r a t u r e  and do not  bear repea t ing  
here. Su f f i ce  it t o  say t h a t  GDOP and its related HDOP (Horizontal  
Di lu t ion  of Prec is ion)  a c t  as ampl i f ica t ion  f a c t o r s  of UERE t o  g ive  t h e  
r e s u l t i n g  naviga t iona l  e r r o r s  due t o  the effect of t h e  th ree  
dimensional geometry of  t he  satel l i tes  and u s e r  pos i t i on  as well those 
due t o  the  four  dimensional navigat ion so lu t ion .  A s  a r e s u l t  of t h i s  
d e f i n i t i o n  and its underlying assumptions the following r e l a t i o n s h i p s  
can be shown t o  hold: 

2 2 2 G D O P ~  = HDOP + VDOP + TDOP 

Horizontal  Pos i t i on  Error = UERE x HDOP 
Ver t i ca l  Pos i t ion  Error = UERE x VDOP 
Navigation T i m e  Error = UERE x TDOP 

For s p e c i f i c a t i o n  purposes, f o r  UE so lv ing  t h e  four  dimensional 
navigat ion equat ions ( f o u r  equat ions,  fou r  unknowns), t h e  following 
values  of the  GDOPs are used (based on the  50th p e r c e n t i l e  values  f o r  a 
nominal c o n s t e l l a t i o n  of  satell i tes):  

GDOP = 3.56 
HDOP = 1.58 
VDOP = 2.71 
TDOP = 1.68 

And thus ,  the  spec i f i ed  value f o r  average time e r r o r  f o r  GPS UE is: 

UERE x TDOP = (5.3m)(3.3nSec/m)(l.68)=27.9 nSec(1b) ( 1 1 )  

+ or  the  accuracy of  navigat ion time i n  t h e  GPS UE is TGpS - 27.9 
nSec( la). 
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C. UTC Accuracy 

The time e r r o r  induced i n  the UE due t o  UERE and TDOP of  229.7 
nSec ( l a )  is only p a r t  of  t h e  error which a using system w i l l  perceive 
i n  the  time it rece ives  from the UE. Superimposed on the navigat ion 
time error are e r r o r s  due t o  the  T t o  UTC (USNO) co r rec t ion  model and 
errors due t o  t h e  UE hardware &'%andling it 's analog time s igna ls .  
Both these  errors are independent o f  geometry and so GDOP o r  TDOP do not  
affect them. Each can be characterized as follows: 

1. TGpS t o  UTC (USNO) model 

A s  described i n  sec t ion  I.B.2, t h e  Control Segment w i l l  be 
cooperat ing wi th  USNO i n  operat ing a s p e c i a l l y  calibrated UE 
set a t  USNO t o  r ece ive  UTC(GPS) and communicate time 
d i f f e rences  t o  t h e  Control Segment on a twenty-four hour cycle.  
The Control Segment w i l l  model these errors and upload the 
co r rec t ion  terms on a weekly basis i n t o  the  satell i tes.  The 
choice of upload per iods  s t rongly  inf luences  the  accuracy 
provided t o  u s e r s  a t  the  end of the  weekly upload period. The 
GPS system s p e c i f i c a t i o n  only c a l l s  f o r  t h i s  value t o  be wi th in  
100 nSec(1s). It is t h i s  value which has dictated the  upload 
cyc le  period. Subs tan t i a l ly  better accurac ies  could be 
achieved wi th  more rap id  updates -but as y e t ,  no m i l i t a r y  using 
command has  expressed a requirement which would n e c e s s i t a t e  a 
more rap id  update cycle.  Thus, t h e  c u r r e n t  GPS base l ine  is 
weekly time uploads. 

This  time upload procedure e r r o r  budget a t  t h e  end of  each 
p red ic t ion  per iod has been a l loca ted  among t h e  var ious  sources  
as follows: 

( UTC ( GPS -UTC( USNO) ) @ USNO ( measurement) : 31 Nanoseconds ( 10) 

(Tsvi-TGps) a t  Control Segment (measurement) : 14 Nanoseconds( lo) 

RSS o f  Measurement Er rors :  

Projection/Extrapolation of  Previous 
Measurements 6 days i n t o  fu ture :  

UTC (USNO) - TGpS error: 

34 Nanoseconds (la) 

x 5  

76 Nanoseconds ( l a )  

S t a b i l i t y  o f  TGpS versus  UTC(USN0): 47 Nanoseconds (la) 

Total Error of  UTC(GPS) versus  UTC (USNO): 90 Nanoseconds ( la) 
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2. UE hardware time handling errors 

The GPS UE has been optimized for  navigation computation and 
not spec i f ica l ly  f o r  absolute time synchronization. As a 
re su l t ,  a rather large e r ro r  tolerance has been specified f o r  
the to ta l  UE induced error i n  time dissemination: 38 nSec ( l d .  
This  is the add i t iona l  hardware error t h e  UE can allow t o  be 
induced i n  the f i n a l  time accuracy output t o  a using system for 
its most accurate time interface,  the Time Mark Signal. The 
specified tolerances f o r  t h e  other time interfaces ,  t he  Reset 
Pulse and the Data Capture Pulse, are higher as previously 
mentioned (primarily due t o  the addi t ional  hardware 
uncertaint ies  associated wi th  addi t ional  analog s ignal  
handling). 

The major l i m i t i n g  factors which causes such a large error i n  
t h e  UE handling of t i m i n g  are t h e  acceleration and other 
environmental s e n s i t i v i t i e s  of the UE Master Reference 
Oscil lator.  The value of 38 nSec(1u) is  specified over the 
environment of the UE and t h i s  environment includes up t o  9 6 ' s  
steady state and 15 g t rans ien t  accelerations,  +7loC t o  -54 C 
temperature range and t ransient  power excursions. Other 
hardware delays (such as t h e  temperature dependent amplifier 
and antenna delays, i n s t a l l a t ion  peculiar cable delays, and 
short  term electromagnetic interference noise) as w e l l  as 
software (Kalman f i l t e r  t rans ien t  response) effects are a l so  
included i n  the fac tors  which l i m i t  the  UE's a b i l i t y  t o  provide 
a w e l l  regulated analog s igna l  t o  a using system. 

D. Combination of errors 

Thusly, the f i n a l  UTC(GPS1 provided t o  a using system using the  
TMS i n  the f i e l d  a t  an unknown location and operating i n  a severe 
mi l i ta ry  environment is accurate t o  UTC (USNO) within the following 
bound : 

Errors : 29 . 7 Nanoseconds ( 1 0) 
90.0 Nanoseconds ( lo) 

37 . 9 Nanoseconds ( 109 

TGpS t o  UTC (USNO) Errors: 
kpgnterface/Hardware Time 
Handling Errors t o  u s i n g  system: 

Total UTC (GPS) Error Bound Estimated: 102 Nanoseconds (la) 
Specified UTC (GPS) Error Bound: 11 1 Nanosecond ( la) 

IV . What If 102 nSec I s n ' t  Good Enough? 

There are several  techniques one may apply t o  the  operation of 
the GPS UE t o  achieve much better time dissemination performanoe. Each 
technique makes use of pa r t i cu la r  characteristics of t h e  error inducing 
sources t o  either have the e r ro r s  cancel out wi th  a common mode 
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technique o r  make the e r r o r  source i r r e l e v a n t  t o  t h e  problem a t  hand. A 
few of these  techniques are described below along w i t h  t h e i r  effect on 
the  e r r o r  sources. These techniques are also appl ied  t o  two s p e c i f i c  
using system cases as examples of  what can be achieved using GPS i n  a 
realistic scenar io  rather than t h e  preceeding worst case s p e c i f i c a t i o n  
value discussion.  

A. Error Source Reduction Techniques 

1. Multipath e r r o r  reduction: 

The Multipath e r r o r  a l l o c a t i o n  can be el iminated by 
jud ic ious  placement of the GPS UE antenna t o  avoid hard su r face  
r e f l e c t i o n s  of  sa te l l i te  s igna ls .  

2. Receiver no ise  reduction: 

The r ece ive r  no ise  value o f  5 nSec ( 1.5m) can be reduced t o  
0.6 nSec by opera t ing  i n  a less jammed environment (i.e. no t  operat ing 
i n  the middle  of a high power jammer f i e l d ) .  The lesser l e v e l s  of 
jamming w i l l  allow prec i s ion  carrier phase t racking  of t h e  s i g n a l  
rather than j u s t  P-code t racking  and so a corresponding decrease i n  
rece iver  no ise  can be achieved. 

3. Operate the UE i n  a s t a t iona ry  mode: 

Th i s  technique inc ludes  both t r u e  s t a t i o n a r y  (ve loc i ty  of 
t he  UE=O) and r ece ive r  ve loc i ty  a id ing  w i t h  minimal acce le ra t ion  modes. 
U t i l i z a t i o n  of  e i ther  of these modes allows the UE t o  reduce i t ' s  own 
UERE components (and it 's time est imat ion errors), by approximately 
1/42. These modes a l s o  al low reduct ion of  the acce le ra t ion  induced 
errors i n  the master re ference  o s c i l l a t o r  t o  zero  wi th  a corresponding 
increase  i n  the  p rec i s ion  con t ro l  o f  t h e  analog time s i g n a l  output  
(depending on design p e c u l i a r i t i e s  t h i s  can reduce the  analog handling 
e r r o r  by about 1/42 o r  more). 

4. Operate t h e  User Equipment a t  a known loca t ion :  

U t i l i z i n g  a surveyed loca t ion  can reduce t h e  UE's 
perceived TDOP t o  unity.  T h i s  r e s u l t s  from the fact that  only the UE's 
time is  an unknown and only one satel l i te  need be tracked - so geometry 
has no effect. A previously determined GPS navigat ion s o l u t i o n  is 
s u f f i c i e n t l y  p rec i se  t o  enable  t h i s  technique t o  work. 

5. Average over s eve ra l  sa te l l i t es  i n  view a t  known locat ion.  

This  w i l l  reduce the independent and uncorrelated e r r o r  
l/l\sJ4 = a. con t r ibu t ions  t o  UERE and TGpS-UTC (USNO) by approximately 
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6. Calibrate t h e  user hardware errors and opera te  i n  a stable 
environment: 

This  technique is app l i cab le  t o  a l l  types of  using 
systems. It requ i r e s  a one time c a l i b r a t i o n  with an  independent UTC 
(USNO) source and can be done p r i o r  t o  f i e l d i n g  of t h e  UE. The 
improvement is design dependent but  can p o t e n t i a l l y  reduce t h e  analog 
s i g n a l  handling e r r o r s  t o  the  order  of  a few nanoseconds. 

7. Post processing: 

Post processing of  f i e l d  data for  using system 
app l i ca t ions  which do not  r equ i r e  real time synchronizat ion wi th  USNO 
can e f f e c t i v e l y  e l imina te  the much of  the 90 nSec of t he  UTC(GPS)- 
UTC(USN0) e r r o r  source. The necessary data could be had by accessing a 
planned USNO data bank which w i l l  conta in  t h e  sa te l l i t e  UTC(GPS)- 
UTC(USN0) data o r  t h e  using system could u s e  independently measured 
UTC(GPS) -UTC (us ing  system) data co l l ec t ed  a t  a labora tory  s i t e  w i t h  a 
second UE and t h e  us ing  system's re ference  clock (which may o r  may not  
be synchronized wi th  UTC (USNO)). 

8. Go-regional operat ion (Common Mode): 

With t h i s  technique, r e l a t i v e  synchronization of  two using 
systems can be improved. Common mode e f f e c t s  
t he  same satel l i tes  and both experiencing 
sa te l l i t e  ephemeris, ionospheric ,  e t c .  e r r o r  
o r  reduced between the  two using systems i f  
between the two is the  desired effect. 

(e.g. both UE's  t rack ing  
approximately the same 
sources)  can be canceled 
r e l a t i v e  synchronization 

9. Net Time Synchronization: 

I f  synchronizat ion between two using sys t eas  ( n e t  time) is 
a l l  t h a t  is des i red  and absolu te  UTC t r a c e a b i l i t y  is  r e l a t i v e l y  
unimportant, then TGpS can be used i n  l i e u  of UTC(GPS) and 
synchronization between t h e  systems can be wi th in  the  TGpS p lus  UE 
hardware/analog s i g n a l  e r r o r s .  

B. Practical Examples 

The foregoing techniques are i n  genera l  non-exclusive and can 
be appl ied  independently o r  i n  combination (depending on exact  
circumstance and use r  app l i ca t ion ) .  Two examples of u se r  app l i ca t ions  
are given below t o  demonstrate t h e  power of  these  techniques. 

Example 1: 
of n e t  synchronization. 
time c o n t r o l  the  absolu te  time b i a s  between t h e i r  clocks. 

J o i n t  Tactical Information Di s t r ibu t ion  System ( J T I D S )  type 
I n  t h i s  example, two using systems wish t o  real 

Assumptions: 
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a. 
be  

c. Moderate jamming environment. 
d. Co-regional operation. 

An F-16 type aircraft and ground terminal are the two systems. 
The F-16 can p a r t i a l l y  velocity a i d  h i s  GPS UE, the Ground 
Terminal is stat ionary and is a t  known site. 

I n  t h i s  case the e r ror  reduction techniques tha t  can be app l i ed  are: 
numbers 1,2,3,4,6,8,9. The resu l t ing  errors between the two user 
clocks can be conservatively estimated as 26 nSec (lo) as shown by Table 
7. 

Example 2: A forward observer near a protected target is acquiring 
data which must be related t o  UTC (USNO) f o r  subsequent analysis. For 
t h i s  example the following assumptions apply: 

a. 
b. 
c. 
d. 
e. 

The observer is i n  a highly jammed environment. 
He is s ta t ionary but a t  a unknown location. 
He has a very precisely calibrated UE. 
Post processing reference data is available.  
The user u t i l i z e s  GPS t o  determine h i s  position. 

In  t h i s  example the following e r ro r  reduction techniques may be 
appl ied:  Numbers 1,3,4,5,6,7. Applying these techniques t o  t h i s  
example, t h e  UTC (USNO) time accuracy of the  collected data would be 
within approximately 16 nSec (1  0) as given by Table 8. 

V. Conclusion 

The Navstar Global Positioning System has been shown t o  be a t ru ly  
integrated timing system. Although some user may choose t o  build the i r  
own satel l i te  timing receivers because of ava i lab i i ty  constraints  or  
unusual applications,  the  majority of users  can u t i l i z e  t h e  DOD 
developed User Equipment and the applicable techniquss described i n  
t h i s  paper t o  sat isfy the i r  current and future  system time-of-day 
requirements. 

I n  addition, GPS a l so  supplies it 's u t i l i z i n g  systems w i t h  precise 
posi t ion information. T h i s  is a key point i n  t h a t  precise time without 
precise posit ion information is useless f o r  many mi l i ta ry  and c i v i l i a n  
appl icat ions (e.g., time-of-arrival locating, ne t  synchronization, code 
va l id i ty  in te rva l  communication security,  etc.). GPS is unique i n  
supplying both time and posit ion t o  the same order of accuracy (102 nSec 
at the speed of l i g h t  equals 31 meters) real time, anywhere, and i n  an 
operational environment. 
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TABm 7 
Practical Example 1 

Error 
Source 

Space Segrrent 
'rrors 

Control Segrcnt 
L-rors 

tiser Zrrors: 

- 

Ionospheric 
Tropospheric 
aeeeiver Soise  
a l t i p a t k  
Other 

E R E  (%Xi of above) 
x TWP 

:mps Error 

TCPS to  UTC (US'jO) 

32 F h u a r e  
3rrors 

70-1 T i m e  Emr 
(RSS of Above) 

Hominal Error 
Value (nSec. 1 d 

9.6 

8.6 

7.6 
6.6 
5 
4 
1.7 

17.7 
xl.68 

29.7 

90.0 

37.9 

- 
- 

- - 
102 

Error Value with A p p l i e d  Techniques hSu2, la) 

Ground 
Terminal Aircraft - 
(0l8 (0)8 

(018 (O+ 

7.6 x C&)3xc))8 
6.6 x Gf)3xL4)8 
(0.$,2 (0) 

1.7 

5.3 
x (1.0) 

5.3 

- 
- 
( o ) ~  

(1016 

11.3 

- 
23.5 

SynchronizatLon error between Ground Terminal and Aircrart = i z 2  
= 26 nSee (10) 

ate:  (XI* = vdue or error *en technique n is applied 



Error  
Source - 

Space Segwnt 
Errors 

Control Segment 
Errors 

User Errors : 

Ioncspher ic 
Tropospneric 
Seceiver Soise 
a l t i p a t h  
Sther 

TW-O-. 
c ~ . , ~  (?S of Above) 
x 3 0 P  

TGpS 2rror 

TABLE 8 

Practical Examole 2 

Nominal Error 
Value ( nSec, 1 a) 

9.6 

8.6 

7.6 
6.6 
5 
4 
1.7 

17.7 
- 
x 1.68 - 
29.7 

Error 7alue wit& Applied 
Technique( nSec , ?ad 

9.6 (415 

8.6 (&I5 

10.3 

Tcps tc UTC (USNO) 90.0 (617 

L J  ?arduare 37.9 (lo+ 
Errors 

Total Zixe Error 
(RSS of above) 102 16 (tu) 

Bote: (x)” = value of epror uhen technique n is applied 
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