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1 .O I NTRODUCT I ON 

This  r e p o r t  documents the i nves t i ga t i ons  made by Axiomat ix o f  

c e r t a i n  aspects and problems of the  ShuttleIGPS nav iga t i on  system. Much 

o f  Ax iomat ix 's  involvement i n  the  ShuttleIGPS p r o j e c t  du r ing  t h e  l a s t  

year  was i n  support of t he  ShuttleIGPS panel meetings. Only p a r t  of 

Ax iomat ix 's  c o n t r i b u t i o n s  t o  these meetings i s  s u i t a b l e  f o r  formal docu- 

mentation, as presented i n  t h i s  r e p o n .  

One o f  the  major tasks Axiomatix was respons ib le  f o r  du r ing  

t h i s  phase of the con t rac tua l  e f f o r t  was development o f  a  Shutt leIGPS 

t e s t  phi losophy and t e s t  p l an  o u t l i n e .  This was accomplished and i s  

documented i n  Sect ion 2.0. The o ther  major task  was p repara t ion  o f  an 

I n te r f ace  Control  Document (ICD) between NASA and t he  GPS J o i n t  Program 

O f f i c e  (JPO). Th is  ICD i s  t o  de f ine  those i n t e r f a c e s  between t he  GPS 

and the  Shu t t l e  which a re  unique t o  the  Shu t t le .  A f i r s t  d r a f t  o f  t h i s  

I C D  i s  given i n  Sect ion 6.0. 

Development o f  a  phase slope s p e c i f i c a t i o n  f o r  t he  Shu t t l e  GPS 

antenna, as presented i n  Sect ion 4.0, i s  the  r e s u l t  o f  a  meeting w i t h  t h e  

Rockwell Autonet ics System Engineering O f f  i c e  f o r  the  MMBRS program. 

They had found t h a t  phase modulat ion caused by v e h i c l e  maneuvers and 

antenna phase s h i f t  could p o t e n t i a l l y  degrade system performance if no t  

accounted f o r .  The s p e c i f i c a t i o n  developed by Axiomatix, whi 1e n o t  an 

antenna design d r i v e r ,  w i l l  ensure t h a t  such a problem does n o t  occur 

w i t h  the  ShuttleIGPS system. 

An i n v e s t i g a t i o n  o f  ShuttleIGPS jamming vu1 nerabi  1  i ty , as docu- 

mented i n  Sect ion 5.0, was mot ivated by a  quest ion o f  the  poss ib le  e f f e c t -  

iveness o f  p rov i d i ng  increased jamming p r o t e c t i o n  i n  the  GPS Receiver/ 

Processor. Assembly ( R I P A )  . Our ana lys is  demonstrates t h a t  i t  would n o t  

be e f f e c t i v e ,  w i t h i n  t he  cons t ra i n t s  o f  the  present  program, t o  p rov ide  

f o r  add i t i ona l  p r o t w t i u n .  

F i n a l l y ,  an expression f o r  t he  GPS s igna l - to -no ise  dens i t y  

r a t i o ,  C/NO, which accounts f o r  the  e f f e c t  o f  the  S h u t t l e  Thermal Pro- 

t e c t i o n  System (TSP) t i l e s  i s  developed i n  Sect ion 3.0. 



2.0 SHUTTLE GPS TEST PHILOSOPHY 

2.1 In t roduct ion  

The Global Posi t ioning System (GPS) i s  a worldwide navigat ional 

system which provides the user w i th  pos i t i on  and v e l o c i t y  data referenced 

t o  a Cartesian earth-centered, ear th- f ixed coordinate system. The GPS 

user equipment permits on-board, real- t ime computation o f  the user vehic le 

s ta te  vector w i th  pos i t i on  estimated t o  w i t h i n  30 ft, ve loc i t y  t o  w i t h i n  

0.2 f t / s  and time t o  w! t h i n  a f r a c t i o n  o f  a microsecond. 

The user pseudorange and range r a t e  are determined by measuring 

the navigat ion s ignal  transmit time between a number o f  GPS s a t e l l i t e s  

w i th  precisely known ephemerides and the user and scal i n g  the transmit 

times by the speed o f  l i g h t .  The term pseudorange i s  used t o  denote 

that ,  since the user clock i s  not  d i r e c t l y  synchronized w i t h  the sa te l -  

1 i t e  clocks, the i n i t i a l  range measurements w i  11 be i n  e r r o r  by the 

amaunt of user clock o f f se t .  Therefore, the user must acquire a t  l e a s t  

four sate1 li tes t o  determine the pseudorange o f  each s a t e l l i t e  t o  obta in 

a user clock cor rec t ion  and thus calculate the user 's t rue  pos i t i on  

coordinates . 
When f u l l y  operat ional by 1986, the GPS w i l l  consist  of a t o t a l  

of 24 ac t ive  NAVSTAR s a t e l l i t e s  i n  three o r b i t  planes o f  e igh t  s a t e l l i t e s ,  

each offset from one another by 120' i n  longitude. Each s a t e l l i t e  w i l l  

t ransmit i t s  precise ephemeris, clock correct ion data and an "almanac" o f  

o r b i t a l  parameters and c lock cor rec t ion  estimates f o r  a1 1 other sys tern 

sate l  1 i tes. Each day, the ground contro l  center w i  11 up1 i n k  ephemeris 

correct ion and other data t o  a l l  s a t e l l i t e s  f o r  subsequent user use, 

thus ensuring continued system accuracy. 

While there w i l l  be many GPS users, t h i s  repor t  discusses only 
the Space Transportation System (STS) o r  Space Shutt le.  The purwse of 

t h i s  report  i s  t o  out1 ine  an STS/GPS tes t  philosophy and t e s t  plan fo r  

NASA. To be discussed i s  the overa l l  t e s t  philosophy s t a r t i n g  w i th  the 

STS/GPS equipment components known as 1 ine replaceable uni t s  (LRU1s ) , 
progressing through system integrat ion,  and f i n a l l y  ending w i th  the o rb i  - 
t a l  f l i g h t  tests. The t e s t  p lan w i l l  expand upon the t e s t  philosophy and 

ou t l i ne  the required tes ts  f o r  each phase. The main ob jec t ive  o f  the 

t e s t  philosophy and t e s t  p lan i s  t o  ensure tha t  the Shut t le  GPS equipment 



i s  being proper ly  tested, tested ea r l y  enough i n  the program t o  discover 

and resolve p o t e n t i a l l y  cos t l y  downstream problems and, a t  the same time, 

minimize the t e s t i n g  costs. 

Before developing the overa l l  t e s t  philosophy, a b r i e f  descrip- 

t i o n  of the STS/GPS equipment components o r  LRU's would be appropriate. 

Figure 1 shows the ove ra l l  STS/GPS in tegrated basel ine system block d ia -  

gram consis t ing o f  three segments: the space segment, the  o r b i t e r  sys- 

tem segment and the ground system segment. Th+is repo r t  w i  11 concentrate 

on the Orb i te r  system segment arid the LRU's composing the GPS se t  shown 

i n  Figure 1. 

Figure 2 shows the baseline Orb i te r  system block diagram con- 

s i s t i n g  o f  two separate channels which are switched t o  se lec t  four  GPS 

s a t e l l i t e s  w i th  a favorable geometry o r  minimum geometric d i l u t i o n  o f  

prec is ion (GDOP). The ind iv idua l  LRU's are l i s t e d  as fol lows: 

a Antenna assembly 

a Receiver preamp1 i f i e r  assembly I Incorporat ion i n t o  one 

a RF power d i v ide rs  LRU being considered 

a Recei ver/processor assembly (R/PA) 

2.2 Test Phi losophy 

As prev iously  stated, the t e s t  philosophy ob jec t ive  i s  t o  

ensure thd t  the STS/GPS navigat ion system i s  proper ly  tested i n  an expe- 

d i t i o u s  dnd cos t -e f fec t ive  manner w i th  a minimum o f  dup l ica t ion .  The 

tes t i ng  w i l l  v e r i f y  the system i n  a l og i ca l  sequence and minimize over- 

a l l  costs by uncovering problems as ea r l y  as possible i n  the program. 

I n  the past, some very complicated engineering systems have been 

designed and manufactured w i th  a minimum amount o f  a t t e n t i o n  d i rec ted  

towards compatible interfaces, subsystem test ing,  and assuring tha t  sub- 

assemblies meet the required speci f icat ions.  The philosophy i n  these 

instances has been t o  use system in teg ra t i on  t o  discover problems. O f  

course, the users o f  t h i s  type of philosophy usua l ly  feel t h a t  anything 

more than minimal t es t i ng  a t  the lower leve ls  i s  a waste of time and 

money. A t  the same time, they feel very op t im is t i c  t ha t  the system w i : l  

funct ion properly once f u l l y  integrated. 
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Unfortunately, when major problems are discovered a t  the system 

leve l ,  recuperat ion i s  extremely expensive and tim-consuming. For 

example, i n  espec ia l l y  la rge  programs, by the t ime the prototype o r  qual- 

i f i c a t i o n  LRU's are in tegrated i n t o  a system, there e x i s t s  a l a rge  group 

of support personnel such as design engineers, systems engineers, t e s t  and 

documentation personnel, no t  t o  mention the purchasing o f  f l i g h t  compon- 

ents and the ea r l y  phases o f  f l i g h t  u n i t  manufacturing. Suppose that ,  

upon in tegrat ion,  a major design problem develops. A t  t h i s  p o i n t  i n  t he ,  

l i f e  o f  the program i t  i s  t oo  l a t  t o  temporari ly reassign some o r  a l l  

of the support personnel, so they must be sustained i n  order t o  be a v a i l -  

able f o r  f u tu re  use. The program now goes i n t o  the "panic" mode, which 

usval l y  involves severe schedule d isrupt ions,  a penal ty  cancel l a t i o n  f o r  

some previously  purchased components, purchasing new components on a pre- 

mium and p r i o r i t y  basi s s  overtime for  some persltnnel, and paying other  

personnel who are no longer product ive because they must wa i t  for  the 

problem t o  be solved. I f  the problems are severe znough, other  systems 

or programs may a lso  be impacted, causing even f u r t h e r  delays. 

Another s i t u a t i o n  w i l l  occur where the LRU's are r igorous ly  

tested i nd i v idua l l y ,  but  the systems in teg ra t i on  tes ts  are e i t h e r  super- 

f i c i a l  o r  do no t  occur u n t i l  a f t e r  the f l i g h t  u n i t s  are being manufactured. 

Should the in tegrated LRU tes ts  be super f i c i a l ,  a major problem i s  l i k e l y  

t o  occur during o r b i t a l  f l i g h t  tes ts .  Should the in tegra ted  LRU tes ts  

be accomplished a f t e r  f l i g h t  u n i t s  are being manufactured, the same 

"panic" mode consequences as prev iously  described w i  11 occur. 

The net  r e s u l t  o f  the previoub scenarios w i l l  be la rge  cost  

overruns and long schedule delays. The purpose of the t e s t  philosophy 

t o  be developed i n  t h i s  repor t  i s  t o  minimize the effects of the "panic" 

mode by successful ly detect ing and reso lv ing  problems a t  an ea r l y  stage 

o f  the program. 

One stra ight forward method would be t o  t e s t  a l l  the assemblies, 

subassemblies and LRU's as ea r l y  i n  the pro jec t  as possible. This would 

a l low the program t o  r e t a i n  i t s  f l e x i b i  1 i ty  i n  solv ing design problems 

without adversely a f f e c t i n g  the ove ra l l  schedule. 

Even though deta i  l e d  LRU t e s t i n g  m i  nirnizes system problems, 

assuming tha t  the LRU's meet t h e i r  respect iv t  spec i f i ca t ions  does no t  

guararrtee t h a t  the system w i  11 funct ion when i n t e y a t e d ,  espec ia l l y  since 



the various LRU ' s  are manufactured by d i f f e r e n t  subcontractors. 

Therefore, the in tegrated system test ing,  1 i ke the LRU tes t ing ,  must be 

accomplished ea r l y  enough i n  the program and w i t h  adequate d e t a i l  t o  

uncover problems. Again, as w i th  the  LRU tests,  the program has reta ined 

i t s  f l e x i  b i l  i ty t o  respond t o  unforeseen s i tua t ions .  

Because the Shut t le  i s  such a complfcated and l a rge  program, i t  

i s  vulnerable t o  d isrupt ions caused by s i g n i f i c a n t  problems detected a t  

the LRU o r  systems leve l .  With proper planning, however, po ten t i a l  

problems can be ant ic ipated. Figure 3 shows a t y p i c a l  STSIGP5 design, 

development and t e s t i n g  sequence which embodies the elements of the ea r l y  

t e s t  philosophy. By using t h i s  sequence and the general ph ihsophy 

already discussed, a comprehensive t e s t  philosophy and t e s t  p lan may now 

he developed. 

Figure 4 ou t l ines  the t e s t  sequence and t e s t  l oca t i on  requi red 

t o  v e r i f y  the i nd i v idua l  LRU performances, substant ia te the  in te r faces  

and, f i n a l l y ,  conf irm the end-to-end performance. The l o g i c a l  LRU's ta 
use i n  t h i s  t e s t  sequence would be the prototypes and q u a l i f i c a t i o n  u n i t s  

as ou t l ined i n  Figure 3. I n  the fo l low ing section, each step indicated 

i n  Figure 4 w i l l  be discussed along w i t h  the ra t i ona le  f o r  recommending 

tha t  p a r t i c u l a r  t e s t  locat ion.  

2.3 LRU Test Philosophy 

2.3.1 Tests Required 

A l l  SRU's (which are the modular components w i t h i n  the LRU's) 

and LRU's must be adequately tested by the subcontractor t o  ensure t h a t  

the equipment del ivered t o  the contractor  meets spec i f i ca t ion .  This 

includes a l l  acceptance and q u a l i f i c a t i o n  tes ts  which requi res the sub- 

contractor t o  produce the requi red t e s t  plans and procedures and t o  

possess the proper t e s t  equipment. Therefore, a substant ia l  amount of 

base1 i ne LRU performance data w i  11 be generated by the subcontractor. 

2.3.2 Test Lochtion 

The desired t e s t  l oca t i on  would be the LRU subcontractors; 

however, there may be s i t ua t i ons  tha t  requ i re  the use o f  outside t e s t i n g  

laborator ies. 
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2.3.3 Rationale 

The contractor  must be assured t h a t  the equipment de l i vered by 

the subcontractor meets a l l  aspects o f  the LRU spec i f i ca t ion .  To min i -  

mize the cost impact o f  design o r  manufacturing problems, any po ten t i a l  

problems must be detected a t  the e a r l i e s t  possible time. Another advan- 

tage o f  de ta i l ed  SRU and LRU t e s t i n g  i s  tha t ,  by having basel ine LRU 

data t raceab i l  i ty ,  troubleshoot ing i s  simp1 i f i e d  i n  the event o f  fu ture 

system performance problems. 

2.4 In te r face  Test Phi losophy 

2.4.1 Tests Requi red 

The i nd i v idua l  LRU's must be i n tegmted  and a l l  in ter faces 

v e r i f i e d  for  mmpat ib i  l i t y .  

2.4.2 Test Locat ion 

The F l  i g h t  System Laboratory (FSL) , r.ockwel1, Downey. FSL was 

prev iously  known as the Advanced Development Laboratory (ADL). 

2.4.3 Rationale 

One cent ra l  group w i t h i n  the cont rac tor 's  organizat ion must be 

responsible f o r  v e r i f y i n g  a l l  in ter faces.  I f  more than one group i s  

responsible, i t  i s  possible f o r  incompdtible in te r faces  t o  e x i s t  and not  

be discovered u n t i l  l a t e  i n  the t e s t  program, which obviously causes very 

expensive delays. This w i l l  be the f i r s t  time tha t  the STS/GPS LRU's 

from the various LRU subcontractors w i  11 be in tegrated as a system and, 

thus, represents the beginning step o f  system perforn~ance v e r i f i c a t i o n .  

2.5 - l n t e g r a t e d a s t e m  Test Phi losophy 

2.5.1 Tests Requi red 

The integrated STS/GPS user equipment may be character ized as 

demodulating an RF s ignal ,  processing the resu l tan t  d i g i t a l  s ignal  and, 

f i n a l l y ,  i n te r fac ing  w i  t h  one o f  the Orb i te r ' s  general -purpose computers 

(GPC). It i s  possible and extremely p rac t i ca l  t o  d i v ide  the in tegrated 

system end-to-end performance tes ts  i n t o  two sections : RF 1 i n k  v e r i f i -  

ca t i on  and computer software v e r i f i c a t i o n .  The RF l i n k  tes ts  would ver- 

i f y  the GPS-to-Orbiter RF 1 i nk  up t o  and inc luding the demodulated data 



a t  the R/PA LRU. The software v e r i f i c a t i o n  t e s t  would s t a r t  w i t h  the 

demodulated RF data a t  the R/PA LRU and cont inue t o  the GPC. As stated, 
there are some very p r a c t i c a l  and cos t -e f fec t i ve  reasons t o  d i v i d e  the 

in tegra ted  system t e s t  i n t o  two sections; these reasons w i  11 be developed 

shor t l y .  

2.5.2 Test Loca t i on 

The RF l i n k  tes ts  w i l l  be held a t  the Elect ronics System Test 

Laboratory (ESTL), NASA-JSC; software t e s t s  w i  11 be conducted a t  the Sys- 

tems Avionics In tegra t ion  Laboratory (SAIL), NASA-JSC. 

2.5.3 Rat ionale 

I t  i s  possib le fo r  the Shut t le  contractor  t o  v e r i f y  the end-to- 

end in tegrated system perfoimance; however, t h i s  may r e s u l t  i n  some unde- 

s i r e d  future consequences. Since the Shut t le  i s  a very long proqram, i t s  

mission 1 i f e  w i  11 sure ly  o u t l a s t  the subcontractor 's involvement i n  the 

program and may even o u t l a s t  the cont rac tor 's  involvement (except f o r  

some susta in ing e f f o r t ) .  

As t y p i c a l l y  happens when a contractor  o r  subcontractor i s  no 

longer heav i ly  involved i n  a program, the associated t e s t  equipment i s  

modified f o r  o ther  uses and key personnel reassigned. The net r e s u l t  i s  

t ha t  dhen i n - f l i g h t  anomalies occur, reso lu t i on  may be very t ime consum- 

ino  and expensive since the support t e s t  equipment may no longer e x i s t  

o r  the appropriate personnel no longer be avai lab le.  

Since the Shut t le  and GPS are mu1 tidecade programs and since 

anomalies w i l l  occur dur ing o r b i t a l  n~iss ions,  i t  i s  desi rable tha t  the 

RF l i q k  m d  software s imulat ion t e s t  equipment and the t e s t  personnel be 

w i t h i n  the organizat ion using the Shutt le.  Because the user organizat ion 

i c  ,tASA, JSC i s  the l o g i c a l  choice t o  conduct the in tegrated system tes ts .  

RF 1 i n k  tes ts  are required t o  uncover any system performance 

problems because, h i s t o r i c a l  l y ,  some LRU's have met t h e i r  i nd i v idua l  

spec i f i ca t ions  but  have experienced some system problems a t  in tegra t ion .  

It i s  imperat ive t h a t  these tes ts  be performed p r i o r  t o  Orb i te r  in tegra-  

t iotr  o f  f l i g h t  equipment since RF l i n k  problems occurr ing a f t e r  Orb i te r  

i n tey ra t i on  are very expensive. A p rac t i ca l  method o f  v e r i f y i n g  the RF 

l i n k  performance i s  t o  simulate a f l i g h t  mission w i th  simulated GPS s a t c l -  

li tes, space-loss simulators and o ther  t e s t  equipment. 



Since the STSIGPS system i s  computer-control 1  ed, the system 

software must be val idated. As w i t h  RF l i n k  performance problems, any 

software anomalies discovered l a t e r  i n  the p ro jec t  usua l ly  r e s u l t  i n  

ex t ra  costs and delays. One method t o  v e r i f y  the software would be t o  

provide an RF st imulus t o  the R/PA and monitor the system performance. 

The in tegrated system tes ts  are d iv ided between the ESTL and 

the SAIL because each laboratory has unique c a p a b i l i t i e s  and expert ise 

which complement the other, and these labora tor ies  are able t o  conduct 

the requi red system tes ts  w i t h  minimum cos t  impact. The ESTL has the 

capabi 1  i t y  o f  v e r i f y i n g  the RF l i n k  and the SAIL has the c a p a b i l i t y  of 

ve r i f y i ng  systems which i n te r face  w i t h  the GPC. 

2.6 Orb i ta l  F l  i q h t  Tests 

The o r b i t a l  f l i g h t  t e s t s  should serve simply as the f i n a l  sys- 

tem performance v e r i f i c a t i o n .  I f  the proper t e s t  planning has been exe- 

cuted through ea r l y  de ta i led  LRU and system in teg ra t i on  tes ts  as 

prev iously  described i n  t h i s  repor t ,  on ly  minimal problems w i  11 occur 

during t h i s  l a s t  t e s t  phase. The net  r e s u l t  o f  fo l low ing the aforemen- 

t ioned t e s t  squence i s  an STS/GPS system t h a t  has been tested i n  an 

expedit ious and cos t -e f fec t i  vs manner w i t h  a  minimum o f  dupl icat ion.  

2.7 Test Philosophy Conclusions 

Each LRU must be q u a l i f i e d  through very de ta i l ed  t e s t i n g  by 

each LRU subcontractor, thus prov id ing base1 i ne performance data and 

ensuring t h a t  the LRU speci f icat ions are met. Ear ly  problem detec t ion  

i s  c r i t i c a l  t o  a  successful program, espec ia l l y  when attempting t o  min- 

imize costs; so, a f t e r  the LRU's are tested, they must be in tegra ted  

and the in ter faces ve r i f i ed .  The contractor  i s  the l o g i c a l  choice fo r  

the task since one group and only  one group must be held responsible 

f o r  detect ing incompati b l e  in te r faces .  

The in tegrated LRU's must a lso be tested end-to-end t o  conf irm 

the system performance. The t e s t  f a c i l i t i e s  a t  NASA-JSC are the l o g i c a l  

choice due t o  t h e i r  special ized t e s t  equipment and because these f a c i l i -  

t i e s  w i l l  be used t o  support a l l  Orb i te r  missions. The con t rac to r ' s  

t e s t  f a c i l i t i e s  may be modif ied fo r  other  uses a t  some fu tu re  t inie and 

would be unable t o  support the Shut t le  program should problems ar ise .  



Both t e s t  laboratories a t  NASA-JSC, ESTL and SAIL have unique 

capabi li t i e s  which complement each other. By exp lo i t ing the strengths 
o f  both laboratories, NASA w i l l  be able t o  assure a minimum of system 

problems and thus avoid cost ly  overruns and delays. 

2.8 Specif ic STSIGPS Tests 

I n  the previous section, the STSIGPS t e s t  philosophy was 

developed. I n  t h i s  section, the STSIGPS t e s t  plan w i l l  be discussed; 
t h i s  w i l l  include the LRU tests, the inter face tests, the RF l i n k  tests 

and overal l  integrated systems tests.  With the STS/GPS system being a 

very long-range program, the tests covered i n  t h i s  section w i l l  be only 

those tests up t o  and including the integrated system tests  a t  NASA-JSC. 

As the program i s  further defined, a more detai led t e s t  plan may be 

developed covering those phases tha t  fo l low the NASA-JSC test ing. 

2.8.1 LRU Tests 

The LRU test ing phase s ta r ts  wi th the engineering model, con- 

t inues wi th  the prototypes and culminates wi th  the qua1 i f i c a t i o n  un i t ,  

which i s  tested t o  demonstrate tha t  the LRU design meets the overal l  

performance objectives. The subsequent f l i g h t  un i t s  are subjected t o  an 

acceptance t e s t  which i s  s im i la r  t o  but not as rigorous as the q u a l i f i -  

cat ion test .  The purpose o f  the acceptance t es t  i s  t o  demonstrate tha t  

the f l i g h t  un i t s  have been properly manufactured. 

This section w i l l  concentrate pr imar i ly  on discussing the 

qua l i f i ca t ion  tests since they represent the most comprehensive o f  the 

LRU tests.  A l l  other LRU test ing,  whether f o r  prototypes or  f l i g h t  uni ts,  

are essent ia l ly  selected segments of the qua l i f i ca t ion  t es t  procedures 

wi th less severe t es t  conditions. 

typ ica l  LRU qua l i f i ca t ion  t e s t  sequence i s  l i s t e d  as follows: 

Acceptance t e s t  (reference) or f u l  1 functional 

E lec t r ica l  power t es t  

EMC 

Ca b i  n atmosphere 

Post-cabi n atmosphere 1 i m i  ted functional t e s t  

Thermal cycle 

Post-thermal cycle 1 imi ted functional t e s t  
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Q u a l i f i c a t i o n  and f l i g h t  v i b r a t i o n  

Post-vi b ra t i on  l i m i t e d  func t ion  t e s t  

Accelerat ion 

Post-accelerat ion 1 im i  ted  func t iona l  t e s t  

Thermal vacuum 

Post-thermal vacuum 1 imi ted  funct ional t e s t  

L i f e  t e s t  

P o s t - l i f e  t e s t  l i m i t e d  funct ional  t e s t  

Shock 

F u l l  func t iona l  t e s t  

Leakage tes t .  

Table 1 more f u l l y  explains the nature o f  the t e s t s  l i s t e d  i n  the above 

LRU qual i f i c a t i o n  t e s t  sequence. Each LRU, o f  course, w i l l  have c e r t a i n  

spec i f i c  parameters t h a t  must be v e r i f i e d  dur ing acceptance and qual i- 

f i c a t i o n  test ing.  The remainder o f  t h i s  sect ion l i s t s  save t y p i c a l  

parameters t h a t  should be v e r i f i e d .  

2.8.2 Antenna Assembly LRU 

Typical antenna parameters t o  be v e r i f i e d  are l i s t e d  as 

fol lows: 

0 In ter faces 

0 Frequency range/bandwidth 

8 Gain 

0 VSWR 

0 Radiation pa t te rn  

0 Po lar iza t ion  

0 Axia l  r a t i o .  

2.8.3 Recei ver Preamp1 i f  i e r  Assembly LRU 

Typical rece iver  preamp1 i f i e r  parameters t o  be v e r i f i e d  are 

l i s t e d  as fol lows: 

0 E l e c t r i c a l  power cha rac te r i s t i cs  

0 Warm-up time 

0 Inter faces 

0 Input/output impedances 



Table 1. LRU Qua l i f i ca t i on  Test Purposes 

Acceptance Test (Reference) o r  F u l l  Functional : Provides 

basel i ne  camparati ve data. 

E l e c t r i c a l  Power Test: Selected funct ional  t es t s  are performed 

t o  assure t h a t  the LRU meets a1 1 performance requirements, 

inc lud ing  power consumption under high and low primary i n p u t  

power condi t ions . 

EMC: This t e s t  determines the electromagnetic campati b i  1 i ty o f  - 
the LRU . 

Cabin Atmosphere: The LRU i s  exposed t o  s a l t  fog and subse- 

quent ly exposed t o  humidity and thermal ly  cycled wh i le  selected 

funct ional  t es t s  are performed. 

L imi ted Functional Test: This t e s t  v e r i f i e s  the post-cabin - 
atmosphere LRU performance. 

Thermal Cycle Test: The LRU i s  cycled l i m i t - t o - l i m i t  10 times 

and selected func t iona l  t es t s  are conducted a t  high and low tem- 

perature extremes t o  v e r i f y  acceptable performance. 

L imi ted Functional Test: This t e s t  v e r i f i e s  the post-thermal 

cyc le  LRU performance. 

Vibrat ion:  The LRU i s  subjected t o  two d i f f e r e n t  v i b r a t i o n  tes ts  

i n  each of three orthogonal axes--qua1 i f  i c a t i o n  acceptance v i  bra- 

t i o n  t e s t  (QAVT) and f l i g h t  v ib ra t i on  tes t .  Selected func t iona l  

t es t s  are performed dur ing both v ib ra t i on  tes ts .  

L imi ted Functional Test: This t e s t  v e r i f i e s  post-v i  b ra t i on  LRU 

performance. 



Table 1 . LRU Qua1 i f  i c a t i o n  Test Purposes (Contd) 

10. Acceleration-. The LRU i s  subjected t o  accelerat ion i n  each o f  

three orthgonal axes. 

11. L imi ted Functional Test: This t e s t  v e r i f i e s  post-accelerat ion 

LRU performance. 

12. Thermal Vacuum Test: Selected func t iona l  t es t s  are conducted t o  

assure t h a t  the LRU meets a l l  performance requirements i n  a low- 

pressure, constant-temperature environment. 

13. L imi ted Functional Test: This t e s t  v e r i f i e s  post-thermal vacuum 

LRU performance. 

14. L i f e  Test: The LRU i s  subjected t o  a given number o f  on/off 

cycles. 

15. L imi ted Functional Test: This t e s t  v e r i f i e s  the p o s t - l i f e  t e s t  

LRU performance. 

16. Shock Test: With the u n i t  o f f ,  the LRU i s  shock-tested i n  each 

of three orthogonal axes (both d i rec t i ons ) .  

17. F u l l  Functional Test: By comparing t h i s  t e s t  w i t h  the f i r s t  

funct ional  t e s t  resu l ts ,  any performance degradation i s  detected. 

18. Leakage Test: Since some LRU's are pressurized i n t e r n a l l y ,  the 

leak r a t e  must be ve r i f i ed .  



Input/output p ro tec t ion  

VSWR 

RF output power 

Frequencies 

Bandwidth 

Gain 

Gain s t a b i l i t y  

Gain r i p p l e  

Dynamic range 

Noi se f i g u r e  

Inter ference re jec t ion .  

Power Div iders LRU 

Typical RF power d iv iders  parameters t o  be v e r i f i e d  are l i s t e d  

as fol lows: 

a Interfaces e Input/output impedances 

VSWR @ Inser t ion  loss 

Port- to-port i s o l a t i o n  e Frequency range 

Amp1 i tude i vba l  ance Phase imbalance 

2.8.5 Recei ver/Processor Assembly (R/PA) LRU 

Typical R/PA parameters t o  be v e r i f i e d  are l i s t e d  as follows: 

Interfaces 

Warm-up time 

@ VSWR 

Input  frequencies 

@ Doppler s h i f t  & r a t e  
Antenna select ion 

Acqu is i t ion  time 

Tracking threshold 

@ Osci 1 l a t o r  s tab i  1 i t y  

Interference r e j e c t  ion  

AGC 

@ BER 

BITE 

@ E l e c t r i c a l  power 
charac ter is t i cs  

Input/output p ro tec t ion  

Input/output impedance 
Noise f i g u r e  

Frequency response 

Acqu is i t ion  ( C  t C/A codes) 

Sate1 l i t e  se lec t ion  

In- lock t rack ing  
Tracking phase e r r o r  

Received s ignal  t ransients 

Data demodulation 

Navigation data generation 

Pseudorange accuracy 

Delta pseudorange accuracy 

Data accuracy versus 
constant g load. 



2.9 In te r face  Tests 

I n  t h i s  phase, the i nd i v idua l  LRU's are in tegrated and a l l  

in te r faces  v e r i f i e d  f o r  c m p a t i  b i  1  i ty. These tes ts  would be performed 

a t  FSL, Rockwell, Downey, and t y p i c a l  t e s t s  would inc lude the fol lowing: 

GPC/R/PA data transmission checks 
--GPC e r r o r  t e s t i n g  
--R/PA e r r o r  t e s t i n g  
--Data bus noise t e s t i n g  

Power and t rans ien t  suscepti b i  1  i ty 

System i n i t i a l i z a t i o n  tes ts  

BITE tes ts  

Data furma t checkout 
--A1 1 av ionics in te r faces  

L imi ted R/PA funct ional  t es t s  
- -Conands 
--Moding, etc .  

L imi ted RF receiver  funct ions 
--RF input  hardwi red t o  preamp1 i f  i e r  
--Manual antenna management 

L imi ted navigat ion processor funct ions 
--Simple t r a j e c t o r y  program input  
--Min iwum Orbi t e r  dynamics o r  taped t r a j e c t o r y  segments. 

2.10 Integrated Systems Test 

I n  t h i s  phase, both the RF l i n k  performance and the system 

software are v e r i f i e d .  Because the ESTL and the SAlL have unique and 

complementary funct ions, i t  i s  p rac t i ca l  and cos t -e f fec t ive  t o  separate 

the in tegrated system tes ts  i n t o  the RF 1 i n k  per fornmce which w i  11 be 

v e r i f i e d  by the ESTL and the system software performance which w i  11 be 

v e r i f i e d  by the SAIL. 

The ESTL or  RF l i n k  performance tes ts  would inc lude the f o l -  

lowing tes ts  as a funct ion o f  PREC/NO, doppler sh i f t ,  C/A and P codes: 

e Threshold car r ie r - to -no ise  e Output s ignal  - to-noise 
r a t i o  r a t i o  

e BER Percent data loss 

False lock suscep t i b l i t y  o Tracking capabil i t y  

Receiver modes o Pseudorange and range 

e RF acqu is i t ion ,  inc lud ing  r a t e  accuracy 

acqu is i t i on  threshold, 0 Time t o  f i r s t  f i x  (TTFF) , 
acqu is i t i on  time, and determined from past t e s t  
acqu is i t i on  probabi l  i t y  analys is  o f  data 



The SAIL o r  software performance tes ts  would inc lude the 

fo l low ing tes ts :  

S a t e l l i t e  se lec t ion  a Antenna management 

Redundancy management 0 Ground cont ro l  

Crew overr ide c a p a b i l i t y  a System BITE and s e l f - t e s t  

Memory loads and dumps 0 Displays 

Time synchronizat ion a GPC s t a t e  a id ing  
Accuracy predic  :i on a GPSIGPC s t a t e  vector 

Navigation accuracy (C/A handof f 

and P codes a Time t o  f i r s t  f i x  (TTFF) 

Denial of accuracy (CIA and P codes) 

prev iously  stated, the purpose o f  the in tegra ted  system 

t e s t  i s  t o  ve r i f y  the end-to-end GPS/STS equipment performance and, f o r  

cost  and p rac t i ca l  reasons, these t e s t  should be d iv ided i n t o  the RF l i n k  

tes ts  performed by the ESTL and the software v e r i f i c a t i o n  performed by 

the SNL. The problem i s  t h a t  the ESTL does not  possess a GPC i n  order 

t o  perform real - t ime navigat ion so lu t ions  and the SAIL does not  possess 

the proper RF source t o  simulate the RF l i n k .  One so lu t i on  would be t o  

conduct j o i n t  ESTL/SAIL tests.  Unbr tunate ly ,  the coordinat ion and 

scheduling required t o  make such j o i n t  t e s t s  would be extremely d i f f i -  

c u l t ,  i f  no t  impossible, because each laboratory i s  heav i ly  committed t o  

other  Shut t le  programs already scheduled f o r  t es t .  This dilemn, i s  

easi l y  resolved i f  NASA purchases the proper ly  designed GPS sate1 1 i t e  

simulator.  

Figure 5 ou t l ines  the basic GPS s imulator  block diagram, and 

Table 2 discucses the minimum simulator requirements. The ESTL can per- 

form many i f  not a l l  o f  the RF tes ts  by accumulating RIPA data i n  r e a l  

time, but analyzing the data i n  nonreal time. With the proper RIPA out- 

put  data storage, the ESTL does not  requ i re  a GPC. Also, nondynamic 

s ignal  simulat ion i s  accomplished by manually var iab le  RF power outputs, 

doppler s h i f t s  and space losses. 

Even though the ESTL i s  v e r i f y i n g  the RF l i n k  performance i n  

great  de ta i  1, the SAIL s t i  11 needs an RF source t o  s t imulate the R/PA. 

I t may be argued t h a t  the SAIL could conduct tes ts  by i n j e c t i n g  d i g i t a l  

data i n t o  the R I P A  processor but,  i n  Axiomatix's opinion, t h f s  i s  no t  a 

sa t is fac tory  t e s t  method. TTFF and navigat ion accuracy measurements 
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Fir1lr-e 5. GPS Simulator  Block Diagram 



Table 2. GPS Simulator Requirements (Minimum) 

Simulation o f  f ou r  sate1 1 i tes simultaneously 

Stor ing o r  recording o f  R/PA output data i n  rea l  t ime 

Manually var iab le  s ignal  parameters f o r  a1 1 fou r  sate1 1 i tes 

Signal Parameters : 

Ll ,L2 c a r r i e r s  

@ L1 'Lp d i f f e r e n t i a l  propagation delay 

@ C I A 9  P codes inc lud ing  a l l  37 s a t e l l i t e  i d e n t i f i c a t i o n  
numbers ( ID 'S )  

Vari b le  doppler s h i f t s  

0 Variable space-loss simulator 

Navigation message 

User dynamics may want t o  be simulated. 



should be conducted w i t h  an RF st imulus because not  doing so leaves the 

R/PA vulnerable t o  hidden problems which w i l l  surface i n  the future. 

Also, i n  order t o  perform the TTFF and navigat ion accuracy measurements, 

the simulator must simulate a minimum o f  four  GPS s a t e l l i t e s  simultaneously. 

Since the SAIL requi res an RF source, i t  may be f u r t h e r  argued 

t h a t  the SAIL should conduct a l l  the RF tests.  As prev iouslq s tated i n  

t h i s  report ,  the ESTL possesses t e s t  equipment, exper t ise and the person- 

nel t o  conduct the RF t es t s  i n  a more cos t -e f fec t ive  manner than the 

SAIL, and NASA should e x p l o i t  the strengths o f  both laborator ies.  

2.11 Conclusions 

The basic philosophy developed i n  t h i s  repo r t  was t o  t e s t  the 

LRU's, the in tegrated GPS/STS equipment in te r faces  and the in tegrated 

system end-to-end performance as soon as possib le i n  the program sched- 

u le.  Ear ly  problem detec t ion  i s  c r i t i c a l  f o r  a p ro jec t  t o  avoid sched- 

u l e  delays and minimize costs. Obviously, system problems discovered 

l a t e  i n  a program's l i f e  have very 

I t  i s  recommended tha t  the de ta i l ed  LRU tes ts  be conducted by the 

respect ive LRU subcontractors. The in tegrated GPS/STS equipment i n t e r -  

faces should be v e r i f i e d  by one (and onl:, one) group, and the Shut t le  

contractor  i s  the l o g i c a l  choice. The in tegrated system end-to-end 

performance should be perfornied by the u l t i ~ ~ ~ a t e  Shut t le  user, NASA, 

because the Shut t le  i s  a mu1 tidecade program and NASA needs the capabi l- 

i t y  t o  resolve i n - f l i g h t  anomalies. I t  i s  fu r ther  reconmended tha t  the 

NASA-JSC tes ts  be separated i n t o  the RF l i n k  tes ts  conducted by th2 ESTL 

and the software v e r i f i c a t i o n  conducted by the SAIL. 



3.0 EFFECT OF TPS TILE ON SNR OF THE SHUTTLE/GPS SYSTEM 

3.1 -- In t roduc t ion  

It i s  recognized t h a t  a lossy TPS t i l e  which i s  inser ted  on top 

of a flush-mounted GPS antenna w i l l  both attenuate the s ignal  power and 

increase the system noise temperature. Since the t i l e  surface tempera- 

tu re  can be q u i t e  h igh (on the order o f  2000aF), i t  i s  important t o  have 

an exact expression f o r  evaluat ir ig the r e s u l t i n g  signal- to-noise r a t i o  

t ha t  i s  ava i lab le  a t  the GPS receiver  input.  The fo l l ow ing  paragraphs 

develop the expression f o r  s ignal  power-to- noise densi ty  r a t i o  f o r  the 

physical model which i s  shown i n  Figure 6. Furthermore, i t  i s  proved, 

as one would suspect, t h a t  t h i s  S/No i s  independent o f  the po in t  i n  the 

c i r c u i t  t h a t  i t  i s  referenced to. F ina l l y ,  a shor t  discussion i s  given 

which establ ishes tha t  the background, o r  sky noise, or, equivalent ly ,  

antenna noise temperature, i s  independent o f  the antenna po lar iza t ion .  

A general ized lnathenlatical nadel o f  the system i s  shown i n  

Figure 7 .  This model consists o f  s e r i a l  elenlents, each having an e f fec-  

t i v e  tcnlperature and an e f f e c t i v e  gain. The f i r s t  element i s  the sky 

noise observed by the antenna f i e l d  o f  view. The temperature o f  t h i s  

element i s  TA. u r  what i s  o f ten  re fe r red  t o  as the antenna temperature. 

This elenlent has w r i t y  gain, which i s  rmt t o  be confused w i t h  antenna 

gain. The uext element i s  the t i l e  loss slenient, which has an e f f e c t i v e  

temperature given by 

where TT I I- i s  the physical te~npet.i~t,ure of t i l e  (OK) 

t i l e  RF loss (LTII-I ? 1 ) .  The e f f e c t i v e  gain o f  the 

o f  thc loss ,  or GTILE = l/LTILr 

Notc that ,  i f  the t i l e  wct-e a coriventional 

and LTILE i s  the 

t i l e  i s  the inverse 

earth-based radonie, 

then TTI ; 290°K; how~ver, fat' t.he p o s t - b l a c k o ~ t  Use, TTILE 290°K. 

The next set- i ,~ l  e le~~ter l t  i s  the R T  c i t .cu i t  loss between the antenna anu 

t t i c ?  preanlpl i f i c r .  This i s  followed by the preanpl i f i e r ,  the RF c i r c u i t  

lass betweeri the yreanlpl i f  i e r  and the t-eceiver and, f i n a l l y ,  the receiver  

eleaent. The noise tenperature r t t f c twcud  t o  the input  o f  the f i r s t  





s e r i a l  element, t h a t  i s ,  a t  t he  ou t s i de  o f  t h e  t i l e ,  i s  g iven by 

The no ise  temperature a t  t he  ou tpu t  of t h e  f ~ r s t .  se r i es  e l e m ~ ~ ~ c  'i ' i s  e  
a1 t e r e d  by the  ga in  o f  t he  f i r s t  element, whicn :s u n i t y .  Thus, Te' = 

. Furthermore, t he  s igna l  power a t  the  ou tpu t  o f  t he  f i r s t  element i s  

C '  (Watts) .  The no ise  temperature a t  t he  output  o f  the  second element, 

i .e. ,  a t  the  i n p u t  t o  the  RF c i r c u i t ,  i s  s imply  Te' t imes the  ga in  o f  

the  second element, o r  

Likewise, t he  s i gna l  power a t  the  ou tpu t  o f  t he  second element i s  

so t h a t  the  s igna l - to -no ise  dens i t y  r a t i o  a t  t h i s  p o i n t  i s  g iven by 

Th is  i s  seen t o  be the  same S I N o  as a t  the i n p u t  t o  the  second element. 

I t  can be shown i n  a  s i m i l a r  manner t h a t  the  s igna l - to -no ise  dens i t y  

r a t i o  i s  the same f o r  any p n i n t  i n  t.he s e r i a l  c i r c u i t  as long  as no ise  

temperature and s igna l  power a re  both c o r r e c t l y  referenced t o  t h i s  same 

po in t .  Thus, the  s igna l - to -no ise  dens i t y  r a t i o  can be w r i t t e n  as 



where C' i s  the s ignal  power t h a t  would appear a t  the antenna output 

terminals wi thout  the t i l e  i n  f r o n t  o f  the antenna. 

3 . 3  Discussion of Sky Noise Versus Antenna Po lar iza t ion  

There sometimes e x i s t s  some confusion over the concept o f  an 

e f fec t i ve  sky temperature which i s  p r i m a r i l y  due t o  the d i s t r i b u t i o n  o f  

energy. There are three v ib ra t i ona l  modes f o r  the r a d i a t i n g  molecules: 

one f o r  each o f  the  three v ib ra t i ona l  orthogonal axis,  each o f  which has 

an RMS thermal energy l eve l  o f  1/2 kT, f o r  a  t o t a l  energy o f  3/2 kT. 

The f a c t  t ha t  a  microwave receiver  detects l i n e a r  po la r i za t i on  impl ies 

t h a t  on ly  one t h i r d  o f  the  t o t a l  energy (1/2 kT) i s  measured. However, 

by d e f i n i t i o n ,  the e f f e c t i v e  sky temperature i s  s t i l l  T s ince i t  i s  

re la ted  by Bol tzmann' s  constant and therefore, when considering the i npu t  

noise cont r ibu t ion ,  the sky temperature i s  no t  a l t e red  by po la r i za t i on  

o r i en ta t i on  considerations. 

Equivalent ly,  s ince l i n e a r  po la r i za t i on  can be decomposed i n t o  

equal le f t -hand and r ight-hand c i r c u l a r  po la r i za t i on  (LHCP and RHCP) com- 

ponents, the v ib ra t i ona l  modes can a lso be t reated as sources o f  c i r c u l a r  

po la r iza t ion .  A c i r c u l a r l y  po la r ized receiver  w i l l  receive e i t h e r  the 

LHCP o r  RHCP components from both o f  the two l i n e a r  orthogonal po la r iza-  

t ions,  f o r  a  t o t a l  received energy of 1 /2  kT, so tha t  again the sky 

temperature i s  independent o f  the type o f  po la r iza t ion .  



4.0 SHUTTLE GPS ANTENNA PHASE SLOPE SPECIFICATION 

As the Shut t la  maneuvers, i.e., pi tches o r  r o l l s ,  the 

l ine-o f -s igh t  (LOS) s ignal  path between the Orb i te r  and the GPS s a t e l l i t e  

i s  viewed v i a  a d i f f e r e n t  Shuttle/GPS antenna aspect angle. I n  general, 

the phase s h i f t  which an RF c a r r i e r  experiences when "passing through" 

o r  being received by an antenna var ies as a funct ion o f  the antenna 

aspect angle. Thus, Shut t le  maneuvers introduce a c a r r i e r  phase modula- 

t i o n  on the GPS signal.  It i s  necessary t h a t  tbn GPS rece iver  s u f f e r  

minimal degradation as a r e s u l t  o f  t h i s  phase modulation. One approach 

t o  guaranteeing minimal degradation i s  t o  cont ro l  the phase slope o f  the 

Shut t le  GPS antenna. A t y p i c a l  antenna phase slope cha rac te r i s t i c  i s  

depicted i n  Figure 8. The analyses which fo l l ow  es tab l ish  the requi re-  

ment t ha t  the maximum phase slope o f  the Shut t le  GPS antenna be no greater  

than 20" e l e c t r i c a l  per mechanical degree. Discussion w i t h  the Rockwell 

Shut t le  antenna engineers ind icates tha t  t h i s  cons t ra in t  i s  not  a design 

d r i v e r  and should eas i l y  be met. 

4.1 Calculat ion o f  Tracking Error  Variances 

Since the t o t a l  loop phase e r r o r  w i l l  be small i f  the 

operat ing cor rec t ly ,  a l i nea r i zed  model o f  the phased-lock loop has been 

used. The closed-loop t rans fe r  funct ion,  when opt ima l ly  t rack ing  a f r e -  

quency of fset  no and ignor ing the i n i t i a l  random phase, i s  derived i n  [4] 

and i s  given by 

where WL i s  the double-sided loop bandwidth i n  Hz. 

Since the expected value of the t rack ing e r r o r  w i l l  be zer, i n  

a proper ly  designed loop, the 

sense, o r  

t rack ing e r r o r  i s  found i n  a mean-squared 

1 - ~ ( s )  1' ld(s) l 2  ds 
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F igure  8. I l l u s t r a t i o n  of Typical  Antenna Phase Slope 



where d(s) i s  the Laplace -ransform o f  d ( t )  and d ( t )  i s  the phase 

modulation due t o  doppler = not. Inse r t i on  o f  the loop t rans fe r  func- 

t i o n  defined i n  (6)  y i e l d s  a mean-squared t rack ing  e r r o r  dependent on 

frequency o f f s e t  and loop bandwidth, o r  

For a desired t rack ing  e r r o r  l ess  than 2' o r  an e r r o r  variance 

less  than 4O and a two-sided loop bandwidth o f  40 Hz, the acceptable f re-  

quency o f f s e t  no i s  bounded by t778.98O1s. 

4.2 Calculat ion o f  Tolerable Antenna Phase Slope 

By d e f i n i t i o n ,  the frequency o f f s e t  i s  the r a t e  o f  change o f  

the phase e ( t )  w i t h  respect t o  time, o r  

The 

r a t e  r ( t )  and 

maneuvering r a t e  o f  the Orb i te r  i s  a func t ion  o f  i t s  r o t  1 

p i t c h  r a t e  p ( t )  and i s  given by 

-rx = maneuver r a t e  = J ( q 1 )  + ( d t  ) 

Therefore, de/dm, the phase r a t e  o f  change due t o  p i t c h  and 

r o l l  maneuvers, i s  equal t o  

Maximum r o l l  and p i t c h  ra tes  i n  the Orb i te r  are 30°/s and 10°/s, respec- 

t i v e l y .  The worst case regarding add i t iona l  phase modulation due t o  

maneuvers i s  the barbecue mode, which i s  essent ia l  l y  f r e e - f a l l  condit ions, 

a t  the maximum r o l l  and p i t c h  i*ates. The scenario y i e l d s  a worst-case 

value o f  no = t178.98Ols and a corresponding GPS antenna phase slope of 

+24.63"/". 



4.3 Cal cul  at1 on of To1 erable St ope from Loop Steady-State Error 

Another approach t o  calculat ing the maximum a1 lowable antenna 
phase slope i s  t o  calculate the GPS receiver steady-state ca r r i e r  track- 

ing loop e r ro r  tha t  resu l ts  from the Shutt le nlaneuvers. We begin by 
assuming a perfect  in tegrator  second-order loop wi th  a one-sided loop 
noise bandwidth o f  BL 5 10 Hz (worst case) and 6 = 0.707. We w i l l  a l low 
the loop e r ro r  t o  be - < 4'. Once again, the maximum Shutt le 
maneuver r a te  i s  given by 

3 d t = ,/(ROLL RATE)' + (PITCH  RATE)^ = 32O/s 

and the maximum Shutt le maneuver acceleration i s  given by 

The antenna phase slope i s  defined as 

The steady-state e r ro r  f o r  the second-order loop i s  given by 

and the maximum phase slope i s  given by 

or SMAX - 23'1" f o r  the assumptions given. 



4.4 Conc 1 us i ons 

Both transient and steady-state analyses indicate a maximum 
allowable antenna phase s l o p  of 23'. A specification of bX 5 20' is 
recomnended. Thf s should be readily achievable from the Shuttle GPS 
antenna design being contemplated. 



5.0 SHUTTLE GPS JAMMING IMMUNITY 

The question has been asked: "Should the inherent jam 

protection o f  the Shutt le GPS receiverbe enhanced w i th  addi t ional  an t i -  

jam signal prccessi ng techniques?" 

The analysis tha t  fol lows concludes that  such an undertaking 

would not produce e f fec t i ve  resul ts.  

The antijam protect ion afforded by the propert ies o f  the P-code 

spread spectrum modulation i s  given by 

where R~~~~~ i s  the P code chipping ra te  (10 Mchips/s), BWpROCESS i s  the 

bandwidth of the receiver process ;o be jammed (assume code loop jamning 

wi th BW = 1 Hz), and S/NnIN i s  the minimm required signal-to-noise r a t i o  

( jn R w ~ ~ ~ ~ ~ ~ ~  ) f o r  receiver functioning (assume 20 dB). Based on (12) and 

the assumed parameter values, the ideal  o r  theoret ical  AJ margin i s  found 

t o  be 50 dB. 

The j a m r  has a great advantage o f  range. l 'his advantage i s  

given by 

R~~~ RANGE ADVANTAGE = 20 1oa k--- 

where RSAT i s  the l ine-of -s ight  range from the NAVSTAR s a t e l l i t e  tn the 

Shutt le (nominally, 10,000 mi les)  and RJAmER i s  the l ine-of-s ight  range 

from the jammer t o  the Shutt le (assume 200 miles). Thus, the jammer 

range advantage i s  approximately 34 dB. The required jamner power o r  

EIRP t o  jam the Shutt7e GPS i s  thus given by 

JAMMER E I R P  = SAT E IRP  + AJ - RANGE ADVANTAGE (14) 

= 24 dBW + 50 dB - 34 dB 

= 40 dBW (naninal ) 

I f  we assume a jamner antenna o f  "nominally" three f t  i n  diam- 

eter  (21 dB gain) and a comnercially avai lable of f - the-shel f  HPA o f  1 kW, 

we see that  the nominal jammer E I R P  o f  50 dBW i s  approximately 10 dB 



greater than tha t  required t o  jam the Shutt le GPS receiver. Furthermore, 

m i l i t a r y  HPA's of much greater power capabi l i ty  are available. Thus, i t  

can be concluded that, if the jamner "sees" the Shutt le GPS omniantenna, 

he can "easi ly" jam the GPS signal. This would seem t o  preclude the use 

o f  a GPS antenna that  simultaneously views the earth and the NNSTAR. 

From Ff gure 9, i t  can be seen tha t  an antenna i n  the upper-mlddle TACAN 

s l o t  would be vulnerable t o  jamning since, when the Orbiter f s  i n  " level"  

f l i g h t  a t  approximately a 200-mile a l t i t ude ,  t h i s  antenna w i l l  view the 

earth. Furthermore, f f the Orbf t e r  deviates more that  approximately 20' 

from leve l  f l i g h t ,  the upper GPS antenna w i l l  a lso view the earth. 

Two possible approaches t o  providing increased AJ protect ion 

t o  the Shutt le GPS receiver are loop ra te  aid ing from the GPS and an 

electroni  c phased array, nu1 1-steeri  ng antenna. Figure 10 shows a block 

diagram o f  a code loop rate-aidin? scheme that  would allow the GPS R/PA t o  

continue code tracking and pseudorange measurements i n  a jamni r,g environ- 

ment. Prel iminary analysis indicates tha t  an improvement i n  AJ perfor- 

mance on the order o f  10 dB can be obtained by t h i s  technique. I n  l i g h t  

o f  the preceding discussion on jammer EIRP, i t  would seem that  t h i s  

approach i s  not t o  be recomnended f o r  t h i s  par t i cu la r  Shuttle/jamner 

scenario . 
An electronic phased array, nul l -steer ing antenna, o f  which a 

generic block diagram i s  shown i n  Figure 11 can provide addit ional 

jamning protection, Open l i t e r a t u r e  indicates that  a t  least  30 dB of 

addit ional A3 may be obtained by t h i s  technique. However, t h i s  technol- 

ogy requires very expensive and lengthy development efforts.* A1 so, 

such an antenna would require substant ia l ly  more Orbi ter  "real estate" 

than i s  current ly avai lable.  * Thus, nu1 1 -steerf ng , phased-array antennas 

do not appear t o  be a viable al ternat ive.  

The conclusion i s  reached that, f o r  t h i s  phase of the Shutt le 

GPS development progrm, no addi t iona l  techniques should be explored f o r  

enhanced AJ capabi 1 i ty.  

* 
Based on Coll  ins  GDM program experience. 









6.0 SHUTTLE GPS/AFJPO I C (  

As explained i n  a previous repo r t  [5),  because of the c r i t i c a l i t y  

o f  the  Shut t le  navigat ion funct ion and because GPS navigat ion e n t a i l s  

elements external t o  the Space Shut t le  Transportat ion System (STS), i t  

i s  necessary t o  es tab l i sh  an In te r face  Control Document (ICD) between 

the GPS system d d  the Shut t le .  Examples of the external  elements inc lude 

the NDS and ONS Space Vehicle Navigation Subsystems and the  PRN Navigation 

Assembly s ignal  charac ter is t i cs .  

Such an I C D  has been establ ished f o r  the conventional user 

system segment, which does not  inc lude the Space Shut t le  o r  any o ther  

space-borne users o f  GPS. This ICD, MH08-00002-400, Space Vehicle Nav- 

i ga t i on Subsystems and NTS PRN Navigation Assembly/User System Segment 

and Monitor Stat ion, i s  a v a l i d  s t a r t i n g  p o i n t  f o r  the GPS/Shuttle ICD.  

I t  alone, however, i s  not  s u f f i c i e n t  t o  guarantee the successful u t i l i -  

za t ion  o f  GPS by the Shutt le.  An example o f  one shortcoming i s  t h a t  

t h i s  I C D  spec i f ies  the GPS s ignal  power l eve l  a t  the ea r th ' s  suface but  

not a t  the o r b i t a l  a l t i t u d e s  a t  which the Shut t le  operates. The cur ren t  

ICD f o r  earth-bound users r e f l e c t s  the f a c t  t ha t  the GPS s a t e l l i t e  

antenna patterns are shaped t o  provide a maximum power densi ty  approxi- 

mately uni formly cver the ea r th ' s  surface, w i t h  rap id  f a l l  - o f f  beyond 

the edge o f  the earth. :he Shuttle/GPS ICD must speci fy  the equivalent 

"po in t ing  loss"  f o r  several Shut t le  o r b i t a l  a1 t i t udes  o r  must spec i fy  

the E f fec t i ve  I so t rop i c  Radiated Power (EIRP) versus angle of the 

s a t e l l  i t e /ea r th  center1 ine. 

A f i r s t  d r a f t  o f  a candidate ICD follows i n  Appendix A. 
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1. SCOPE 

1.1 Scope. This Interface Control Document (ICD) eetabliohes the design 
and control of the NAVSTAR Global Positioning System (GPS), Space Vehicles' Navi- 
gatim subsystem, and PRN Navigation Assembly interfaces with the Space Shuttle 
Orbiter (SSO) GPS Receiver/Navigation Processor System. The intent of this ICD 
is to ensure operational compatibility of the interfacing segments by documenting 
those interfaces required to achieve the Space Shuttle Mission Navigation objectives. 

1.2 Key Dates. The following dates reflect the major milestones for which 
the system achieves operational capability: 

Item - Date - 
NAVSTAR Launches TBS 

Initial Operational Capability (IOC) TBS 

Full Operational Capability (FOC) TPS 

1.3 --- ICD Approval and $?hanges. Interface responsibilities are defined in 
terms of Johnson Spat ~cni&r (JSC) and NAVSTAR GPS Joint Program Office (GPSIJPO- 
SAMSO/YE) responsibi li . ,.8.x~q. The portion of the interface identified as the SSO 
is the responsibility UI. JSC. The portion identified as the NAVSTAR GPS Space 
Segment and Ground Control Segernen~ is the responsibility of the GPS JPO. Design 
requirements and yaramecers in this ICD are subject to the bilateral control of 
JSC and GPS JPO. 
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2. APPLICABLE DOCUMENTS 

2.1 Governmant Documr.ts. The fol lowing documents of the ioeue .pacified con t r ibu te  
t o  the  d e f i n i t i o n  of t h e  NDS Space Vehicle (SV) NAV Subryetern and NTS PRN Navigation 
Assembly/SSO GPS 'Receiver/Proceeeor i n t e r f a c e  and form a p a r t  of t h i s  ICD t o  t h e  e x t e n t  

'pecif  l e d  he re in .  

SPECIFICATIONS 

Federal  -- 
None 

M i l i t a r y  

None 

Other Government Ac t iv i ty  

SS-GPS-101B System Spec i f i ca t ion  f o r  t h e  NAVSTAR 
15 Apr 1974 Global Pos i t ion ing  System, Phaae I; 

including Appendix I, Appendix 11, 
SCN I, SCN I1 

SS-SVS-1O1A 
20 June 1974 

SS-CS-101B 
30 September 1974 

System Segment Spec i f i ca t ion  f o r  t h e  
Space Vehicle System Segme~t  of the  
NAVSTAR Global Pos i t ion ing  System, 
Phase I 

System Segment Spec i f i ca t ion  f o r  t h e  
User System Segment f o r  the  NAVSTAR 
Global Pos i t ion ing  System, Phase I 

System S~gment Spec i f i ca t ion  f o r  t h e  
Control Systcm Segment of t h e  NAVSTAR 
Global Pos i t ion ing  System, Phase I 

2.2 Nan-Governement Documents. The following documents of t h e  i s s u e  s p e c i f i e d  
con t r ibu te  t o  t h e  d e f i n i t i o n  of the  M)S Space Vehicle NAV Subsystem and NTS PRN Navigation 
Assembly/SSO CPS Receiver/Processor i n t e r f a c e  and form a p a r t  of t h i s  I C D  t o  t h e  e x t e n t  

~ p e c i f i e d  here in .  

SPECIFICATIONS 

None 

OTHER PUBLICATIONS 
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3.1 In t r r faco  Dofinition. The NDS Navigation Subsystem and the PRN Navigation 
hsembly r h a l l  be compatible with the  SSO GPS Receiver /~roceseor .  

The Navigation Subryetom cons is t s  of the PRN Signal ksembly,  the 
Frequency Standard ksambly m d  the  Antenna Assembly. A functional flow diagram of the GPS 
systrm and i t r  in te r faces  ir  rhown i n  Figure 1. 

3 1 . 1  Navieetion Subrystem. T t l  space vehicle navigation syrtem s h a l l  provide 
continuour ea r th  covotage fo r  a navigational a ignal  comprirrd of both a clear/acquili i t lon 
(C/A) oignal and a procir ion (PI r igna l  on one L-Band ca r r io r  and a preciuion (P) r igna l  o r  
a (CIC' s igna l  on a socond L-Band ca r r i e r .  The navigation s igna l  s h r l l  be cowored of 
psoudo-random noi re  (PRN) ranging codo s igna ls .  Superimposed da ta  s h a l l  provide s a t e l l i t e  
r y r t o r  ti- fo r  acquis i t ion  aiding, the rpace vehicla  aohocnrridrr and clock correctlon. The 
navigation eignals  s h a l l  be ava i lab le  t o  the  SSO GPS ~ e c e i v e r / ~ r o c e s s o r  (see paragraph 
3.3.2.7). 

3.1.2 RF Charac ter i s t ics  PRN phase modulated s igna l s  s h a l l  be generated and radiated 
i n  two bands, L1 and L2. The ~1 c a r r i e r  component s h a l l  be bi-phase s h i f t  key (BPSK) 
modulated by reparate  PRN codes which contain the required navigation informrtion. One 
c a r r i e r  component s h a l l  be a ?recis ion (P) navigation s igna l ,  and the other  s h r l l  be a c l e a r  
acquisi t ion (C/A) s ignal .  The P and C I A  c a r r i e r  components s h a l l  be i n  phase quadrature and 
the i r  r e l a t i ve  RF power l eve l s  s h a l l  depend upon which of the two operating modes is 
u t i l i zed .  The L2 c a r r i e r  s igna l  s h a l l  be bi-phase modulated by the  samc P o r  C/A a ignals  
used t o  modulate L1, se lec tab le  by ground command. The L 1  and L2 c a r r i e r s  and a11 arodulatior 
r a t e s  s h a l l  be dorivod from a colrmon frequency source. (For operating mdee,  see  3.:.2.1.3), 

3.1.3 Baseband Character iet ics .  Charac ter i s t ic r  of the baeeband P and C I A  codeti s h a l l  
he as  follows with the frequency and t im tolerances being controlled by the SV frequency 
standard (see Paragraph 3.3.2.9) . 

Chipping Rate (Mbps) 
Code Repetit ion Period 
Data r a t e  (b i t s l s ec )  
Frame length ( b i t s )  

10.23 1 .023 
7 days 1 millisecond 
50 50 
1500 Same 

a .  PRN P Code. The PRN P code s h a l l  be a ranging code, XPi(t), of 7 days i n  length a t  
a chipping r a t e  of 10.23 Mbps. The code generation technique s h a l l  have the capabi l i ty  of - -  - 
genera tin^ a s e t  of 37 sequences of 7 days length. Each of the sequence. sha l l -be  mut\rolly 
cxclurive. The apace vehicle code generators s h a l l  be capable of generating a s e t  of 32 
sequenceo of 7 days length which s h a l l  be se lec tab le  p r io r  t o  launch. The remaining 5 
sequencer s h a l l  be reserved f o r  other  t ransmit ters .  The 7 day sequence a h a l l  be the 
modulo-2 sum of two subsequences ca l led  XI and X2. The X 1  sequence s h a l l  be 15,345,000 chipc 
(1.5 seconds) long. Tt X2 sequence s h a l l  be 15,345,037 chips long. The phases of the 37 
codes a r e  defined i n  Table I. 

b. PRN C I A  Code. The PRN C I A  code s h a l l  be a Cold code, XGl(t) of 1 millisecond i n  
length, a t  a chipping r a t e  of 1023 Kbpe. The epoch8 of the Gold codo r h a l l  be synchronized 
with the X 1  epoch- of the P code. The P and C / A  code re lec t ionr  a r e  shown in  a able I. 
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Table L Code Phase Se lec t ion  - 
F l r e t  

12 Chipr 
Oc ta l  

P 

Code 
Delay 
Chipr 

251 10 
252 11 
254 12 
255 13 
256 14 

F i r r t  
10 Chipr 
Oc tal 

C/A 

CPS 
PRN 

Signal  
No. 

Code Phare 
Se lec t ion  

b n u f  . 
P a r t  No. 

Telecom Sim. 
FSV-? 
NTS-2 
QTV 
FSV-8 
FSV- 1 
FSV-2 
FSV- 3 
FSV-4 
FSV-5 
FSV-6 (QTV Refurb) 

Engr. Model 
126170869 
126170861 
1261738G2 
1261708610 
1261 7O8C3 
126170864 
1261708CS 
1261708G6 
1261708G7 
1261708G8 

CDE- 1 
CDE-2 
CDE- 3 
GDE-4 
GDE-5 

Crnd Tranrmtr # 1  
Crnd Tranemtr I 2  
Crnd Transmt r 1 3  
Clnd Transmtt 14 
Crnd Transmtr 15 

Note: I n  the  o c t a l  no ta t ion  f o r  t h e  f i r s t  10 chipe of the  C/A code an shown i n  t h i s  column. 
the  f i r r t  d i g i t  (1) represent8  a "1" f o r  t h e  f i r s t  chip and t h e  l a s t  t h r e e   digit^ e r e  t h e  

- 
conventional o c t a l  r e p r e s e ~ t a t i o n  of t h e  remaining 9 chips .  (For example, t h e  f i r s t  10 
ch ip r  of the  C/A code f o r  YRN Signal  Arsambly No. 1 are :  1100100000) 
Legend: 0 is an "exclustve or" 

*Recognize C/A codes 34 and 37 a r e  common I 



. !?cnI Ink S y ~ ~ ~ n l  h t r l .  The triln~n11l.t  c8cl ~ y u t e m  d n t r ~  D ( t )  ~ h n l l ,  au u minimum, curry 
space veh ic le  ephemerides, system time, space v e h i c l e  c lock behavior d a t a ,  system s t a t u s  
messages, and C I A  t o  P s i g n a l  handover information.  The d a t a  s t ream D(t)  s h a l l  be common 
t o  both  the  P and C I A  s i g n a l s  on both  L1 and L2. The d a t a  frame format and content  s h a l l  
conform t o  t h e  requirements e s t a b l i s h e d  by paragraph 3.3.2 .lo. 

3.1.4 GPS T i m .  GPS time s h a l l  be  maintained by t h e  Control  Segment. The space 
veh ic les '  c locks  s h a l l  be set and t h e i r  time s h a l l  a l s o  be  maintained by t h e  Control  Segment 
v i a  primary upload of  t h e  Navigation Processor.  This  space v e h i c l e  time s h a l l  be  w i t h i n  
2-10 seconds (approximately 1 ms) of GPS time. Correct ions  t o  mainta in  t h i s  time should 
occur no more f requen t ly  than once p e r  y e a r ,  bu t  could occur weekly i f  t h e  frequency 
accuracy s p e c i f i e d  i n  Paragraph 3.3.2.9 cannot be maintained. 

GPS time spans one week (604, 800 secoi:ds). A t  t h e  e ~ d  of each week it r e s e t s  t o  zero.  
This weekly epoch occurs (approximately) a t  midnight Saturday night-Sunday morning, where 
midnight is def ined a s  0000 hours on t h e  Universal  Coordinated Time (UTC) s c a l e ,  which is  
referenced t o  t h e  Greenwich Meridian. Over t h e  years  GPS time may d i f f e r  from UTC (modulo 
one week) 3y e few seconds. This is because GPS time s h a l l  be a continuous t ime,  whi le  UTC 
is corrected wi th  l eap  seconds m c e  a year  (0000 hours ,  New Years Day) a s  required t o  keep 
i t  i n  s t e p  with the  sun. GPS t i m e  s h a l l  be known, however, t o  wi th in  100 microseconds of  
UTC. The d i f f e r e n c e  s h a l l  be maintained and published by t h e  Control  Segment. 

3.2 I n t e r f a c e  I d e n t i f i c a t i o n .  

3.2.1 Space Vehicle NAV Subsystem and NTS PRN Navigation Assembly/SSO GPS Receiver/  
Processor.  The SSO GPS ~ e c e i v e r / P r o c e s e o r  s h a l l  u t i l i z e  t h e  nav iga t ion  s i g n a l s  (L and 
L ) s p e c i f i e d  i n  paragraph 3.3.2.1 of  t h i s  TCD f o r  t h e  purpose of determining posi$ion,  

2 v e l o c i t y ,  and system time. Th i s  i n t e r f a c e  is noted as (A) and (B) on F igure  1. 

3.3 C r i t e r i a .  

3 . J . l  I n t e r f a c e  C r i t e r i a .  The NDS Navigation Subsystem and t h e  NTS PRN Navigation 
Assembly s h a l l  be compatible wi th  the SSO GPS Receiver /Processor .  The Navigatl-n Sub- 

system c o n s i s t s  of  t h e  PRN.Signa1 Assembly, t h e  Frequency Standard Assembly, and Antenna 
Assembly. 

3.3.2 I n t e r f a c e  Functions. An antenna d i p l e x e r  u n i t  i n  t h e  SV NAV subsystem s h a l l  
accept two separa te  phase-moduiated c a r r i e r  s i g n a l s  (L1 and L2), provide spectrum f i l t e r i n g  
t o  minimize out-of-band emissions,  and combine these  s i g n a l s  i n t o  a common p o r t  f o r  simul- 
t m e o u s  transmission t o  t h e  antenna. The SV antenna r a d i a t e s  t h c  s i g n a l s  which a r e  received 
by theSSO GPS ~ e c e i v e r / P r o c e s s o r .  

3.3.2.1 Radio Frequency C h a r a c t e r i s t i c s .  The RF nav iga t ion  s i g n a l s  r a d i a t e d  by t h e  SV 
s n a l l  be provided by a ?RN Assembly on t h e  NAV subsystem aboard each of t h e  SV's. The NAV 
subsystem s h a l l  provide t h e  use r  wi th  PRN LF s i g n a l s  i n  the  L1 and L2 frequency bands. 



3.3.2.1.1 RF Signal Structure. The PRN eignal shall hove modulated date conaieting of 
information that includee handover data, rpace vehicle aphemarider, clock correction, and 
procuvuor data upload v a r i  f Lcatlon. The two t y p c ~  of rignalr provided rhall be ae follow: 

a. A clear/acquiaicion (CIA) signal providedon L1. . On L1 band, the CIA 
signal may be substituted for the P signal, by ground command. 

b. Precision (P) signal for properly equipped users provided on both Ll and L2 bands. 

3,3.2.1.2 Navigation Data Update. SV navigation data required by the SSO -GPS Receiver, 
Processor shall be updated by the MCS through the ULS in a SGLS-compatible mode. These 
data shall be stored in the NAV memory/processor module. Storage capacity shall be providc 
in each memory/processor module. These data shall be transmitted to the SSO GPS Receiver/ 
Processor via the P and CIA signals at a data rate of 50 bps. 

3.3.2.1.3 Ovaretina Modes. The NAV eubeystem shall be capable of operating in the 
nine modes shown in Table 11. The modes are differentiated by the specific combinations of 
P and C/A eignals on L1 and L2. Normal mode for the P and CIA signals on L1 is -163 d& and 
-160 dBw, respectively. Normal mode for P and CIA on L2 is -166 dFJw. High p w e r  mode is 
-158 dBw (C/A). Standby means that no RF carrier is transmitted. Modes 7 and 8 are for 
ground checkout. (See 3.3.2.7.1 for details on the SSO GPS ~eceiver/~rocessor signal leveli 

Table 11. Operating Modes 

L1 Link L2 Link 

Mode P C / A  P C/A 

I Normal Normal Normal Note 4 
2 Normal Normal Note 4 Normal 
3 Normal High Nonaal Note 4 
4 Normal High Note 4 N o m d  
5 Normel Normal Note 3 Note 3 
6 Normal High Note 3 Note 3 
7 Note 3 Note 3 Normal Note 4 
8 Note 3 Note 3 Note 4 Normal 

Standby Note 3 Note 3 Note 3 Note 3 

Notes: 1. High power will be on the NDS space vehicle only. 
2 .  Mode control shall be effected through the TTLC system. 
3. No RF carrier is tranemitted. 
4. Modulation not ptesent. 

3.3.2.1.3.1 NTS-I1 Operating Modes. NTS-I1 ahall not be capable of tranemirting in 
modes 3, 4 end 6. 
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3.3.2.1.4 Frequency Plan. The c a r r i e r  f requencies  f o r  t h e  L l  and L2 s i h n a l e  s l i e l l  be 
clolicrently derived from t h e  (nominal) 10.23 klHz o s c i l l a t o r  frequency. To compensate f o r  
general  r e l a t i v i s t i c  e f f e c t s ,  the  a c t u a l  SV frequency s tandard frequency is 10.23 MHz o f f s e t  
I,y -4.45 x 10-10 Aflf o r  a Af of -4.55 r log3 Hz. This is equal t o  10.22999999545 MHz. The 
nominal c a r r i e r  f requencies  a re :  

L1 1575.42 MHz 
L2 = 1227.6 MHz 

The d e f i n i t i o n  of in-band channel a l l o c a t i o n  f o r  both t h e  L1 and L2 c a r r i e r s  s h a l l  be 
210.23 MHz about c e n t e r  frequency f o r  both  P and C/A s i g n a l s .  

3.3.2.1.5 Out-of-band Emissions. The sideband RF power o u t s i d e  of t h e  in-band channel 
a l l o c a t i o n  s h a l l  r e s u l t  i n  a f i e l d  s t r e n g t h  a t  the  user  such t h a t  the  f l u x  d e n s i t i e s  f o r  t h e  
L1 and L2 P s i g n a l s  s h a l l  not  exceed t h e  va lues  shown i n  Figures 2 and 3, r espec t ive ly .  

3.3.2.1.6 Signal  Coherence. A l l  t r ansmi t t ed  s i g n a l s  s h a l l  b e  coherent ly  derived from 
the same on-board frequency s tandard  and a l l  d i g i t a l  s i g n a l s  s h a l l  be clocked i n  coincidence 
with the  PRN t r a n s i t i o n s  f o r  t h e  P-signal and occur a t  t h e  P-signal t r a n s i t i o n  speed. The 
e f f e c t i v e  phase d i f f e r e n c e  between t h e  P and CIA s i g n a l s  on L1 s h a l l  be less than 5 nano- 
seconds (one sigma) dur ing a l l  operat ions .  

3.3.2.2 Code Waveform C h a r a c t e r i s t i c s .  

3.3.2.2.1 Pulse-to-Pulse J i t t e r .  Pulse-to-pulse j i t ter  is def ined as t h e  v a r i a t i o n  i n  
tlrc t r a n s i t i o n  t i m e  of  t h e  leading edge of any code chip.  The pulse-to-pulse j i t t e r  value 
droll h e  cons i s ten t  with the  c o r r e l a t i o n  l o s s  s p e c i f i e d  i n  paragraph 3.3.2.7.33. 

3.3.2.2.2 Inc iden ta l  AM. Inc iden ta l  AM on t h e  P and C/A s i g n a l s  s h a l l  be l e s s  than 
1 db. 

3.3.2.2.3 Delete (N/A) 

3.3.2.2.4 C a r r i e r  Phase Noise. The phase noise  s p e c t r a l  dens i ty  of the  unmodulated 
c a r r i e r  s h a l l  be such t h a t  a phase locked loop of 10 Hz one-sided no i se  bandwidth s h a l l  be 
ab le  t o  t r ack  t h e  c a r r i e r  t o  an accuracy or  0.1 radians  RMS. Tile t y p i c a l  t r ansxd t ted  c a r r i e l  
phase noise  s p e c t r a l  dens i ty  versus  frequency is given i n  Figure 4. 

3.3.2.3 Spurious Transmissions. In-band spur ious  t r ansmiss io~ ls  s h a l l  not  be g r e a t e r  
t l lm -40 dl) r e fe r red  to  CIIC unmodulated c a r r i e r  l e v e l .  

3.3.2.4 Equlpmcr~L (;roup Delay Variatlori. I:quipmcnt group delay v a r i a t i o n  is dcf ined 
:IS ~ t l c  u n c e r ~ a i n t y  i n  group dclay as observed a t  the  L-band r a d i a t e d  output  with respcct  t o  
tlrc I'requency stilnd;rrd o u ~ p u t .  The effccLivc group delay uncer ta in ty  of e i t h e r  L1 o r  L2 
S I I ~ I  I I iw less than 1. 5 nctnoswonds (one signla) . 
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3.3.2.4.1 & -L LP Diffgrential  Group Bray. The d i f f e r e n t i a l  group delay between 
the radiated L1 a n i  L$ P signals sha l l  be speci f ied as consist ing o f  random plus bias 
components. The mean d i f f e ren t i a l  delay shal l  be defined as the bias o f f se t  i n  the 
(L1 -L2)P d i f f e ren t i a l  delay. For a given Navigation Subsystem redundancy configuration , 
the mean delay shal l  not  exceed 15.0 nsec. The random var iat ions about the mean shal l  
not exceed 1.5 nsec (one-sigma). 

3.3.2.5 Timin Accurac . The codes w i l l  always be maintained by the Control Segment 
-s;rjL with in  976 microsecon s o system time f o r  each SV. I n  addition, the e f fec t i ve  time 

dif ference between space vehicle time and system time sha l l  be maintained w i th in  10 micro- 
seconds. Space vehicle time i s  defined as the mathematical combination o f  PRN code phase 
and the time asynchronization terms i n  the space vehicle almanac (Ref. para. 3.2.2.10.5.3). 

3.3.2.6 GPS Sate1 1 i t e  Antenna Polarizat ion. The transmitted GPS signals w i l l  be 
right-hand c i r cu la r l y  polarized. The maximum e l  1 i p t i c i t y  f o r  the L1 and L2 signals for  
the range o f  angles 4 , as defined by Figure 5, sha l l  be as given i n  Figure 6. 

Orbi t c r  Posi t ion 
%.. . 

GPS S a t e l l i t e  

Figure 5 .  Def in i t ion o f  Angle 4 For Speci f icat ion o f  GPS Signal E l l i p t i c i t y  

.I) (Dccjrec!.;) 

Figure 6. GPS Siqnal M a x i i ~ ~ u i ~ l  E l l i p t i c i t y  
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3.3.2.7 GPS Signal Levels a t  the Space Shut t le  

3.3.2.7.1 Minimum Inc ident  RF Flux Density 
t 

3.3.2.7.1 .I On-Orbit Minimum Inc ident  RF Flux Density 

L c 
When the Space Shu t t l e  Orb i te r  i s  i n  o r b i t ,  as represented by the  sample 

?' 
7' 

o r b i t s  l i s t e d  i n  Table 111, t he  i nc iden t  RF f l u x  densi ty  a t  the Orb i te r  s h a l l  
r no t  be less  than the values given i n  Table I V .  These values s h a l l  be v a l i d  

f o r  condi t ions when the angle between the l i n e  o f  s i g h t  (LOS) path between the 

Orb i te r  and the  GPS sa te l  1 i tes and the  path tangent t o  the ea r th ' s  surface from 

the  Orb i te r  i s  TBD degrees o r  more, as shown i n  Figure 7. 
i. 

Table 111. Sample Orb i te r  Orb i t s  f o r  Spec i f i ca t ion  o f  Minimum Flux Density 

Table I V .  Minimum GPS Inc ident  RF Signal Flux Density a t  Orb i te r  

.... -- .. 

Orb i t 
..- - . 

TBD 

- ?. 

- - - . - .  . - -  - - . - - --- 
2 M~I~~II IUII I  F lux  l ler is i  ty '1 t 0r'l)i tcr (dllw/M ) -1 

TI1 D TBII TBD TRD 
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LOS Pa th  t o  A- 
GPS Sat.c!llitc\ 

L ine Tangent t o  
Ear th 's  Surface 

Figure 7. Ceo~rletry f o r  Specify ing Minimum GPS RF Flux 
Density a t  Orb i te r  i n  O r b i t  

3.3.2.7.1.2 In-Atmosphere Minimum Inc ident  RF Flux Density 

When the Space Shu t t l e  i s  located i n  a l t i t u d e  ( r e l a t i v e  t o  sea 

l e v e l )  between 0 f e e t  and TBD feet ,  the 1aini111u111 inc ident  RF f l u x  densi ty  

a t  the Shut t le  sha l l  be as given i n  Figure 8. The LOS e levat ion  

anyle i s  dct'irlcd ds the ~ r l c ~ l c  bclwccr~ the loci11 h o r i z o r ~ t a l  and the LOS 

path fro111 the Shut t le  t o  the GPS s a t e l l i t e .  

TOD: Curves f l~r  1.1-1) 
1.1 - C / A  
L2-I' 
L2-C/A 

i- 
Elcvdt ior l  Ariylc d t  Shut t le  

Figure 8. Minilllulll Inc ident  Flux Density a t  Shut t le  
Loc,~ tcd i 11 tlto A l ~ ~ ~ o s ~ l l c l r c  
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3.3 .2 .7 .2  Point ing Loss Slope 

It i s  recognized t h a t  there ulay be Shut t le  missions outs ide the 

envelope described by Table 111. For these cases, the minimum inc iden t  

f l u x  densi ty  i s  given by the po in t i ng  loss s l o l ~ e  shown i n  F igure 9. 

The angle o i s  def ined i n  Figure 10. 

9 ,  Anqle  beyond Edge o f  Earth 

Figure 9. Poin t ing  Loss Slope f o r  GPS 7linirnurn Inc ident  
RF Signal F lux Density 

Figure 10. D e f i n i t i o n  o f  Arlglu f o r  Po in t ing  Loss Slope 
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3.3.2.7.3 L1 Navigation Signal. The primary navigat ion s ignal  a t  the L1 
frequency sha l l  cons is t  o f  the complete P and C/A s ignals i n  phase quadrature. 

These s ignals sha l l  a lso car ry  d i g i t a l  navigat ion data requi red by the user. 

a. The P-signal s h a l l  be a cont inuous-carr ier  biphase modulated by a 

10.23 Mbps PRN ranging code. Each SV sha l l  r ad ia te  on the same frequency, bu t  

be d i f f e r e n t i a t e d  by code-division-mult iplexing techniques. System data sha l l  

be t ransmit ted by Modulo-2 add i t i on  o f  a 50 bps d i g i t a l  stream w i t h  the ranging 

code p r i o r  t o  c a r r i e r  modulation. 

b. The C I A  s ignal sha l l  cons is t  o f  a PRNIBPSK c a r r i e r  w i t h  a chipping r a t e  

o f  1023 kbps. Navigation data s h a l l  be Modulo-2 added w i t h  thz  ranging code and 

sha l l  be i den t i ca l  t o  t h a t  ca r r i ed  on the P-signal. 

c. P and C I A  signals sha l l  be t ransmit ted on the same L1 c a r r i e r  i n  phase 

quadrature - +I00 m r  (peak) ; the r e l a t i o n s  between composite s ignal  phase and code 

states are shown i n  Table V. Crosstalk between the P and C I A  s ignals sha l l  be 

less  than -20 dB. The t o t a l  AM modulation on the t o t a l  composite c a r r i e r  obscrl~ed 

only  i n  the middle 50 nanosecond po r t i on  o f  each ch ip  sha l l  be less  than 1 dB. 

The nominal r i s e l f a l l  t ime o f  the RF modulated waveform sha l l  cont r ibu te  t o  the 

co r re la t i on  loss spec i f ied  i n  paragraph 3.3.2.7.34, 

d. Corre lat ion loss  i s  def ined as the d i f fe rence between the  radiated SV 

power i n  a 20.46 MHz bandwidth and the s ignal  power recovered i n  an idea l  20.46 MHz 

bandwidth co r re la t i on  receiver.  The co r re la t i on  1 oss apportionment i s  as fo l lows:  

1. SV modulation imperfections 0.6 dB 

2. Ideal  UE receiver  waveform d i s t o r t i o n  0.4 dB 
(due t o  20.46 MHz f i  1 t e r )  
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Table V. Composite L1 Trurrmitted 
Signal Phaoe and Code S ta t e  Relationrhipr f o r  Normal Mode 

I Composite L1 Code S ta t e  . 
Signal Phara P 1 CIA 

1 Note: Po r i t i ve  angles lead, negative angiro 
lag. I 

3.3.2.7.4 Ls Naviitation S i m l .  The recondary navigation ri-1 aenet8tion, modulation 
and data  of the L2 navigation r igna l  r h a l l  be i den t i ca l  t o  t ha t  of the L1 P and C/A r igna ls .  
Upon comnand e i t h e r  the P o r  C/A r igna l  r h a l l  be t r a n r r i t t e d ,  but not both. 

3.3.2.8 Navigation Sienal Structure.  Thu P signal, P ( t ) ,  r h a l l b o a  continuo- 
sfnusoidal c a r r i a r ,  blphaeu modulated according t o  the Modulo-2 rum of a PN cod., %P(t), and 
P synchronous data  b i t  stream D(t). Fig. 11 depic t r  a r implif ied block diagram of the 
combined P and C/A r i gna l  generation 8Cheme. The chipping r a t e  of XP(t) r h a l l  be 10.23 pibps 
XPi(t) s h a l l  be generated by the Modulo-2 sum of two PN coder, X l ( t ) ,  and X2 (t+niT), where 
T equals the period of one P-code chip o r  (1.023 x lo7)-l  rec.  The ram bas ic  XP(t) code 
generator mhall be w e d  with each ascigned one of the 32 possible XP(t) unique code phares 
fo r  the SV'r. Five addi t ional  code phases w i l l  be reserved f o r  other  t ranrmi t te r r  . 
(see Table I). 

3.3.2.8.1 P-Code Generation. The P channel mhall have a chip r a t e  of 10.23 a p s .  The 
P d i g i t a l  rtream is the Modulo-2 sum of the data  b i t  strewn clocked a t  50 bps, and two 
extendbd pa t te rns  clocked a t  10.23 MHz (X1 and X2). X 1  i t s e l f  i r  generated by the Modulo-2 
sum of the output of two 12-stage r eg i s t e r s  (XlA and X1B) shor t  cycled t o  4092 and 4093 
chipm rerpectively. When the X1A shor t  cyclea a re  counted t o  3750, both the X1A and X2A a r e  
re re t  and the X 1  epoch is generated. The X 1  epoch occurr each 1.5 recondr, a f t e r  15,345,000 
chips of the X 1  pat tern.  The polynomials f o r  X1A and X1B a s  referenced t o  the  r h i f t  
reg is te r  input are:  

A aample of the relat ionship between r h i f t  r e g i s t e r  tape and the  exponentr of the corres- 
ponding polynomial referenced t o  the r h i f t  r e g i s t e r  input a r e  ohown i n  F igurer l2 ,  13, 14, 
and 15. 

Following the X 1  epoch the f i r s t  twelve chips of X1A contained i n  r tager  1 through 12 ( l e f t  
to r i gh t )  a r e  000100100100. The l a s t  three chips 001 of the 4095 requence corresponding t o  
t h i s  polynomial a r e  omitted i n  shortening the sequence. The f i r s t  twelve chipr of X ~ B  
contained i n  s tages 1 through 1 2  ( l e f t  t o  r i gh t )  a r e  001010101010. The l a s t  two chips of 
the 4095 sequence corresponding t o  t h i s  polynomial, 01, a r e  omitted i n  rhortening the 
sequence. 

SCALE HEV  SHEET 22 or 
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Figure 13. X 1B Shift Register Generator Configuration 
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Figure 14. X U Shift Register Canerator Configuration 
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Figure 15 .  X 28 Shift  Register Generator Configuration 
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A t  the  occurence of each epoch, X1A and X1B each begin a t  the  f i r s t  chip of t h e i r  respect ive 
sequences. Shortly before X1A completes the  3750th ( l a s t )  cycle  of each 1.5 second epoch 
in t e rva l ,  X l B  completes i ts  3749th cycle. Thereupon, X l B  is etopped, a t  t h e  f i n a l  chip of 
i ts  cycle,  u n t i l  X U  completes i t s  cycle,  whereupon both begin a new epoch a t  the f i r s t  chip 

.of t h e i r  respect ive sequences. 

X2 is s imi la r ly  generated by the  Modulo-2 sum of t he  output of two 12-stage r e g i s t e r s  
(X2A and X2B) short-cycled t o  4092 chips and 4093 chips respect ively.  The polynomials f o r  
X2A and X2B a s  referenced t o  the  s h i f t  r e g i s t e r  input a r e :  

The f i r e t  twelve chip8 of X2A i n  etagee 1 through 12 ( l e f t  t o  r i gh t )  a r e  101001001001. The 
last three  chips,  100, of t he  4095 sequence corresponding t o  t h i s  polynomial, a r e  omitted i n  
shortening the sequence. The f i r e t  twelve chips of X2B i n  etagee 1 through 12 ( l e f t  t o  
r i gh t )  a r e  001010101010. The l a s t  two chips of the  4095 sequence, 01, a r e  omitted i n  
shortening the  sequence. A t  the  beginning of each l-week in t e rva l ,  a l l  four  12-stage coders 
begin t h e i r  sequences together.  Thereaf ter ,  each time tha t  X2A is it its 3750th cyc le ,  when 
X2B completes i ts 3749th cycle ,  X2B is stopped u n t i l  X U  completes its 3750th cycle.  Then 
both X2A and X2B remain i n  t h e i r  f i n a l  s t a t e  fo r  33 more of the  10.23 MHz pulses,  and then 
both begin a t  the  f i r s t  chip of t h e i r  respect ive sequences. The period of X2 is accordingly, 
15,345,037 chips.  During the  l a s t  cycle of X1A of a one-week in t e rva l ,  each of XlB, X2A and 
X2B are  ha l ted  upon reaching the l a s t  chip of t h e i r  respect ive sequences u n t i l  X U  completes 
i ts  cycle  and a l l  four r e g i s t e r s  begin t h e i r  sequences together.  The X2 sequence is  delayed 
by a selected in teger  number of chips,  i, ranging from 1 t o  32 and then is added Modulo-2 t o  
the X 1  eequence t o  produce XPi(t). The spacecraf t  P-code mechanization is shown i n  
Figure 16. (The End-of-week e igna l  occurs 400 usec before the Start-of-week e igna l  .) 
Signal component timing is shown i n  Figure 17. The P-code reset timing and the  f i n a l  code 
vector e t a t e s  a r e  shown i n  Tables V I  and VII, respec t ive ly .  

3.3.2.8.1.1 Z Count. The Z-count is defined a s  the  19 b i t  binary number t h a t  is equal 
t o  the number of X 1  epochs t h a t  have occurred s ince  the end of the previous week. The range 
of the  Z-count is from 0 t o  403,199. The epoch tha t  is coincident with the  a t a r t  of the  
present week is defined a s  t he  zero s t a t e  of the  Z-counter. The r e l a t i o n  between ac tua l  
Z-count and the  Z-count message i n  the HOW is shown i n  Figure 18. 

3.3.2.8.2 C/A Code Generation. The C/A channel has a c h i  , a te  of 1.023 Mbps. The 
CIA d i g i t a l  stream is  the  Modulo-2 sum of (1) the  da ta  b i t  s t r c  .E 50 bps (D), and (2) a 
1023 b i t  l i nea r  pa t te rn  of 1.023 Mbps (XGi(t)). Epochs of t he  b Ae and the  t r a n s i t i o n s  of 
D are  aligned with the  X 1  epochs of the P code. The code is i r s e l f  the  Modulo-2 sum of two 
1023 b i t  l inear  pa t te rns  G 1  and G2i generated by 73 s tage  s h i f t  r e g i s t e r s  having the 
following polynomials a s  referenced to  the s h i f t  r eg i s t e r  input (See Figures 19 and 20) : 

GZi phases a r e  chosen by the  phase s e l ec to r  which is the Modulo-2 sum of the  contents of a 
pa i r  of s tages .  The code phases and f i r s t  ten chips of the  C I A  code a r e  shown i n  Table I. 
The C I A  code mechanization is  shown i n  Figure 21. C/A s i gna l  timing is  shown i n  Figure 22. 
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Table V I .  P-Code Reset  Timing 
(Last 400 psec of  7 Day Period) 

Regis te r  And Count 

I *Last Chip of week 

Table V I I .  F inal  Code Vector S t a t e s  

Chip No. 
Vector S t a t e  

Chip No. 
Vector S t a t e  

1 SIZE 1 CODE IOENT NO 1 DRAWING NO 

Vector S t a t e  
f o r  1st Chip 
following Epoch 
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4092 

simultaneously with the epoch. 

s 
Note: First C h i p  i n  each sequence is output b i t  whose leading edge occurs 

001001001000 

4092 
100101010101 

409 3 
000100100100 I 001010101010 , 110010010010 

010101010100 

001010101010 

-- -- 

409 1 
111001001001 
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100100100101 
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000101010101 
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4 0 3 , i w  403,196 403,193 / 
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EQUIVALENT 
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+ 
HOW MESSAGE 
Z-COUNT DECIMAL 
EQUIVALENT 

2 ACCUMULATED 
SUBFRAME COUNT 

1. HOW Z-count = 17 most significant bits of 19 bit actual Z-count at the start of next subfrome. 
To convert from HOW Z-count to actual Z-count at the start of next subframe, multiply by four. 

2. Fint subframe stam synchronously with End/Start of week epoch. 

Figure 18. Time Line Relationship Between Actual 2-Count 
and HOW Message 2-Count 
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Figure 19.  G1 Shift Register Generator Configuration 
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CONDITlONS NUMBERS 

Figure 3 0 .  G2 Shift Kegieter Configuration 
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Figure . !2 .  C/A Signal and Data Component T i d n g  
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3 . 3 . 2 . 9  Frequency S ~ a n d a r d .  h i & r l ~ y  dc iu rd  Le f requcncy s t a n d a r d  s h a l l  be  provided  
a s  p a r t  o f  t h e  NAV subsystem a s  a  common s o u r c e  f o r  c o h e r e n t l y  d e r i v i n g  c a r r i e r  RF s i g n a l s  
and f o r  c l o c k i n g  of t h e  PRN g e n e r a t o r s .  The f r e q u e n c . ~  s h a l l  b e  a d j u s t a b l e  v i a  t h e  TThC i n  
s t e p s  no s m a l l e r  t han  4 x 10-12 Af/f o v e r  a  range  of +2 x 10-9 Af l f  around nominal.  The 
nominal o u t p u t  f requency  s h a l l  be  10.23 MHz.  (See paragraph  3.3.2.9 -2  f o r  e x a c t  f requency) .  

3.3.2.9.1 Frequency S tanda rd  D r i f t .  L inea r  f requency  d r i f t  s h a l l  n o t  excee? 1 x 10-12 
pe r  day a f t e r  24 hours  o f  cont inuous  o p e r a t i o n .  

3.3.2.9.2 Frequency Accuracy. The exacL ou tpu t  f requency  of  t h e  i requency s t a n d a r d  
ad ue t ed  f o r  r e l a t i v i s t i c  e f f e c t s  s h a l l  b e  10.22999999545 MHz p l u s  o r  minus 3.725 p a r t s  i n  d 1 0  a s  main ta ined  by t h e  C o n t r o l  Segment through t h e  AFSCF. 

3.3.2.10 S i g n a l  Data.  The s i g n a l  d a t a  s h a l l  a l l ow  t h e  u s e r  t o  n a v i g a t e  a u c c e s s t u l l y  
w i th  t h e  CPS. As a minimum, t h e  s i g n a l  d a t a  s h a l l  c a r r y  space  v e h i c l e  ephemerides,  sys tem 
t ime,  apace v e h i c l a  c l o c k  behav io r  d a t a ,  t r a n s m i t t e r  etaturr  i n fo rma t ion ,  and C I A  t o  P 
s i ~ n a l  handover i n fo rma t ion .  The d a t a  e t ream,  D ( t ) ,  s h a l l  be common t o  bo th  t h e  P and C / A  
s i g n a l  on bo th  L1 and L2. 

3.3.2.10.1 Data Rate  and Fonnat.  The d a t a  s h a l l  be non-return t o  z e r o ,  a t  50 bps .  
The d a t a  format  is  as shown i n  F igure  23. The complete  d a t a  message s h a l l  be c a l l e d  a  
frame. Th* frame s h a l l  have a  l e n g t h  of  1500 b i t s .  Each franc s h a l l  b e  made up of f i v e  
subframes,  each  subframe be ing  300 b i t s  long .  Each subframe s h a l l  c o n s i s t  of 10  words,  each  
30 b i t s  l ong ;  MSB of  a l l  words t r a n s m i t t e d  f i r s t .  

3.3.2.10.2 Data Frame Contents .  Each d z t a  frame s h a l l  c o n t a i n  t e l eme t ry  words (TW) , 
handover words  (HOW), bo th  gene ra t ed  by t h e  SV and d a t a  b locks  genera ted  by t h e  C S .  There 
s h a l l  be no more t han  8 d a t a  b locks .  The d a t a  b locks  a r e  d i s t r i b u t e d  w i t h i n  t h e  subframes 
a s  s p e c i f i e d  i n  paragraph  3.3.2.10.5. The c o n t e n t s  of t h e  TLM and HOW words and t h e  d a t a  
b lock# a r e  d i s c u s s e d  i n  t h e  fo l lowing  subparagraphs .  Two o p t i o n s  nay e x i s t  r e g a r d i n g  
p a r i t y ,  1 . e .  Option (1) t h e  SV g e n e r a t e s  ( z a l c u l a t e s j  p a r i t y  f o r  t hn  TLM/HOW words o n l y  and 
t h e  CS g e n e r a t e s  p a r i t y  f o r  t h e  d a t a  words,  and Option ( 2 )  t h e  SV g e n e r a t e s  a l l  p a r i t y .  

Each subframe s h s l l  c o n t a i n  a  TLM word and a HOW word and s h a l l  s t a r t  ~ 7 1 t h  t h e  TLMIHOW p a i r .  
The TLM word s h a l i  be t r a n s m i t t e d  f i r s t ,  3-nunediately fo l lowed by t h e  HOW. The l a t t e r  is 
fol lowed by t h e  d a t a  b locks  (See F igu re  2 3 ) .  Thus, a  TLMIHOW p a i r  s h a l l  occu r  every  s i x  
seconds i n  t h e  d a t a  frame. 

3.3.2.10.3 Telemetry Word (TLM). Each TLM word is  30 b i t s  iong ,  occu r s  every  s i x  
seconds i n  t h e  d a t a  frame and is  t h e  f i r s t  word i n  each subframe. The format  is a s  shown 
in Figure 2 4 .  B i t  1 i s  t r a n s m i t t e d  f i r s t .  Each T7Jl word s h a l l  beg in  w i t h  a  preamble 
fo l lowed by t h e  TLM message and 6 p a r i t y  b i t s .  N o t i f i c a t i o n  of  a  r o l l  momentum dump sha: l  
be provided by a r o l l  momentum dump f l a g  i n  t h e  HOW, a f i v e  b i t  f u n c t i o n  code and e i g h t  b i t s  
of  t h e  t r u n c a t e d  2-count con ta ined  i n  t h e  Z-count b u f f e r  of t h e  SV p r o c e s s o r  a t  t h e  i n i t i a l -  
i z a t i o n  of  t h e  r o l l  momentum dump. (See Figure 25) .  These e i g h t  b i t s  a r e  o b t r 4 n e d  a s  
fo l l ows :  Of t h e  19 b i t s  2-count ,  t h e  t h r e e  most s i g n i f i c a n t  b i t s  a r e  t r u n c a t e d  and t h e  
e i g h t  l e a s t  s i g n i f i c a n t  S i t s  a V p  t r u n c a t e d .  The remaining e i g h t  b i t s  are  xed i n t o  b i t  
p o s i t i o n s  15 through 2 2  o f  th: 'I'LM word (See F i g u r e  2 5 ) .  Of any ! ilmbei of  r o l l  momentum 
dumps, t h e  l a s t  one w i  l! be recorded .  A f t e r  a  mw entum dump has  talcen p l a c e ,  t h e  t r u n c a t e d  
Z-count f o r  t h e  momentum dump i s  ove r -wr i t t en  when any o t h e r  t e l eme t ry  r eques t  h . 3 ~  been 
processed .  The co r l t rn t s  o f  t h e  TLN message arc  shown i n  Table  V I I I .  
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p------ * TLM WORD 

SOLVED FOR BITS TO 
PRESERVE PARITY 
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TRAILlNG ZEROS 

. . . . , - . --- - ,. 

Synchronization Flag 
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C 
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BOW Word 
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Table VIII. TLM Message Contents 

I n d r t a r a l ~ t m l t t ~  00000 O(M000000 Cad o t  mammmlm block rmcmlvad. 

l n d e t m r a l ~ t m  T ~ m o u t  00000 111111111 Thlm rrmmam w i l l  be prmmant upon khr oceurmnco 
whi le  s -b l t a  Arm ~ o t  o f  primary o r  mltmrnmta upload t i w u t .  

Bmlny t r o n m l t t e d  Occur. only mftmr an upload data block. 

Indrtmralnmtm T i r o u t  00000 lllllllll ~ \ m  o f  theam r n r m l m m  w i l l  be p t u m t  upom t he  or 
u h l l e  S -b l t r  Arm occurmncm a f  e p r l w r y  o r  mlternmta upload 

-Inn Trmnmmltted OOUJO dr 111100100 I t ~ w u c .  Occurm on ly  mftmr mn upload d ~ t m  - . ~ .  - ~ - -  I ,0001 1 111100100 ! block. 

Symbol Er ror  1 11000 0000 9 (1  0 S U ~ A )  Thm 1llm8m1 pmttarn l m  trmnmmlctrd La tha 
I rl8htLomt 4 b i t #  o f  thm m ~ n l t ~ d m . * * *  

1 

S I n  Word ccurrmd l l l m ~ m l l v  I n  b l t  po~ l t l on  2 rhrouah 

! bdjuatmd - 
Word l ' m r l  t y  t : r ror t- 11010 Uord count o f4*  b d  p a r i t y  I n  1d:cmtmd word. Word count 

p a r i t y  e r ro r ;  r l l h t  mppllmm on ly  t o  uplsmd data block. 

- -.- -- ---. -- 
h r d  1 ‘wnt I I I 11r I l r m t  S occurrmd I n  b I t  pomlt lon 1 but  thm 

cuunt. r l # h t  rmmultmnt ~ r d  count umm i n  d lmm(raunt  w i t h  
adJumtrd w r d  counr hmrdmr. Pertmlnm t o  u p l o ~ d  data 

---- blockm only.  

Chechrum Crrc~r l g r c  mr chmckmua. Block unldmnclflmd. 
Applimm t o  upload doc. blockm only. 

-- 
Attempt t o  U r I t e  111 1l:lO OW (data b lock  Thlm I s  the on ly  mrror rmmm8m concmini8u the 
Prn t rc ted  Area o u b o r )  block n u b e r .  

Addtesm RmJeit 11101 00000 (po ln tc r )  Po in ter  +1 po in t#  t o  cu r ren t l y  mffoctlvm 
mddrrmm. Polntmr l m  mn i n t c l e r  from 0 t o  
1 5  l n c l r u l va .  

--- - 

rrddr*.. Accept 1 00010 ooooooooo 1 Addrmmm block i m  conmldmrmd t o  be block mero. 

a lo rk  ~ c c e p t  Olock m c c ~ p t  w i t h  no error.. 

Paamad 

A t t m p t  t o  Test 
Protrc tmd Paye ------ 
K*n h a p  

--.- - ---- 
Bootrtrmp RoutInr 
Her Exmcutmd ~ m a m a e  stmnda u n t i l  overu t l t tmn by any other 

--- 
R o l l  V o r n l u  h r p  01W0 0 (.?-Count. M s t  recent r o l l  momntua ~IDP ti- La 
b m  Urcur r rd  truncmrmd) recorded, w i t h  1 HSa and 8 LSD truncmtmd. 

1s t :  Neu block accept 
Stmtw 2nd: I lntrmnmit tmd prmvloum block a x - p t  

3rd: F l r a t  e r r o r  I n  b lock  

Notem 1.  P r l w r v  upload r t e t ua  mrrnr nnanmae I la lmd I n  the table.  l f  rmcmIv*d, lndlcmtma thmt mr:or 
cvyc* I l r l r~ l  r # r i l r r  I n  t h r  tab la  d l d  not occur. 

2 An rlcarnmcm uplord I-v the APSt'T ot anv o t l ~ a r  AYSCT coonand w l l l  rmmult I n  a P r i w r y  
l lplnnd .cat!~n r t  rttr Indlcatnd. I l rur l  l y  l h l a  mr r o r  Lndlcmtlun w i l l  hm for  l word pmrl tv 
r r r u r  l r t l t  n thvr  r r r o r  lndlcnt lunm. I r . rvmbnl e r ro r  par ley  e r ro r .  J I n  m r d ,  Uord (.onma 
t r r d r  a t~d Thm~.hsm d r ro r  m t ~  ~ ~ ) s m I h l ~  

* F u n ~ r l o n  code nnd mgn l t ude  apvrmr 18 mhnm for one subfrmw and arc  t h rn  eupermmdmd by func t lon  
rod. and m a ~ n l r u d r  tha t  u m i *  prevIoualy Frearnt.  

*Word count Ir m8n l t uJ8  f l e l d  l m  ac tua l  w r d  count nintra 1 (on*). 
* * * A  onm (1) I s  smt for each o f  the b symbol ronpunents tha t  l m  prmamt. 11 m l I  b b l t a  are 0 they 

w i l l  bm raporred ma a l l  1 's  vlm NAV b t m  T W .  
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3.3.2.10.4 Handover Word (HOW). The HOW s h a l l  be 30 b i t s  long and s h a l l  be t h e  
second word i n  each subframe Immediately fol lowing t h e  TLM word. A HOW occurs every s i x  
seconds i n  t h e  d a t a  frame. The format and content  of t h e  HOW s h a l l  be a s  shown i n  - 
Figure 24. The MSB is t ransmi t t ed  f i r s t .  The HOW begins wi th  the  upper-most s i g n i f i c a n t  
17 b i t s  of t h e  Z-count. These 17  b i t s  correspond t o  t h e  Z-count a t  t h e  X 1  epoch which 
occurs a t  the  start ( leading edge) of t h e  next following subframe. B i t  1 8  is reserved f o r  
the  r o l l  momentum dump f l a g  and b i t  19 f o r  a synchronization f l ag .  The r o l l  momentum dump 
f l a g  (a  "1" i n  b i t  18) i n d i c a t e s  t h a t  a r o l l  momentum dump has occurred s i n c e  t h e  l a s t  
upload. This f l a g  is r e s e t  a t  a new End-of-Message transmission a t  t h e  conclusion of t h e  
next upload. When b i t  19 is "O", t h e  SV is i n  synchronization.  Synchronization is def ined 
a s  t h e  condi t ion i n  which t h e  leading edge of t h e  TLM word is coincident  wi th  t h e  X 1  epoch. 
If b i t  19 is a "l", t h i s  cond i t ion  does not  e x i s t ,  i .e . ,  the  SV is  not  i n  synchronizat ion 
and f u r t h e r  d a t a  may be  erroneous.  B i t s  20 through 22 con ta in  t h e  Subframe I d e n t i f i c a t i o n .  
These th ree  b i t s  show which subframe i t  is wi th in  t h e  frame (See Table fX). 

Table IX. Subframe I d e n t i f i c a t i o n  

3.3.2.10.5 Data Block Contents. The contents  of t h e  d a t a  blocks a r e  descr ibed i n  t h e  
following subparagraphs. 

3.3.2.10.5.1 Data Block I. The content  of Data Block I s h a l l  be  t h e  SV clock correc-  
t i o n  parameters. These parameters s h a l l  be t h e  t h r e e  polynomial c o e f f i c i e n t s ,  ag ,  a 1  and 
a2,  the  L1-L2 cor rec t ion  term f o r  t h e  L1 only User, TGD, the  eigh: ionospheric c o r r e c t i o n  
p a r m e t e r s  ar, and &; n = 0 ,  1, 2 6 3; a reference GPS time s i n c e  weekly epoch, tOC, and t h e  
age of d a t a  (c lock) ,  AODC. The GPS weekly epoch s h a l l  occur a t  midnight Saturday n igh t  - 
Sunday morning ( see  paragraph 3.1.4). 

Sub f rame 

1 
2 
3 
4 
5 

The polynomial s h a l l  desc r ibe  the  SV PRN code piase  o f f e e t  referenced t o  t h e  phase cen te r  of 
t h e  antennae, Atsv with  respec t  t o  GPS system time, t ,  a t  t h e  time of d a t a  transmission.  
These c o e f f i c i e n t s  desc r ibe  t h e  o f f s e t  f o r  t h e  i n t e r v a l  o f  time (one hour as a minimum) i n  
which the  parameters a r e  t r ansmi t t ed .  The polynomial s h a l l  a l s o  desc r ibe  t h e  o f f s e t  f o r  an 
add i t iona l  one-half hour ( i . e . ,  one-half hour subsequent t o  t h e  beginning of transmiseion of 
the  next s e t  of c o e f f i c i e n t s )  t o  allow the  user  time t o  rece ive  t h e  message f o r  t h e  new 
i n t e r v a l  of time (one hour a s  a minimum). 

22 

1 
0 
1 
0 
1 

The age of da ta  word (AODC) s h a l l  provide t h e  user  wi th  a confidence l e v e l  i n  t h e  SV clock 
correct ion.  AODC represen t s  the  time d i f f e r e n c e  (age) between t h e  Data Block I reference 
time (to,) and t h e  time of the  l a s t  measurement update ( tL)  used t o  es t imate  t h e  cor rec t ion  
parameters. That i s ,  

21 

0 
1 
1 
0 
0 

? 1 B i t -  

AODC = to, -tL 

2 0 

0 
0 
0 
1 
1 

AODC s h a l l  ind{cate t h e  GPS time of week a t  which t h e  cor rec t ion  parameters were es t imated,  
t o  provide tha  User wi th  a confidence l e v e l  i n  t h e  SV clock cor rec t ion .  
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3.3.2.10.5.1.1 SSO GPS Receiver/Processor Algorithm for SV clock correction. The 
SSO GPS Receiver/Processor shall correct the time received from the SV with the equation 
(in seconds) 

t = tsV - AtSV (1) 

where 

Here 

a 

t .u CPS time (seconds) 

tSV- SV PRN code phase time at message transmission time (seconds) 

t .u Data Block I reference time (seconds) 
0 C 

0' al' a2 .u Data Block I parameters 

Note that equations 1 and 2 as written are coupled. While the coefficiente ao, a1 and a2 
are generated by using GPS time as indicated in equation 2, sensitivity oft to t is negli- sv ligible. This negligible sensitivity will allow the SSO GPS Receiver/Processor to approxi- 
mate t by tSV in equation (2). Since GPS time spans only one week, the value of t must 
account for beginning or end of week crossovers. That is, if the quantity t-to, is greater 
than 302400, subtract 604800 from t. If the quantity t-toc is less than -302400, add 
604800 to t. 

The parameters ao, a1 and a2 shall include all general relativistic effects of the SV clock 

The relativistic effects shall be included in the coefficients by the MCS as follows: 

where 

H -the vector of clock coefficients in Data Block I. 

Zt, N a vector of clock coefficients generated by using the clock model, 
excluding relativistic effects 

- a,-a vector of coefficients due to relativity, generated as follows: 

a = -4.443 x 
Or 

-e & sin E (t ) 
JX o c 

-10 sec 
a = -4.443 x 10 -- l r  e fi n cos E (tcc)l [l-e COG E (toC)] 

fiet= 
-10 sec 

a =2.2215x10 
2 .  ---e&n s m  E (toc)I[l-e cos E (toC)] 

2 
2 r \/me t<r- 

The orbit parameters used here are described in discussions for Ilata Block I1 
(paragraph 3.3.2.10.5.2). 
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These c o e f f i c i e n t s  a r e  s u f f i c i e n t l y  a c c u r a t e  t o  t h e  e x t e n t  t h a t  the  approximations given 
below a r e  val id :  

s i n  n (t- tOC) 1 n ( t - t  ) 
OC 

and 
L n cos  n ( t - t  ) = 1 - - (t-tot> 2 

OC 2 
For e = .02, and t-toc < 45 min. t h e s e  approximations p r o v i c ? ~  e r r o r s  less than .5 nano- 
second. Af te r  45 minutes t h e s e  e r r o r s  of approximation degrade as :  

t-tm e r r o r  - 

This form of c o r r e c t i o n  f o r  r e l a t i v i t y  does not  provide a g r a c e f u l  degradat ion t o  t h e  c lock 
cor rec t ion .  The use r  may achieve more g r a c e f u l  degradat ion i f  he s u b t r a c t s  the  vec to r  8, 
from the  c o e f f i c i e n t s  received i n  Data Block I and c o r r e c t s  t im  wi th  both  t h e  r e s u l t i n g  
polynomial and with t h e  o f f s e t  due t o  r e l a t i v i t y  given by, 

thus ,  

2 
AtSV = (ao - a o r  ) + (al - air) ( t - toC)  + (a2 - a2J  (t-tOc) + ~t~ 

3.3.2.10.5.1.2 Data Block I Format. Data Block I s h a l l  occupy t h e  t h i r d  through t e n t h  
30 b i t  words ( including p a r i t y )  of t h e  f i r s t  suhframe (see  Figure 2 3 .  The t h i r d  and f o u r t h  
30 b i t  words of the  f i r s t  subframe ( see  Figure 23) a r e  spa res .  The spa re  words s h a l l  
conta in  a simple b i t  p a t t e r n  i n  t h e  informat ion bear ing b i t s  ( i . e . ,  b i t s  1-24) and p a r i t y  
i n  the remaining 6 b i t s .  

The number of b i t s ,  t h e  s c a l e  f a c t o r  of t h e  l e a s t  sl.gnifican: b i t  (LSB) , which s h a l l  be the  
l a s t  b i t  received,  t h e  range and t h e  u n i t s  of the  parameters s h a l l  be as s p e c i f i e d  i n  
T a b l e x .  . 

3.3.2.10.5.2 Data Block 11. The content  of  Data Block 11 s h a l l  b e  t h e  ephemeris 
r ep resen ta t ion  parameters. These parameLers s h a l l  be an extension t o  Keplerian O r b i t a l  
Parameters desc r ib ing  t h e  o r b i t  dur ing the  i n t e r v a l  of time (nominally one hour) f o r  which 
the  parameters s h a l l  be t r ansmi t t ed .  They s h a l l  a l s o  desc r ibe  the  o r b i t  f o r  an a d d i t i o n a l  
one-half hour t o  al low the  use r  time t o  rece ive  the  message f o r  t h e  new i n t e r v a l  of time 
(one hour).  The d e f i n i t i o n s  of t h e  parameters a r e  given i n  Table X I .  

The age of d a t a  ward (AODE) s h a l l  provide t h e  user  with a confidence l e v e l  i n  the  ernphemeris 
r ep resen ta t ion  parameters. AODE represen t s  the  time d i f f e r e n c e  (age) between t h e  Iiata 
Black XI reference  time ( t o e )  and the  time of  the l a s t  measurement update ( t L )  used t o  
es t ima te  the  represen ta t  ion parameters.   the^ i s ,  
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Table X. Data Block 1 Parametars 

Spare 

Spare 

Q3 

00 

@l 

"2 

"3 

T~~ 
AODC 

No. of  Bits 

24 

21, 

A 

8 

8 

8 

8 

8 

8 

8 

8 

8 

16 

8 

16 

22 

Scnla Factor ~LSB) E%!e 

(!) indicates that sign b i t  nhall occupy the most s igni f icant  b i t  (EISD) 

MOTE: All binary numbers w i l l  be two's complement,. 

. . 

Units - - 
I 

Du conds 

wconds 

ooconds 

mconds 

s c o n d s  

so conds 

seconds 

coconda 

WJ conds 

so conds 

sc conds 

S O C / ~ C  2 

mc/mc 

wcondg 
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'HE TERMS OF ANY CONTRACT OR PURCHASE ORDER BE. 
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Table XI. Elements of Coordinate Syeteme 

3 
l 4  WGS 7: VALUE O F  1 HE EARTH'S UNIVEIIFAL P = 3 . 9 8 6 0 0 8 ~ 1 0  -- 

ICC GRAVATIONAL PARAMETER 
- 5  rad 

Qe = 7 9 5 1 4 7  10 5;; WGS 7? VALUE O F  THE EARTH'S ROTATION 
RATE 

SEMI-MAJOH AXIS 

COMPUTED MEAN MOTION 

t k = t  - 1  * 
0. 

n = n +An 
0 

Mk :Mo t nt 
k 

Mk = EZk - e sin E 
k 

cos v -= ( C O B  E - e )  / ( I - e  cos E ) 
k k k 

TIME FROM EPOCH 

CORRECTED MEAN MOTION 

MEAN ANOMALY 

KEPLERts  EQUATION FOR ECCENTRIC 
ANOMALY 

AhGUMENT O F  LATITUDE 

S u  = c sin 29 + c cos 2$ A r ~ u m e n t  of Latitude 
k u s  k uc k C o r r e c t ~ o n  1 

6 = c cos ?+k t C sin 1% Radius Correction 
k rc r s I PERT UREAT IONS 

= C. cos 2Pk + cis sin 2@k Correction to 
'ik IC Inclination 

1 

uk = <bk + a u k  CORRECTEDARGUMENTOFLATITUDE 

r k  = A (1 - e C O B  E ~ )  t a r  
k 

CORRECTED RADIUS 

i = io  t e i k  CORRECTED INCLINATION 
k 

X f  r: r cos u 
k 

POSITIONS IN ORBITAL PLANE 
y t  = r E J I I  u 
k k  k 

$ = a o  + ( h - b c ) t k  - h e  to, COR REC7 E D  LONGITUDE O F  ASCENDING NODE 

x = x '  c o r n  - y '  ro s  I 
k  k k  k  

x'  s i n 0  
Y k  k k + y: k k 

""Oh 1 EARTH FIXED COORDINATES C O U ~  

,:t i s  G I 5  ayslem t ime at f i n l r  of tranrmisoion, i e . ,  GPS time corrected for t ransi t  
I ~ I T , ~  franjie/rpeed of Irght) Furthermore,  tk rhall  be the actual total t ime difference 
l)c.tween the time t and the epoch time toe, and muot account for beginning o r  end of 
week crorsovers .  That i r ,  i f  t k  i s  grea te r  that. 302400, ouhtract 604800 from t k .  If 
t k  i s  less  than -302400, add 604800 to t, 
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3.3.2.10.5.2.1 SSO GPS R e c e i v e r / ~ r o c e s s o r  Algori thm f o r  SV Ephemeris d F f F f K ~ i ~ ~ \ T r  
S,SO GPS Recelver /Processor  s h a l l  compute t h e  e a r t h  f i x e d  c o o r d i n a t e s  of  p o s i t i o n  of  t h e  sV' 
antenna phase  c e n t e r  w i t h  a v a r i a t i o n  of t h e  equa t ions  shown i n  Table  X I .  Data Block I1 
parameters  are Keple r i an  i n  appearance.  The val: le of t h e s e  parameters ,  however, are 
.obtained v i a  a l e a s t  squares  curve  f i t  of t h e  p r e d i c t e d  SV antenna phase c e n t e r  e p h e m e r i s  
( t ime-posi t ion quadruples ;  t ,  x, y,  2 ) .  

The f i g u r e  of mer i t  used t o  meaaurn t h e  q u a l i t y  of t h e  above referenced curve f i t  is User 
Equivalent  Range Er ro r  (UERE). UERE is t h e  p r o j e c t i o n  of t h e  curve f i t  e r r o r  on to  t h e  User 
range. The curve f i t  procedure used provides UERE t o  the  p red ic ted  SV ephemeris of l e s s  
than .01 meter,  one sigma. Truncation of  Data Block I1 parameters inc reases  t h e  one sigma 
e r r o r  t o  .1 meter. UERE inc reases  vhen Data Block I1 parameters a r e  w e d  beyond t h e i r  period 
of a p p l i c a b i l i t y .  The degradat ion is  a s  fo l lows:  Data Block 11 information i o  changed 
nominally each hour. Define Block I1 - ONE t o  b e  the  information i n  Data Block I1 dur ing  the 
f i r s t  hour i n  which t h e  SV is t racked.  S i m i l a r l y  de f ine  Block I1 - TWO t o  be t h e  second 
hours information.  Now d e f i n e  t 2  t o  be  t h a t  t ime when the  SV s t o p s  t r ansmi t t ing  Block 11 - 
ONE and s t a r t s  t r a n s m i t t i n g  Block 11 - TWO. During t h e  time t 2  t o  t 2  + 112 hour,  use of 
Block I1 - ONE causes  no degradat ion due t o  a time over lap  enforced i n  the  curve f i t  
proce;: A t  t h e  time t 2  + 1 hour,  Block I1 - ONE w i l l  provide UERE of about 1 meter,  one 
sigma, and a t  t2 + 2 hours,  Block I1 - ONE w i l l  p rovide  UERE of about 10 meters,  one sigma. 

The s e n s i t i v i t y  of SV's antennae phase c e n t e r  p o s i t i o n  t o  small pe r tu rba t ions  i n  most Data 
Block I1 parameters i s  extreme. The s e n s i t i v i t y  of p o s i t i o n  t o  t h e  parameters 6, Crc and 
Crs is about 1 meterlmeter.  The s e n s i t i v i t y  of p o s i t i o n  t o  the  angular  parameters is on t h e  
ordet  of 108 meters lsemi-c i rc le ,  and t o  t h e  angular  r a t e  parameters i s  on t h e  order  of 
1012 me ters lsemi-c i rc le /second . Because of t h i s  extreme s e n s i t i v i t y  t o  angular  pe r tu rba t ions  
the  value of n used i n  t h e  curve f i t  is given here .  IT i s  a mathematical cons tan t ,  t h e  r a t i o  
of a c i r c l e ' s  circumference t o  i ts  diameter.  Here n is  taken a s  

The equat ion given i n  Tab leXII  provide  SV'S antennae phase c e n t e r  p o s i t i o n  i n  ea r th -cen te re  
ear th-f ixed Car tes ian  coordinates .  This  system is  charac te r i zed  a s  follows: 

x - is i n  t h e  t r u e  e q u a t o r i a l  plane i n  the  d i r e c t i o n  of the  Greenwich meridian.  

z - is along the  t r u e  e a r t h  s p i n  a x i s ,  p o s i t i v e  i n  t h e  nor thern  hemisphere. 

y - c o m ~ l e t e s  the  r i g h t  hand system, y = (2) x (x) 

3.3.2.10.5.2.2 Data Block I1 Format. Data Block I1 s h a l l  occupy t h e  t h i r d  through 
t en th  30 b i t  words ( including p a r i t y )  of the  second and t h i r d  subframes (see  Figure 23).  
Values f o r  Data Block Block I1 parameters a r e  given i n  TableXI11. The AODE word is  provided 
i n  both subframes f o r  l inkage between t h e  two subframes. Whenever t h e  AODE received i n  t h e  
t h i r d  subframe is d i f f e r e n t  from t h a t  received i n  the  second subframe, the  d i f f e r e n c e  
ind ica tes  t h a t  new d a t a  is  being t r ansmi t t ed ,  and the  c o l l e c t i o n  process  must be extended 
u n t i l  the  received AODE words agree .  The Control  Segment s h a l l  i n s u r e  t h a t  any changc i n  the 
Data Block I1 d a t z  w i l l  be aceomplished with n eimultuneoue cl~airge i n  both AODI' wtjrds. 

3.3.2.10.5.3 Data Block 111. The content  of  Data Block 111 s h a l l  c o n s i s t  of Almanac 
Data f o r  25 SVs. When requ i red ,  t h e  almanac message f o r  dummy SVs s h a l l  be t r ansmi t t ed  t o  
m ~ i t r t a i n  35 pages wi th in  the  almanac t a b l e .  The dummy SVs s h a l l  be des ignated a s  the  oth SV. 
Lden t i f i ca t ion  w i l l  be v i a  the SV-ID parameter ( i . e . ,  b i t s  61 through 66 i n  t h e  t h i r d  word 
o f  the f i f t h  subframe s h a l l  conta in  ze ros ) .  The almanac message f o r  the  dummy SVs s h a l l  

I 
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TaljSB"XIZ. Data Block I1 Definitionr 

=AN ANOMALY AT REPSRENCE TllldE 

MEAN MUMON DIFFERENCE FROM COMPUTED VAWlt  

ECCENTRICITY 

RIGHT ASENBION AT REFERfNCE TI- 

XISWATION ANGLE AT ItEFSItENCE TIllt  

AMPLfiUDE OF THE 81Me WRMONE CCXUECTION TgBM 
TO THE ARGUMENT OF UTlTUDE 

AMPLITUDE OF THE SINE HARMONE CORRECTION TERM 
TO THE ORBIT RADIU8 

AMPLITUDE OF THE CO6LNE HARMOMC CQRRECTION TERM 
TO THE ANGLE OF INCLINATION 

AMPLITUDE OF THE SINE MRMONIC CCRRECTION TEBM 
TO THE ANGLE OF INCLINATION 

REFERENCE TIME EPHE3IERIS tae 

A ODE 
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Parameter 

AODE 

Spare 

Crc 
0 

ri 
AODE 

spare 

Table XIII. Data Block I1 Parametere 

No, of Bits 

8 

16 

16 

3 2 

16 

32 

16 

32 

16 

6 

16 

32 

16 

32 

16 

3 2 

24 

8 

14 

Scale Faator (LSB) 

211 

P3 
2 9 1  

*-29 

fa3 

2-2D 

2-lB 

P 

R a m  * 
624,268 

+lo24 

M -9 

tl 

+6E -5 

.6 

M E  -6 

8192 

604,984 

- 
M E  -5 

*l, 

+eE -5 

*l. 

*I024 

il 

+9.5 E-7 - 
524,288 

-- - 

Unlts - 
moondr 

metars 

mmi ciralerr/rsa 

rsmi oiroler 

radiias 

dimoasiodetra 

ndioar 

nnt8re 4 

ssccmdr 
- 
radians 

semi aircleo 

radians 

mmi circles 

metera 

semi circle8 

memi clrclea/aec 

aaconde 

--- 
+ (*) indicate6 that the sign bit shall occupy the most significant bit (MSB). 

NOTE: (a)  A11 binary numbers wi l l  be two's complement.  
(b) Table XI has been deleted. Information haa been 

rncov qorated in  Figure 2 3 .  
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contain a simple b i t  pat tern.  For 12 o r  fewer SVs, almanac8 may be repeated within the 
table .  The almanac s h a l l  be transmitted on a ro t a t ing  page b a r i r .  The Control Segment aha1 
schedule almanac transmiseion on a per  vehicle  basie i n  such a murner a8 t o  allow f o r  
recovery of the  Almanac cable. 

3,3.2.10.5.3,1 Almanac. The Almanac r h a l l  be a mubret of the  Data Block I and 11 
parameters with reduced precis ion p l u  SV heal th  and iden t i f i ca t ion ,  The Umer algorithm is 
easent ia l ly  the same a s  the Urer algorithm ueed f o r  computing the precime ephemeris from 
Data Block I1 parameters ( see  Table XII).  The Almauac content f o r  one SV i e  given i n  Table 
XIV. A l l  parameterr appearing i n  the  equatione not included i n  the  content of the Almanac 
a r e  assumed zero. A c lose inepection of Table X I V  w i l l  reveal t h a t  t h r  parameter 6i is 
transmitted, am oppored t o  the  indicat ion i n  Table XI1 t h a t  t he  value is computed, In  t h i s  
respect the appl icat ion of TableXfI  equations d i f f e r  between the  almanac and t h e  ephemeris 

The user ir cautioned tha t  the  s e n s i t i v i t y  t o  small perturbationm i n  tho parameterr is even 
greater  fo r  the almanac than f o r  the ephemeris, with the uens i t iv i ty  of the  angular r a t e  
t e r m  on the order of 1014 meters/semi-circle/second. 

Over the time span of app l i cab i l i t y  i t  is expected t h a t  the Umanac w i l l  provide UERE af  l ee  
than 2500 meters, one sigma. An indicat ion of the degradation of the UERE provided by a 
given Almanac as a function of time past  the  i n i t i a l  transmi8sion is 8s mpecified below: 

UERE estimated by analysia 
Time (meters) 

1 day 1000 
1 week 2500 
2 weeke 5000 
3 weeks 10000 
4 weeks 15000 
5 weeks 2000 

* 

The time past i n i t i a l  tranrmission (AODA) may be computed a s  

AODA t k  + 302,400 

where the computation of t k  is  described i n  paragraph 3.3.2.10.5.3.2. 

3.3.2.10.5.3.2 Almanac Reference Time. The almanac reference tim!, to&, i o  the 
multiple of 212 seconds truncated from 3.5 days a f t e r  the time t f m  . is apolicable almanac 
begins transmission. The almanac s h a l l  be renewed each 6 days : .;?mum. T h ~ r e f o r e ,  
the almanac reference time is not ambieuous. GPS time t s h a X  , .P I lffer from toa by more 
than 3.5 days. The time from epoch t k  (see Table XI) etali. be ,. , r:d c :  :escribed i n  
Table XI except tha t  toe s h a l l  be replaced w ~ t h  to=. However, i: , h e  k., ' shae t o  extend 
the use time of the alamanc beyond the time span tha t  i t  is being t r ~  .. . : .  r ' ,  h e  must 
account for  crossovers i n to  time spans where these computations of ., - .I; val id .  

This may be accomplished by computing t k  a t  the GPS time tc tha t  the jbnac 0 ~ 8  c.ollected, 
and s tor ing  i t  as  tkc. That is ,  



Tabla XIV,  Data Block I' 

No. d Bitr &a Paotor &SB) 

8 1 

I 18 
f11, 

NOTE : Al. binary numbers w i l l  be twotr cornp~emo~. 

# 
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corrected f o r  pnd of week crossover ,  Trre t i n e  of year  tcy corresponding t o  tc should a l r o  b: 
computed and s t o r e d  a s  

where Dtc i e  t h e  day of y w r  a t  t h e  Greenwich Meridan a t  tima t,. I f  t h e  GPS time of its 
use i r  ru, the  t i m r  of  year  tUy correspondine t o  t, is then 

t = (D -1) x 86400 + tu  mod 86400 
UY t u  

where at, is t h e  day of year  a t  t h e  Greenwtrb Meridian a t  time tU, corrected f o r  crossovers  
i n t o  new year r  s i n c e  t h e  time of collecti.on ( i . e . ,  add 365 o r  366 f o r  crch croesover).  The 
time from epoch t k  a t  t h a t  ttme is  simply 

which is v a l i d  even dur ing t h e   ti^.. span dur ing which t h e  almanac is being t ransmit ted.  For 
almanacs t h a t  a r e  not c o l l e c t e d ,  but a r e  furnished from an e x t e r n a l  source,  it  s u f f i c e s  t o  
de f ine  the  time of c o l l e c t i r -  tc a s  t h e  recording time and t h e  day of year  DL. a s  t h e  
recording day of yanr. This cim? and day of year w i l l  accompany , h e  a l m n a c  and w i l l  always 
be wi th in  3.5 &ys of t h e  r e f t r e n *  L? t i n e  t o a e  

3.3.2.10.5, 3.3 Aging P a r m e t e r a .  The clock aging parameterr ~ h e 1 1  c o n s i s t  of a f i r a t e  
order  polynomial which, when uved t c  a d j u s t  SV time s h a l l  provide time t o  wi th in  10 micro- 
seconds of GPS t i m s .  The polynomial s h a l l  be descr ibed by an P-bi t  constam term ag and an 
8 - b i t  f i r s t - o r d  -r term, a l .  T;,e c lock  c o r r e c t i m  t o  the  SV PW phase time tSV s h a l l  be 
appl ied a s  fbllows: 

where 

t % CPS time (seconds) 

tSV QSV PRN code phase time a t  transmission (seconds) 

and 

where t h e  computation of t k  i b  described i n  paragraph 3.3.2.10.5.3.2. 

Over the  span of ap-1icabi l iLy i t  is  expected t h a t  t h e  c lock aging parameters w i l l  provide 
IJERE of l e s s  than ZOO0 meters, rne sigma. In  f a c t ,  the  UERE is due t o  the  t runca t ion  of 
aC and a l ,  and may be computed for a l l  times a s  

b 

I 
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one si2ma, where c 
tk i a  descr ibed i n  

is the speed of l i g h t  (see  
paragraph 3.3.2.10.5.3.2. 

Paragraph 3.3.2.10.5.5) and the  
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l o  O 0 - ALL DATA OK 

E 

0 0 1 - PARITY FAILURE - some o r  a l l  pa r i t y  bad 

3.3.2.10.5.3.4 SV Health a d  Status .  The s a t e l l i t e  HEALTH word occupies b i t s  137 
-through 144 of the  f i f t h  subframe. The three  most s i gn i f i can t  b i t e  (i.e., b i t s  137, 138 
and 139) ind ica te  hea l th  of t he  navigation data .  The remaining f i v e  b i t s  ind ica te  hea l th  

' o f  the s igna l  components. The format of the  s a t e l l i t e  HEALTH word follows: ' "  
BITS 

1 ---c 2-COUNT I N  HOW B e  - any problem with 2-count value not 
r e f l ec t i ng  ac tua l  code phase 

d 
"L 

0 1 0 4 TLM/HOW FORMAT PROBLEM - any departure from standard format 
(e.g., preamble misplaced and/or incor rec t ,  e tc . )  except fo r  
incor rec t  2-count a s  reported i n  HOW 

0 -ALL UPLOADED DATA BAD - one o r  more elements of Data Block I 
and/or I1 and 111 a r e  bad 

7 
F. 
:r 
5 4 ,  

? * 

1 -ALL DATA BAD - TLM and/or HOW and one o r  more elements i n  
Data Blocks I and/or 11 and I11 a re  bad 

1 r) 0 -DATA BLOCK I AND/OR 11 -- one o r  more elements i n  Data Block I 
and/or I1 a r e  bad 

1 0  1 - DATA BLOCK I11 - one o r  more elements i n  Data Block 111 a r e  bad 

0 0 0 0 -ALL SIGNALS OK 

i l o  0 0 0 1 -ALL SIGNALS WEAK ( i . e . ,  3 t o  6 dB below spec i f ied  power t 
4 

l e v e l  due t o  reduced power output,  excess phase noise ,  

Q SV a t t i t u d e ,  etc.)  

0 0 1 0 - ALL SIGNALS DEAD 

I O 
0 0 1 1 - ALI; SIGNALS HAVE NO DATA MODULATION 

I O 
0 1 0 0 - L1 P SIGNAL WEAK 

F 
0 1 0 1 .-c L1 P SIGNAL DEAD 

I I 0 1 1 0 -L1 P SIGNAL HAS NO DATA MODULATION 
5 .  . 

0 1 1 1 -L2 P SIGNAL WEAK 

r 
SIZE CODE IDENT NO DRAWING NO 
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BITS 

140 - 
0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1. 

I 

144 - 
0 --c L2 P SIGNAL DEAD 

1 -L2 P SIGNAL HAS NO DATA MODULATION 

0 - L1 C SIGNAL WEAK 
1 - L1 C SIGNAL DEAD 
0 --L1 C SIGNAL HAS NO DATA MODULATION 

1 -L2 C SIGNAL WEAK 

0 --c L2 C SIGNAL DEAD 

1 -L2 C SIGNAL HAS NO DATA MODULATION 

0 - P SIGNAL WEAK 
1 - P SIGNAL DEAD 
0 --LP SIGNAL HAS NO DATA MODULATION 

1 --LC SIGNAL WEAK 

C - C SIGNAL DEAD 
1 - C SIGNAL HAS NO DATA MODULATION 
0 --cL1 SIGNAL WEAK 

1 - L1 SIGNAL DEAD 
0 --c L1 SIGNAL HAS NO DATA MODULATION 

1 -L2 SIGNAL WEAK 

0 --c L2 SIGNAL DEAD 

1 -L2 SIGNAL HAS NO DATA MODULATION 

0 -SV IS TEMPORARILY OUT % do not use t h i s  SV during 
current pass 

1 -SV WILL BE TEME'ORAKILY OUT % do not use t h i s  SV during 
period for  which almanac is valid 

0 --SPARE 

1 - SPARE 
1 SIZE 1 CODE IDENT NO. DRAWING NO. ' 



3.3.2.10.5.3.5 SV I d e n t i f i c a t i o n .  The s a t e l l i t e  I D  word occupies b i t s  6 1  through 
68 of the  f i f t h  eubframe, The Wo moat s i g n i f i c a n t  b i t r  ( i m a m ,  b i t r  61  and 62) des igna te  
t h e  ICD rev i s ion  and/or addendum t o  which the  navigat ion d a t a  r t r u c t u r e  f o r  t h a t  SV 
'complies. Whan b i t s  61  and 62 a r e  ze ro  t h i s  cond i t ion  c h a l l  i n d i c a t e  t h e  c u r r e n t  
Navigation Data s t r u c t u r e  as of Sept. 19, 1975. The addendum w i l l  d e l i n e a t e  modif icat ion 
i n  the  s tandard navigat ion d a t a  formet due t o  planned and/or unplanned o r b i t  anomalies 
(e.g., h ighly  e c c e n t r i c  o r b i t c ,  sxceesive  i n c l i n a t i o n  angle ,  high a l t i t u d e  o r b i t ,  e t c  .) . 
The remaining s i x  b i t s  given t h e  numerical  des igna t ion  of t h a t  SV. The satellites are 
numbered 1 t o  63. The 0 t h  SV is designated aa  a d\rmmy SV. The number of dunrmy SV's i n  t h e  
almanac amssage is a r b i t r a r y  t o  maintain 25 pages w i t h l n  t h e  almanac t ab le .  

3.3.2.10.5.3.6 Data Block I11 Format. Data Block 111 r h a l l  occupy t h e  t h i r d  
through t e n t h  word ( including p a r i t y )  of t h e  f i f t h  subframe (see Figure 23). The number 
of b i t e ,  t h e  s c a l e  f a c t o r  o f  t h e  least s i g n i f i c a n t  b i t  (LSB), which s h a l l  b e  t h e  l a s t  
b i t  received,  t h e  Range and t h e  u n i t e  of t h e  parameters s h a l l  be a s  s p e c i f i e d  i n  Table XIV.  

3.3.2.10.5.4 Mssaa e Block. The Meesage Block s h a l l  occupy t h e  t h i r d  through t e n t h  
30-bit word ( including ---T p a r i t y  of t h e  four th  subframe (see Figure 23).  The Masrage .Block 
provides space f o r  t h e  t ransmiss ion of 23 & b i t  ANSCII c h a r a c t e r s  ( reference:  
ANSCII x3.4-1968). The remaining 8 b i t s  s h a l l  be non-information bearing.  The ANSCII 
charac te r s  s h a l l  be l imi ted  t o  t h e  following set: 

I Alphanumeric Character  

I A - Z  

. (Decimal Point)  
' (Minute mark) 

(Degree s ign)  
/ 
Blank 

" (Second mark) 

ANSCII 

Character 

A - Z  

/ 
Space 

I I 

Code (Octal) 

NOTES: 1. Only ANSCII charac te r s  A-Z, 0-9 and t h e  Space w i l l  be  used i n  subframe 4 
dur ing Phase I. 

2.  ANSCII c h a r a c t e r i s  w i l l  be t ransmit ted wi th  odd p a r i t y .  

i I 3.3.2.10.5.5 Speed of Light. The speed of l i g h t  used by t h e  Control  Se;ment fo r  
generat ing the  Data Blocks descr ibed i n  t h e  above paragraphs is: I 

c = 2.99792458 X lo8 meters per  second 

which is the  o f f i c i a l  WGS-72 speed of l i g h t .  The SSO GPS Receiver/Processor s h a l l  use  t h e  
same va lue  for t h e  speed of l i g h t  i n  its computations. 
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3.3.2.10.6 - The Data Frame Pa r i t y ,  The da ta  s igna l  s h a l l  conta in  p a r i t y  

coding according t o  t he  following conventions. 

3.3.2.10.6.1 P a r i t y  Option 1. This p a r i t y  op t ion  s h a l l  l i n k  30 b i t  words 

wi th in  and across  subframes of 10 words. The SV s h a l l  compute p a r i t y  only f o r  t he  

TLM and HOW, t h e  f i r s t  two words of t h e  10-word subframe, using t h e  (32, 26) 

Hamming code described i n  Table XV. The s a t e l l i t e  p a r i t y  computation s h a l l  com- 

pute zeros f o r  t h e  l a s t  two b i t s ,  D29 and D30, of both t h e  TLM an6 HOW. 
Dl, 

D2...D30 s h a l l  be t h e  da t a  transmitsed from t h e  satellite. The p a r i t y  of t h e  

NAV da t a  words numbered 3 through 10 s h a l l  be computed by t h e  Control Segment i n  

accordance with t h e  (32, 26) Hamming code descr ibed i n  Tables XVI and X V I I .  

Table XVI s h a l l  be used f o r  words 3 through 9 and Table XV s h a l l  be used f o r  

word 10. By using Table X V I I  f o r  t he  computation of p a r i t y ,  the  uploaded NAV 

da ta  s h a l l  have zeros  f o r  D29 and D i n  t he  t en th  ( l a s t )  word i n  every subframe. 
3 0 

For t he  Control Segment computation of p a r i t y  f o r  word 3, zeros s h a l l  always be 

used f o r  D2; and D * ,  t he  l a s t  two b i t s  of t h e  HOW ( the  previous word). 
30 

3.3.2.10.6.2 Pa r i t y  Option 2. This  p a r i t y  opt ion s h a l l  be charac te r ized  by 

having the  s a t e l l i t e  compute a l l  pa r i t y .  This opt ion s h a l l  not  apply t o  NDS-1 

through NDS-6 and NTS-2. The fu tu re  use of t h i s  opt lon during Phase I w i l l  i n  

no way r equ i r e  a change t o  t h e  SSO GPS Receiver/Processor p a r i t y  computation. 

However, t he  use of t h i s  opt ion s h a l l  not  requi re  t h a t  t he  l a s t  two b i t s  of t he  

HOW, TLM and the  10th words of the  subframe contain zeros.  

3.3.2.10.6.3 - SSO GPS Receiver/Processor Pa r i t y  Algorithm. A s  f a r  a s  t h e  

SSO GPS Receiver/Processor i s  concerned, s eve ra l  op t ions  a r e  ava i l ab l e  f o r  per- 

forming da ta  decoding and e r r o r  de tec t ion .  Figure 26 presen ts  an example flow 

char t  which def ines  one way of recovering da ta  (d ) and checking pa r i t y .  The n 
p a r i t y  b i t  Djf i  is used f o r  recovering raw da ta .  The p a r i t y  b i t s  D2B and D * 30 
along with the  recovered raw da ta  (dn) a r e  Modulo-2 added i n  accordance with 

the equations appearing i n  Table XVI fo r  DZ5...Dh0 which provide computed p a r i t y  

t o  compare with t ransmit ted p a r i t y  D 25" 0 ~ 3 0  . Regardless of the  p a r i t y  encoding 

scheme used f o r  s a t e l l i t e  transmission during Phase I ,  the  SSO GPS Receiver/ 

Processor p a r i t y  algorithm s h a l l  be t ransparent  (no change required)  t o  t he  

encoding scheme. 
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 able XV. O p t i o n  I S a t e l l i t e  Parity Bncoding ~ q u a t i o ~  for =.and 

1 

d2 

d3 . 
. 

d21 

d22 

@ dl @ d7 (B d8 @ dll 8 dI3 @ @ @ (B @ d19@ d21 

dl @ d3 @ d5 (B d6 @d7 8 d9 @ d10 @ d l4  @ d l 5@ d16 @ @ d18 d21 (B d22 

~ ~ ~ ( B d ~ @ d ~ @ d ~ 0 d ~ ~ d ~ ~ d ~ ~ ~ ~ ~ ~ ~ l 2 ~ ~ ~ ~ @ ~ ~ ~ ~ ~ 2 ~ @ ~ ~ ~  

dl @ d2 (B d4 @ d5 @ d9 8 dl0 @ dl 1 @ d12 @ dlj @ d16 ' d17 ' d19 ' d22 

D& @ dl (B d3 (B d4 @ d5 @ d7 @ d8 @ d12 @ d13 dll @ ' @ d20 @ d22 

DA @ dl @ d2 (B d4 @ d5 @ d6 @ d7 @ d9 @ dl 1 @ @ @ d20 

0 

0 

Whom 

dl, d2, . . . , d22 am raw doto b h  

Dp, . . . ore the parity bi k D30 

The vmbol (*) i s  used to identify the last 2 bits of the previous t r a m i t t d  4. 

Dl, D2, D3 ... D28, D2p, D30 are the bits transmitted by the sahllfte 

te i s  the "modulo-2" or "mtclusive4' operatfon. 
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Table XVI. Option I Control Segmnt Parity Encoding Bqu8tionr for Wordr 3 through 9 

where 
d l ,  d2 ..... d22 are the raw data bits 

D25 , . . . . . , D30 are the parity bits and equations 

The symbol (') i s  used )o identify the lost 2 bits of the 

previous transmitted word. 
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YES NO 

1 
COMPLEMENT 
0 1  ma.  024 
TO OBTAIN 
d l  d24 

1 

A 
DO N O T  
COMPLEMENT 
D ..* 0 TA OBTAIIN 
d l  m e a d 2 4  

I 

Figure 26. Example Plow Chart for Ueer Implementation of Parity Algorithm 

I SUBSTITUTE 4 . . . d24, 
D&AND 030 INTO 
PARIN  EQUATIONS 
(TABLE XV) I 

NO - YES 

v 
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3 . 4  GPS GROUND TRANSMITTERS 

It is recognized that it may be desirab~e to establish ground stations 
whose function is to radiate a GPS navigation signal of the same format ae 
that described within the ICD. Since the Space Shuttle is a unique GPS user 
in terms of visibility to potential ground transmitters, it is necessary to 
control and regulate these transmitters according to the paragraphe below. 

3 . 4 . 1  Power Level. The maximum EIRP of any GPS ground transmitter shall be 
as follows: 

LIP TBD 
LlC/A TBD 
L2P TBD 
L2C/A TBD . 

3 . 4 . 2  PRN Code Phase. The phase of the C/A and P codes used for ground 
transmitters shall be as defined in Table I of thie ICD. The TBD code 
phases shall be reserved for use in Shuttle ground transmittero. 

3 . 4 . 3  Data Rate and Format. The data format for the ground transmitter data 
which is modulated on the navigation signal is TBD. 

3 . 4 . 4  Data Frame Contents. TBD. 

3 . 4 . 5  Telemetry Word. TBD. 

3 . 4 . 6  Handover Word. TBD. 

3 . 4 . 7  Data Block Contents. TBD. 

3 . 5  GPS NAVSTAR CONSTELLATION DEFINITION 

The GPS satellite (NAVSTAR) constellation shall consist of a minimum of 24 
active operating satellites placed in 12-hour circular orbits in three orbital 
planes of TBD inclination. The eight satelites in each plane shall be evenly 
spaced. The GPS operational constellation, nominal parameters, are summarized 
in Table XVIII. i 

3 . 6  SPACE SEGMENT PERFGRMANCE 

Each ONS of the SS shall meet the requirements of Table XIX for 26 hours 
9 

after an update by the CS. Each clock and navigation subsystem shall be stable, 
5 

modelable and predictable to the values shown. ONS perturbation effects includ- j 
ing solar pressure, outgassing and attitude control activity shall be modelable 
and predictable such that the values shown in Table XTX are achieved. 
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Table XVIII. GPS Operational Constellation, Nominal Parameters 

Period 
Eccentricity 
Inclination 
Argument of Perigee 

11:57:59.200002 
0.02 (max) 
55 degree (a)  
00 

Orbital Plane A B C 

R i g h t  Ascension of 
Ascending Node (b), degrees 240 120 0 

Longitude of 0 15 -15  
Ascending Node, degrees 45 6C 30 

90 10 5 75 

(a) ~nclination For NDS satellites is 63 degrees 

(b )  Referenced to ~strdnornical Coordinates of 1950.0 as of 
21 Narch 1977, 0 hours, 0 minutes GMT and regressing at 
-0.04945 degcee/day 
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Table XIX. GPP System Error Budget 

ERROR SOURCE (a)  
ERROR SOURCES RESPONSIBILITY, METER I BUDGET, SYSTkq 

II 

CLOCK b NAVIGATICN 2.7(b) 
SUBSYSTEM STABILITY 

I PREDICTABILITY OF SV I 1*0(b) I 
PERTURBATIONS 1 1 

EPHEMERIS AND CLOCK --- 
PREDICTION 

I 

I OTHER I --- I 

-p-l 2 . 3  ( c )  IONOSPHERIC DELAY 
COMPENSATION 

TROPOSPIIERIC DELAY ..-- 

RECEIVER NOISE AND --- 

MULTIPATII 

I OTHER I --- I 

( a )  NDS error budqet is specified in SS-GPS-1Ol.A. 

( h )  Requirements t h a t  shall be joint responsibility between 
SS and CS. 

( c )  T h e  US s h a l l  meet these requirements to the ex ten t  
specified in SS-US-200. 

Sheet 63 


