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ABSTRACT 

T h i s  p a p e r  c o n s i d e r s  a  s a t , e l . l i  t e - b a s e d  
p a s s i v e  r a d i o  n a v i g a t i o n  s y s t e m  t h a t  i s  
c a p a b l e  o f  p r o v i d i n g  h i g h l y  a c c u r a t e  n a v i -  
g a t i o n  f i x e s  t o  p r o p e r l y  e q u i p p e d  u s e r s .  
F o r  t h e  u s e r  to a c c e s s  s u c h  a  s y s t e m  h e  
mus t  b e  e q u i p p e d  w i t h  a r e c e i v e r  t h a t  i n -  
c l u d e s  a  l o c a l .  o s c i l l a t o r  w h i c h  m a i n t a i n s  
a  t i m e  base a n d  g e n e r a t e s  f r e q u e n c y  i n f o r -  
mat i o n  r e q u i r e d  for  s i g n a l  a c q u j  s i t  i o n  a n d  
f o r  p s e u d o - r a n g e  a n d  p s e u d o - r a n g e - r a t e  
m e a s u r e m e n t s .  T h i s  p a p e r  e x a m i n e s  t h e  i m -  
p a c t  of  r e c e i v e r .  q u a r t z  c ~ ~ y s t s l  o s c i l l a t o r  
e r r o r s  on u s e r  n a v i g a t i o n  p e r  rorma.ncc3. A 
model  i s d e v e l o p e d  whic,h d e s c r i b e s  e n v i r o n -  
m e n t a l  l y - i . n d u c e d  osc,il.  lator e r r o r s .  T h i s  
e r r o r  model  i s  i n c o r p o r a t e d  i n t o  a s i m u l a -  
t i o n  t o  assess t h e  j m p a c t  01 e n v i r o n m e n t a l l y -  
i n d u c e d  o s c i l l a t o r  e r r o r s  on u s e r  n a v i g a t i o n  
p e r f o r m a n c e .  The a n a l y s i s  c o n s i d e r s  b o t h  
basic.: o s c i l l a t ( ~ r  p e r f o r m a n c e  a n d  t h e  e f f e c t  
o f  c n v i r o n m e n t a 1  ly i nduced  errors i n c l u d i n g :  
o s c i l l a t o r  warm-up,  t e m p e r a . t u r e ,  v i b r a . t i o n  
a n d  accct l e r a t  i o n  s e n s i t i v i t i e s  a n d  t h e  
e f f e c t  o f  a  s h o c k  t o  t h e  o s c i  l l a t o - r .  Meth- 
ods  are  p r e s e n t e d  w i t h  w h i c h  t h e  r e c e i v e r  
s o f t w a r e  may be  d e s i g n e d  to  r e d u c e  t h e  i m -  
p a c t  o f  t h e  s i g n i f i c a n t  P r r o r  s o u r c e s .  



INTRODUCTION 

Recen t  a d v a n c e s  i n  t e c h n o l o g y  have  d e m o n s t r a t e d  t h e  f e a s i b i l -  
i t y  o f  a  s a t e l l i t e - b a s e d  p a s s i v e  r a d i o  n a v i g a t i o n  s y s t e m  t h a t  
w i l l  b e  c a p a b l e  o f  p r o v i d i n g  h i g h l y  a c c u r a t e  n a v i g a t i o n  f i x e s  
t o  p r o p e r l y  e q u i p p e d  u s e r s  ( R e f .  1) .  For t h e  u s e r  t o  access 
t h e  s a t e l l i t e  n a v i g a t i o n  s y s t e m  h e  must  b e  e q u i p p e d  w i t h  a  
r e c e i v e r  t h a t  i n c l u d e s  a l o c a l  o s c i l l a t o r  which  m a i n t a i n s  a  
t i m e  b a s e  and g e n e r a t e s  f r e q u e n c y  i n f o r m a t i o n  r e q u i r e d  f o r  
s i g n a l  a c q u i s i t i o n  and f o r  p seudo- r ange  and p s e u d o - r a n g e - r a t e  
measu remen t s .  A r e l a t i v e  p h a s e  o f f s e t  be tween  t h e  u s e r  c l o c k  
and t h e  s a t e l l i t e  c l o c k s  w i l l  l e a d  t o  p seudo- r ange  e r r o r s  
w h i l e  a f r e q u e n c y  o f f s e t  i n  t h e  u s e r  o s c i l l a t o r  i n t r o d u c e s  
p s e u d o - r a n g e - r a t e  e r r o r s ,  T h i s  p a p e r  examines  t h e  impac t  o f  
q u a r t z  c r y s t a l  o s c i l l a t o r  e r r o r s  on u s e r  n a v i g a t i o n  pe r fo rm-  
a n c e  f o r  s u c h  a s a t e l l i t e  n a v i g a t i o n  s y s t e m .  

I n  o r d e r  t o p r o p e r l y  a s s e s s  t h e  impac t  o f  e n v i r o n m e n t a l l y -  
i n d u c e d q u a r t z c r y s t a l  o s c i l l a t o r  errors o n n a v i g a t i o n p e r f o r m -  
a n c e  a c o m p r e h e n s i v e m o d e l  o f t h e o s c i l l a t o r  e r r o r  b e h a v i o r  
m u s t b e d e v e l o p e d .  The  c o m p l e t e  e r r o r  model w i l l  i n c l u d e  a de-  
s c r i p t i o n  o f  t h e  i n t r i n s i c  i n s t a b i l i t y  o f  t h e  o s c i l l a t o r  as 
w e l l  a s  t h e  e n v i r o n m e n t a l l y - i n d u c e d  e r r o r s .  The model f o r  
i n t r i n s i c  i n s t a b i l i t y  f o l l o w s  d i r e c t l y  f rom a  c o n s i d e r a t i o n  
o f  t h e  f r e q u e n c y  s t a b i l i t y  o f  a  s p e c i f i c  o s c i l l a t o r  and  h a s  
been  d e v e l o p e d  p r e v i o u s l y  ( R e f .  2 ) .  T h i s  p a p e r  p r e s e n t s  t h e  
deve lopment  o f  a n  e r r o r  model which  d e s c r i b e s  t h e  e f f e c t s  of 
t h e  env i ronmen t  on  a  q u a r t z  o s c i l l a t o r .  The e r r o r  model is  
t h e n  u t i l i z e d  t o  a s s e s s  t h e  d e g r a d a t i o n  i n  n a v i g a t i o n  pe r fo rm-  
a n c e  f o r  an  a i r b o r n e  u s e r  which  a r i s e s  f rom t h e  u s e  of  t h e  
r e c e i v e r  o s c i l l a t o r  i n  a r e a l i s t i c  ( n o n - i d e a l )  e n v i r o n m e n t .  

QUARTZ CRYSTAL OSCILLATOR ERROR MODELING 

The p r o t o t y p e  f o r  t h e  q u a r t z  c r y s t a l  o s c i l l a t o r  e r r o r  model 
t o  b e  c o n s i d e r e d  is shown i n  F i g .  1 w i t h  

6 @ ( t )  = t o t a l  c l o c k  p h a s e  e r r o r  i n  
s e c o n d s  a t  t i m e  t 

S @ ( t 0 )  = i n i t i a l  p h a s e  e r r o r  ( s e c o n d s )  

6 f ( t 0 )  = i n i t i a l  f r a c t i o n a l  f r e q u e n c y  
o f f  s e t  ( d i m e n s i o n l e s s  ) 

6'f ( t o )  = i n i t i a l  f r a c t i o n a l  f r e q u e n c y  
d r i f t  o r  " ag ing"  ( s e c o n d s - l )  
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P r o t o t y p e  Quar tz  C r y s t a l  O s c i l l a t o r  
E r r o r  Model 

A s  m e n t i o n e d  a b o v e ,  the m e t h o d o l o g y  f o r  c o n s t r u c t i n g  t h e  
b a s i c  o s c i l 1 , a t o r  model h a s  b e e n  p r e s e n t e d  i n  a n  e a r l i e r  pa- 
p e r  ( R e f .  2 ) .  T h i s  p a p e r  w i l l  d e a l  o n l y  with the d e v e l o p -  
ment  of  a n  e n v i r o n m e n t a l  e f f e c t s  mode l  f o r  a q u a r t z  o s c i l -  
l a t o r .  A c o m p l e t e l y  g e n e r a l  e r r o r  model  f o r  e n v i r o n m e n t a l .  
e f f e c t s  would  be p r o h i b i t i v e 1 . y  c o m p l e x .  However ,  if c e r t a i n  
a s s u m p t i o n s  a r e  made a b o u t  t h e  fo rm and  number o f  e n v i r o n -  
m e n t a l  i n f l u e n c e s ,  t h e n  an e n v i r o n m e n t a l  e f f e c t s  mode l  c a n  
b e  d e v e l o p e d  f o r  a. s p e c i f i c  d e v i c e .  I n  t .he f o l l o w i n g  p a r a -  
g r a p h s  t h e  e f f e c t s  o f  - t e m p e r a t u r e ,  warm-up, a c c e l e r a t i o n ,  
v i b r a t i o n  a n d  s h o c k  o n  a  q u a r t z  crystal o s c i l l a t o r  w i l l  b e  
d i s c u s s e d .  

T e m p e r a t u r e  - A q u a r t z  o s c i l l a t o r  r e s p o n d s  t o  a c h a n g e  i n  
a m b i e n t  t e m p e r a t u r e  wi.  t;h a s h i f t  i.n f r e q u e n c y .  The  r e l a t i - o n -  
s h i p  b e t w e e n  t h i s  f r e q u e n c y  s h i y t  a n d  t h e  t e m p e r a t u r e  change  
v a r i e s  Prom o s c i . l l a t o r  t o  o s c i l . l a t o r  :ind rnay be q u i t e  non- 
l i n e a r ,  When t h e  o s c i l .  1 a t  o r  is  i l i c o r p u r a t , e d  i n t o  t h e  n a v i -  
gat i o n  s y s t e m  r e c e i v e r ,  a  1 i n e a r i x e d  c,oef f i c i e n t  r e l a t i n g  
t h e  f r e q u e n c y  s h i f t  t o  x t e m p e r a t u r e  c h a n g e  (:an b e  o b t a i n e d .  
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For  t e m p e r a t u r e  e x c u r s i o n s  a b o u t  a  nomina l  r e c e i v e r  o p e r a t -  
i n g  t e m p e r a t u r e  (assumed t o  be ~ 6 0 ~ ~ )  t h e  assumed l i n e a r  
t e m p e r a t u r e  d r i f t  c o c I f i c i e n t  f o r  t h i s  s t u d y  i s  
K t v  = 1 x ~ O - ~ * / ~ C .  

The f r e q u e n c y  s h i f t , w h i c h  r e s u l t s  f rom a t e m p e r a t u r e  change,  
d o e s  n o t  o c c u r  i n s t a n t a n e o u s l y  due t o  a  " t h e r m a l  l a g "  i n -  
h e r e n t  i n  t h e  o s c i l l a t o r .  The t e m p e r a t u r e - r e g u l a t i n g  oven 
s u r r o u n d i n g  t h e  q u a r t z  c r y s t a l  i s  t h e  main  c o n t r i b u t o r  t o  
t h i s  l a g .  The t y p i c a l  o s d i l l a t o r  t h e r m a l  r e s p o n s e  shown i n  
F i g .  2 c a n  be a d e q u a t e l y  d e s c r i b e d  b y  a s i m p l e  f i r s t - o r d e r  
s y s t e m  a s  d e p i c t e d  i n  F i g .  3 .  The t i m e  c o n s t a n t ,  T ~ ~ ,  de-  
p e n d s  upon t h e  number o f  o v e n s  s u r r o u n d i n g  t h e  c r y s t a l .  Fo r  
a  s i n g l e  oven d e v i c e  ~ t ,  is on  t h e  o r d e r  of 80 m i n u t e s .  

T h e e r r o r m o d e l s h o w n i n F i g .  3 r e p r e s e n t s t h e  r e s p o n s e o f t h e  
c r y s t a l  o s c i l l a t o r  t o  a n a r b i t r a r y t e m p e r a t u r e v a r i a t i o n .  I n  
o r d e r  t o u t i l i z e  t h i s m o d e l  t h e  i n p u t  t empera tu re  va r i a -  
t i o n  must  be d e s c r i b e d  q u a n t i t a t i v e l y .  I t  is  o b v i o u s  t h a t  
d i f f e r i n g  u s e r s  w i l l  e n c o u n t e r  v a s t l y  d i f f e r e n t  environrnen- 
t a l  c o n d i t i o n s .  These  d i s s i m i l a r  e n v i r o n m e n t a l  s c e n a r i o s  
w i l l  r e s u l t  i n  m i s s i o n - d e p e n d e n t  t e m p e r a t u r e  f l u c t u a t i o n s  
o u t s i d e  t h e  r e c e i v e r .  These  v a r i a t i o n s  a r e  n o t  t r a n s m i t t e d  
i n s t a n t a n e o u s l y  t o  t h e  c r y s t a l  o s c i l l a t o r  d u e  t o  t h e  moder- 
a t i n g  i n f l u e n c e  o f  t h e  r e c e i v e r  t h e r m a l  m a s s .  Assuming 
random t e m p e r a t u r e  v a r i a t i o n s ,  t h e  ambien t  t e m p e r a t u r e  s u r -  
r o u n d i n g  t h e  c r y s t a l  o s c i l l a t o r  i s  r e a s o n a b l y  modeled as a  
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1 F i g .  3 Q u a r t z  C r y s t a l  T h e r m a l  E r r o r  Model 
I 

f i r s t - o r d e r  Markov p r o c e s s .  The p a r a m e t e r s  of t h e  p r o c e s s ,  
r m s  v a l u e  a n d  t i m e  c o n s t a n t ,  m u s t  b e  c h o s e n  t o  r e f l e c t  t h e  
t e m p e r a t u r e  v a r i a t i o n s  o u t s i d e  t h e  r e c e i v e r  a n d  t h e  moder-  
a t i n g  e f f e c t  o f  t h e  r e c e i v e r .  F o r  a  t y p i c a l .  r e c e i v e r  t h e  
r m s  v a l u e  of t h e  t e m p e r a t u r e  f l u c t u a t i o n s  n e a r  t h e  c r y s t a l  
o s c i l l a t o r  is  e x p e c t e d  t o  be o n  t h e  o r d ~ r  o f  3% w i t h  a 
t i m e  c o n s t a n t  (T,) o f  1 0 0  m i n u t e s .  

I s u s  warm-up t i m e  c h a r a c t e r i s t i c s  of t h r e e  q u a r t z  c r y s t a l  os- 
c i l l a t o r s .  The t h r e e  o s c i l l a t o r s  e x h i b i t  v a s t l y  d i f f e r e n t  

I 
b e h a v i o r  w h i c h  i s  n o t  a m e n a b l e  t o  d i r e c t  a n a l y s i s .  The 
d a s h e d  l i n e  i n  t h e  f i g u r e  d e s c r i b e s  a n  e x p o n e n t i a l l y  d e c a y -  
i n g  e n v e l o p e  ( t h e  p l o t  i s  s e m i - l o g )  w h i c h  c a n  b e  v i e w e d  as  
a s t a t i s t i c a l  bound  on  t h e  f r e q u e n c y  e r r o r .  The  warm-up 

2 f r a c t i o n a l  f r e q u e n c y  p r r o r  v a r i a n c e  ( u A f w )  f o r  t h i s  expo-  
n e n t i a l  mode l  i s  

2 - 2 t / r w  
o = ( i  e 6 f  w w 

w i t h  n: = 1 x 10 -lo a n d  l w = l O O  s e c o n d s .  

I A c c e l e r a t i o n  - A c o n s t a n t  a c c e l e r a t i o n  i - n t r o d u c c s  a f r e q u e n -  
c y  o f f s e t  i n  a q u a r - t z  o s c i l l a t o r  p r o p o r t i o n a l  t o  t h e  magn i -  
t u d e  o f  t h e  a c c e l e r a t i o n ,  i.e., 6f ,  = K / a l .  The c o e f f i -  

I 
c i e n t  o f  p r o p o r t i o n a l i t y ,  K , is d e p e n d E n t  upon t h e  o r i e n -  
t a t i o n  o f  t h e  a c c e l e r a t i o n  6 e c t o r  w i t h  r e s p e c t  t o  t h e  c r y s -  
t a l l o g r a p h i c  a x e s  o f  t h e  q u a r t z  c r y s t a l .  A w o r s t  casc v a l u e  I 
i s  K~ = 1 x 10-91g. 

V i b r a t i o n  - V i b r a t i o n  i n t r o d u c e s  s i d e b a n d s  ( a t  t h e  v i b r a t i o n  
f r e q u e n c y )  i n t o  t h e  s p e c t r u m  of t h e  s i g n a l  f r o m  a q u a r t z  
c r y s t a l  o s c i l l a t o r .  T h e s e  s i d e b a n d s  p r o d u c e  a f r e q u e n c y  
e r r o r  w h i c h  is  d e p e n d e n t  upon t h e  o s c i l l a t o r  s e n s i t i v i t y  a t  
t h e  v i b r a t i o n  f r e q u e n c y .  F i g u r e  5 p r e s e n t s  t h e  r e s u l t s  o f  
m e a s u r e m e n t s  o f  t h e  f r a c t i o n a l  f r e q u e n c y  e r r o r  ( a v e r a g e d  
o v e r  a 1 0 - s e c o n d  i n t e r v a l )  a r i s i n g  from t h e  l a t e r a l  (sinu- 



EXPONENTIAL ENVELOPE 

OSCILLATOR " B  

OSCILLATOR "C" 

OSCILLATOR "A- 

Fig. 4 Warm-up Characteristics of Three 
Quartz Crystal Oscillators 

- 1 X - MEASURED VALUES 
0. I 

INPUT VIBRATION LEVEL 
(DOUBLE AMPLITUDE1 

I 

... 

VIBilATlON FREOUENCY lHz) 

Fig. 5 Frequency Error as a Function 
of V i b r a t i o n  Frequency 



s o i d a l )  v i b r a t i o n  of a q u a r t z  c r y s t a l  o s c i l l a t o r .  The 
wors t  case r e s p o n s e  is  a d e q u a t e l y  m o d e l e d  by t h e  r e s o n a n t  
s e c o n d - o r d e r  c u r v e  w h i c h  i s  s u p e r i m p o s e d  upon  t h e  d a t a .  I n  
l i c u  of  a w e l l - d e f i n e d  s p e c t r u m  f a r  t h e  v i b r a t i o n  i n  an  op- 
e r a t i o n a l  e n v i r o n m e n t  t h e  b a s e l i n e  mode l  w i l l  a s s u m e  a 
w h i t e  n o i s c  i n p u t  w i t h  s p e c t r a l  l e v e l  

2 
9" 

= 0.02 g s e c .  

T h e  mode l  r c p r * e s e n t i n g  t h e  f r e q u e n c y  e r r o r  d u e  t o  v i b r a t i o n ,  
S f v ,  . i s  shown i n  F i g .  6 .  The p a r a m e t e r s  of t h e  mode l  a re  
o b t a i n e d  from F i g ,  5 .  The r e s o n a n t  c u r v e  i n  t h e  f i g u r e  
c o r r e s p o n d s  t o  a n a t u r a l  f r e q u e n c y ,  w,, uf  754 r a d / s e c  a n d  
a damping  r a t i o ,  5 = 0 . 1 .  The c o n s t a n t  K, i s  t h o  l a t e r a l  
v i . b r a L i o n  d r i f t  c o e f f i c i e n t  w i t h  a  v:.iluc o r  6 x 10-~'/~ 
f r o m  F i g .  5 .  A s  e x p e c t e d ,  t h e  v i b r a t i - o n  c o e r f i c i e n t  K, i s  
v e r y  c l o s c  t o  t h e  g-sensi t i v e  d r i f t  c o c f l i c i  e n t  Kg. 

Shock  - When a q u a r t z  c r y s t . a l  osc i .1  l a t o r  i s  s u b j e c t e d  t o  a. 
s h o c k ,  a p e r m a n e n t  f rbeyuency  o f  sct  ~ c s u l  ts. No s p c c i  f ic. 
v a l u e s  a r e  a v a i l a b l e  ( a t  t , h i s  t i m e )  f o r  t h e  m a g n i t u d e  o f  
l h i s  o f f s e t  d u r i n g  t h c  s h o c k  u t  s t e p  f r x c , t i o n a l  f r e q u e n c y  
s h i f t s  on t h e  o r d e r  of  1 x 10-' h a v e  b r r n  o b s e r v e d  f o l l o w -  
i n g  s h o c k s  o f  15g -to GiOg. A r.easc:)tiablt. mcjdel f o r  t h e  e f f e c t  
of  a s h o c k  o f  s h o r t  d u r a t i o n  ( = I  I n s p c ) ,  n c c u r i n g  a t  l i m c  t,! ' ) of 1 s 11)-9. j.s a  s t e p  j ' r a c t i  o n a l  f recluenc-:y s h i f t  (, 4f, 1 

.I, <, 
, .> 

I n  t h e  p r e v i o u s  p a r : t g r a p h s  m o d e l s  werc c ie \ . c lopcd  L u  d e -  
s c r i b e  t h e  f r e q u c n c y  c l -~-ors  ivhich  :ir- is^ Iro111 por l ,u rba . l , i ons  
i n  t h e  osc:il 1 a t o r ' s  ~ ~ n v i r o n r n e n t .  'I'hc -t;otal f r a c  t . iona .1  f r e -  

DAMPED 2nd  ORDER SYSTEM REPRESENTING 
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g .  G C r y s t a  L O s c i l l a t o r  J ' i b r x t  ivn Kl-ror  XIodt.1 



C L I V  ' 
sum of t h e  i n d i v i d u a l  e r r o r s  r e s u l t i n g  from t e m p e r a t u r e -  
changes ,  o s c i l l a t o r  warm-up, a c c e l e r a t i o n ,  shock and v i b r a -  
t i o n  e f f e c t s ,  v i z ,  

The env i ronmenta l  e f f e c t s  model can be combined w i t h  t h e  i n -  
t r i n s i c  i n s t a b i l i t y  model o f  t h e  q u a r t z  o s c i l l a t o r  as  shown 
i n  F i g .  1. The e r r o r  s t a t m e  v e c t o r  f o r  t h e  q u a r t z  c r y s t a l  
o s c i l l a t o r  e r r o r  model i.s g i v e n  i n  Tab le  1. Two e r r o r  
s o u r c e s  a r e  n o t  i n c l u d e d  e x p l i c i t l y  i n  t h e  s t a t e  v e c t o r .  
The e r r o r  a r i s i n g  from t h e  a c c e l e r a t i o n  of t h e  o s c i l l a t o r  
(i.c., 6 f ,  = K l a / )  is more a p p r o p r i a t e l y  modeled a s  a n  
a d d i t i v e  q u a n t g t y .  T h e  second e r r o r  source ,  which w i l l  re- 
main unmode led , i s  t h e  e f f e c t  of an impuls ive  shock t o  t h e  
o s c i l l a t o r .  Although i t  is unrnodeled, t h e  impact of s u c h  
an u n a n t i c i p a t e d  shock w i l l  be  examined i n  t h i s  paper .  

TABLE 1 

QUARTZ CRYSTAL OSCILLATOR 
ERROR MODEL STATE VECTOR 

STATE SYMBOL DESCRIPTION 

1 6 @ Phase Error 

2 6 f Frequency Error 

3 s 2 Frequency Rate Error 

4 X 1 f F l i c k e r  Noise 

5 X 2 f 
Intermediate Flicker Noise State 

6 6ft Frequency E r r o r  (Thermal Model) 

7 X t Temperature Variation 

8 &*w Frequency E r r o r  (Warm-up Model) 

9 6fv Frequency Error (Vibration Model) 

10 X v Intermediate Vibration Error Sta t e  

& 

USER EVALUATION SCENARIO AND ERROR MODELS 

The a n a l y s i s  of  t h e  a i r b o r n e  u s e r  performance  employed a 
s i m u l a t i o n  program developed a t  TASC i n  o r d e r  t o  i n v e s t i g a t e  
t h e  e f fec t s  of env j - ronmen ta l ly - induced  e r r o r s .  The a i r b o r n e  



I u s e r  ( h e l i c o p t e r )  t r a j e c t o r y  is  i l l u s t r a t e d  i n  F i g .  7 .  The 
u s e r  i n i t i a l l y  p r o c e s s e s  o n e  m i n u t e  of m e a s u r e m e n t s  w h i l e  
s t a t i o n a r y  t o  c a l i b r a t e  the r e c e i v e r  c l o c k .  A f t e r  takeoff  
t h e  h e l i c o p t e r  makes  t u r n s  a t  a maximum o f  15 d c g / s e c ,  ac- 
c e l e r a t e s  a t  a  maximum of 2 . 5  m p s / s c c  a n d  c h a n g e s  a l t i t u d e  
a t  a  maximum o f  3 . 0  mgs. 

An i n e r t i a l  n a v i g a t i o n  s g s t e r n  ( I N S )  i s  i n c l u d e d  i n  t,he u s e r  
f o r m u l a t i o n  tn  p r o v i d e  a c c u r a t e  shor-! . , - term n a v i g a t i . o n  be-  
t w e e n  m c a s u r e m c n t , ~  . A b a r o r n e t r i . ~  a 1 tirnct e r  i s  a l . s o  i n c l u d -  
e d  t,o bound  t h e  v e r l i c a l  c h a n n e l  nf Llle T N S .  Thc  m e a s u r e d  
a l t i t u d e  is u s e d  i n  a c l o s e d - l n o p  fashion t o  damp t h e  
a 7 t  i t u d c  e r r o r s .  For t h e  a i  r h o r n e  u s e r  p e r f o r m a n c e  a n a l y s e s  
c o n s i d e r e d  i n  t h i  s p a p e r ,  p s e u d o - r a n g e  a n d  p s e u d o - r a n g e - r a t e  
m e a s u r e m e n t s  a rc  o b t a i n e d  s i m u l t a n c o u s l v  f r o m  f o u r  o f  t h e  
s a t e l l i t e s  i n  v i e w  c v e r y  10 s e c o n d s  

Two e r r o r  m o d e l s  a r e  r e q u i r e d  f o r  t h e  g e n e r a t i o n  o f  u s e r  
p c r f  orbmance p r o , j e c t i o n s  . The f j.rst i s  n model d e s c r i b i  rlg 
t h e  " real  wor1.d" e r r o r s .  T h i s  modcl w o ~ . ~ l c l  ideally b e  a  corn- 
p 1 . e t e  d e s c r i p t i o n  of a1 1 s i g n i f i c a n t  e r r o r  s o u r c e s  w h i c h  i m -  
p a c t  upon u s e r  i i a v i g a l  i o n  pcrf o r m a n c e  . The sec.orld nic-~del , 
w h i c h  is  a  d e l - i b e r a t e l y  simp 1 i P i e d  d e s c r i p t i o n  o f  t h e  " r e a l  
wc.)rb 1 d" e r r o r s ,  i s  imp1 e lnen ted  i.n the u s e r  K s  lmari P i l t c r .  

I = 0 to GO sec 
VEL :  0 
A L T '  0 
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The " r e a l  wor ld"  e r r o r  model i n c l u d e s  a d c s c r i p t i o n  o f  t h e  
s a t e l l i t e  n a v i g a t i o n  s y s t e m  e r r o r s ,  t h e  u s e r  I N S  e r rors  and  
a u s e r  c l o c k  e r r o r  model .  The s a t e l l i t e  n a v i g a t i o n  s y s t e m  
e r r o r s ,  as  implemented i n  t h e  s i m u l a t i o n  p rog ram,  i n c l u d e  
s a t e l l i t e  c l o c k  and  e p h e m e r i s  e r r o r s ,  s i g n a l  p r o p a g a t i o n  de- 
l a y s  ( i o n o s p h e r i c ,  t r o p o s p h e r i c  and m u l t i g a t h ) ,  and  r e c e i v e r  
n o i s e  and  q u a n t i z a t i o n .  

The u s e r  c l o c k  e r r o r  model w a s  d e v e l o p e d  above .  The  1 0 - s t a t e  
c l o c k  e r r o r  rnodcl i n c l u d e s  a  d e s c r i p t j o n  of  t h e  e f f e c t s  o f  
t e m p e r a t u r c ,  warm-up and  v i b r a t i o n .  E r r o r s  which a r i s e  f rom 
a c c e l e r a t i o n  and  shock are n o t  exp1 ic : i t l y  i n c l u d e d  i n  t h e  
e r r o r  s t a t e  v e c t o r  ( s e e  T a b l c  1) .  However, t h e s e  two e r r o r  
s o u r c e s  a r e  i n c l u d e d  i n  t h e  d e s c r i p t i o n  of t h e  " r e a l  wor ld"  
and  t h e i r  e f f e c t s  on u s e r  n a v i g a t i o n  pe r fo rmance  w j l l  b e  
e v a l u a t e d .  

The u s e r  Kalman f i l t e r  ( R e l .  3 )  e s t i m a t e s  t h e  20 u s e r  n a v i -  
g a t i o n  and  c l o c k  e r r o r s  summarized i n  T a b l e  2 .  The u s e r  
p o s i t i o n  and v e 1 o c i . t ~  e r r o r s  a r e  r e f e r e n c e d  to a 1.ocal l y  
l e v e l  [ n o r t h  ( n ) ,  e a s t  ( e )  and  down ( d ) ]  c o o r d i n a t e  s y s t e m  
l o c a t e d  a t  t h e  i n s t a n t a n ~ l o u s  u s e r  p o s i t i o n .  A s  i n d i c a t e d  
i n  T a b l c  2 ,  I N S  e r r o r s  are c h a r a c t e r i z e d  b y  g y r o  d r i f t  ( w i t h  
b i a s  and random walk components )  and a c c e l e r o m e t e r  b i a s  
e r r o r  t e r m s .  T h i s  rnodcl w i l l  p r o v i d e  a r e a s o n a b l e  d e s c r i p -  
t i o n  o f  I N S  e r r o r s  d u r i n g  t h e  s h o r t  ( ' 8  m i n u t e )  m i s s i o n  
u n d e r  c o n s i d e r a t i o n .  S i n c e  t h e  p u r p o s e  of t h i s  p a p e r  i s  t o  
d i s c u s s  t h e  e f f e c t  of  u s e r  c l o c k  e r r o r s .  a  more d e t a i l e d  I N S  
e r r o r  model would b e  u n d e s i r a b l e .  The user f i l t e r  d o e s  n o t  
i n c l u d e  a  model of  any e n v i r o n m e n t a l l y - i n d u c e d  e r r o r s  i n  t h e  
u s e r  c l o c k .  I n  a d d i . t j o n ,  t h e  s t a t e  mode l ing  t h e  e f f c c t s  of  
a g i n g  h a s  been  d e l e t e d  i n  t h e  f i l t e r  model s i n c e  t h e  t o t a l  
m i s s i o n  d u r a t i o n  is  s h o r t e r  t h a n  t h e  t i m e  r e q u i r e d  f o r  t h e  
e f f e c t s  of a g i n g  t o  become s i g n i f i c a n t .  

Thc u s c r  f j  l t c r  t o r m u l a t i o n  assurnes t h a t  t h e  u s c r  i s  e q u i p -  
ped  w i t h  a  m u l t i c h a n n e l  r e c e i v e r  t o  a l l o w  t h e  s i m u l t a n e o u s  
p r o c e s s i n g  of  p seudo- range  and p s e u d o - r a n g e - r n t c  i n f o r m a t i o n  
from f o u r  o f  t h e  s a t e l l i t c s  i n  v iew.  The f i l t e r - a s s u m e d  
r e c e i v e r  measurement n o i s e  l e v e l s  a re  7 . 5  m ( r m s )  and  0 .15  
mps ( r m s )  f o r  pseudo-range  and  p s e u d o - r a n g e - r a t e ,  r c s p e c -  
t i v c l y .  E r r o r s  due  t o  t h e  i o n o s p h e r i c  and t r o p o s p h e r i c  
e f f e c t s  a re  assumed ( i n  t h e  f i l t e r )  t o  be compensa ted  t o  
w i t h i n  t h e  measurement n o i s e  and  a r c  n o t  c o r r e l a t e d  w i t h  
t h e  o t h e r  e r r o r  s o u r c e s .  
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Flicker Noise  
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USER PERFORMANCE PROJECTIONS 

T h i s  s e c t i o n  w i l l  p r e s e n t  u s e r  pe r fo rmance  p r o j e c t i o n s  
which  p r e d i c t  t h e  impac t  c- ) f  e n v i r o n m e n t a l l y - i n d u c e d  r e c e i v e r  
c l o c k  e r r o r s  on u s c r  n a v i g a t i o n  p e r f o r m a n c e .  The r e s u l t s  
a r e  g i v e n  i n  t h e  form o f  u s e r  e s t i m a t i o n  e r r o r s  and t h e  r m s  -- 
est j.mat i o n  e r r o r  e n v e l o p e  ( s t a n d a r d  d e v i a t  i.on boundary  ) pre- 
d i c t e d  by t h e  user Kalman I i l t c r .  Each e r r o r  s o u r c e  rnodcl- 
e d  above  is i n t r o d u c e d  i n t o  t h e  " r e a l  w o r l d "  e r r o r  model 
s e p a r a t e l y  and i t s  e f f e c t  'an u s e r  n a v i g a t i ~ n  p e r f o r m a n c e  is 
a s s e s s e d  by compar ing  t h e  r e s u l t a n t  n a v i g a t i - o n  e r r o r s  w i t h  
t h o s e  o r  a  b a s e l i n e  r u n  i n  which  o n v i r o n m e n t a l l y - i n d u c e d  
e r r o r s  were d e l e t e d .  The f o l l o w i n g  p a r a g r a p h s  d i s c u s s  t h e  
impac t  o r  t h e  v a r i o u s  e r r o r  s o u r c e s .  

B a s e l i n e  - The b a s e l i n e  p e r f o r m a n c e  o f  t h e  a i r b o r n e  u s e r  is  
i n d i c a t i v e  of  t h e  n a v i g a t i o n  e r r o r s  which a r i s e  f rom n a v i g a -  
t i o n  s y s t e m  e r r o r s  ( s a t e l l i L e  e p h e m e r i s  and c l o c k  e r r o r s ,  
s i g n a l  p r o p a g a t i o n  e r r o r s ,  e t c . )  and u s c r  d e p e n d e n t  e r r o r s  
(INS e r r o r  s o u r c e s  and  t h e  nonenvironmentally-induced 
c l o c k  e r r o r s ) .  T h i s  per ror rnance  is  i l l u s t r a t , e d  i n  F i g .  8 
Tor Lhe t r a j f c t o r y  of  F i g .  7 .  Thc peak  i n  h o r i z o n t a l  v e l o -  
c i t y  e r r o r  a t  t h e  f i r s t  t u r n  i s  due  t o  a  r e s i d u a l  h e a d i n g  
e r r o r  which  c o u p l e s  t h o  a c c e l e r a t i o n  e x p e r i e n c e d  d u r i n g  t h o  
t u r n  i n t o  t h e  h o r i z o n t a l  v e l o c i t y  e r r o r .  T h i s  makes t h e  
h e a d i n g  e r r o r  h i g h l y  o b s e r v a b l e ,  s u c h  t h a t  p s e u d o - r a n g e - r a t e  
measurements  d u r i n g  t h e  t u r n  c a l i b r a t e  t h e  h c a d i n g  e r r o r .  

T e m p e r a t u r e  and  V i b r a t i o n  - The impac t  o f  t h e  o s c i l l a t o r  
t e m p e r a t u r e  and  v i b r a t i o n  s e n s i t i v i t i e s  on u s e r  n a v i g a t i o n  
p e r f o r m a n c e  w a s  minimal  f o r  t h e  assumed l e v e l s  o f  random i n -  
p u t s .  I n  b o t h  c a s e s  t h c  p r o j e c t e d  u s e r  p ~ r f o r m a n c c  was i n -  
d i s t i n g u i s h a b l e  f rom t h e  b a s c l i n e  v a l u e s .  I t  s h o u l d  b e  
n o t e d ,  however ,  t h a t  a  s t r o n g  s i n u s o i d a l  v i b r a t i o n  n e a r  120 
Hz ( s e e  F i g .  5 )  would r e s u l t  i n  a l a r g e  f r e q u e n c y  e r r o r  and  
c o u l d  l e a d  t o  a  d e g r a d a t i o n  i n  u s e r  n a v i g a t i o n  p e r f o r m a n c e .  

Warm-up - The impac t  o f   quart,^ c r y s t a l  o s c j l l a t o r  warm-up on 
u s e r  n a v i g a t i - o n  p e r f o r m a n c e  i s  c o n s i d e r e d  n e x t .  I t  was 
assumed t h a t  t h c  o s c i l l a t o r  had  bean  t u r n e d  on 1 2  m i n u t e s  
p r i o r  t o  t h e  s t a r t  o f  t h e  f l i g h t .  The 12 -minu tc  p e r i o d  was 
choscn  t o  b e  c o m p a t i b l e  w i t h  a 5-minute  c o a r s e  gyrocompass  
and  420-second f i n e - a l i g n  o f  t h e  I N S .  

F i g u r e  9 i l l u s t r a t e s  t h e  e f f e c t s  o f  o s c i l l a t o r  warm-up when 
it is  n o t  modeled i n  t h e  u s e r  f i l t e r .  The f r e q u e n c y  o f f s e t  
p r e s e n t  d u r i n g  warm-up a p p e a r s  d i r e c t l y  a s  t h e  p redominan t  
c o n t r i b u t o r  t o  f r e q u e n c y  e s t i m a t i o n  e r r o r .  T h i s  l a r g e  f r e -  
quency offset r e s u l t s  i n  a n  i n c r e a s e  i n  v e l o c i t y  error s i n c e  
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t h e  f i l t e r  c a n n o t  p r o p e r l y  a l l o c a t e  t h e  l a r g e  p s e u d o - r a n g e -  
r a t e  m e a s u r e m e n t  r e s i d u a l .  The  c l o c k  p h a s e  e r r o r  a l s o  i n -  
c r e a s e s  d u e  t o  t h e  warm-up i n d u c e d  f r e q u e n c y  o f f s e t  a n d  con-  
s e q u e n t l y  u s e r  p o s i t i o n  e r r o r s  a r e  inc : rcasc t l .  

The  u s e  o f  warm-up i n i t i a l  c o n d i t i o n s  a t  1 2  r n j n u t e s  af t e r  
v s c i l l . a t o r  t u r n - o n  is  a r b i t r a r y ;  h o w e v e r ,  i t  i s  c o n s i s t e n t ,  
w i t h  t h e  t i m e  f r a m e  imposed  b y  t h e  c a l i b r a t i o n  of  t ,hc INS.  
If the osc j . l . l a t c s r  w e r e  t u r n e d  on  a t  a. p o i n t  i n  t i m e  c l o s e r  
t o  t h e  s t a r t  of t h e  [ l i g h t ,  t h e  f r e q u e n c y  o f f s e t  would  h e  
l a r g e r  a n d  c o n s e q u e n t l y  u s e r  n a v i g a t t c j n  p e r f o r m a n c e  w o u l d  be 
d e g r a d e d .  C o n v e r s e l y ,  i f  a  l o n g e r  warm-up p e r i o d  w e r e  a l -  
l o w e d .  u s e r  n a v i - z a t  i o n  e r r o r s  would  t e n d  t o  b e  c l o s e r  t o  

I t h e i r  b a s e l i n e  v a l u e s  

I A c c e l e r a t . i o n  - The e - f f c c t s  of : t c c e l e r a t i o n  of t h e  u s e r  c l o c k  

i o n  n a v i g a t i o n  p e r f o r m a n c e  a rbc  shown i n  F i g .  10. T h c  f r e -  
q u e n c y  e r r o r  a r i s i n g  f r o m  t h e  g - s e n s i t i v i - t y  of -t,he q u a r t z  

I o s c i l l a t o r  is  r e a d i l y  a p p a r e n t  a s  t h e  a i r b o r n e  u s e r  t r a -  

verses t h e  t r a j e c t o r y  of I ' i .g .  7 .  Tlic i m p a c t  of t h i s  - f r c -  
q u e n c y  c r r o r  is m a n i f e s t  i n  t h e  h o r i z o n t a l  a n d  v e r t i c a l  v e l -  
o c i t y  e r r o r s .  When t h e  u s e r  r e s u m e s  s t r a i g h t  a n d  l c v e l  
P l i g h t  f o l l o w i n g  t h e  t h i r d  t u r n ,  t h e  f t * e q u e n c y  e r ror  is re- 

I d u c e d  t h r o u g h  processing o f  p s e u d o - r a n g e - r a t e  m e a s u r e m e n t s ,  
S i n c e  t h e  f i l t e r  m o d e l  d o e s  110 t c.ont:.iin a n y  i n f o r m a t i o n  
a b o u t  t h e  a c c e l e r a t i o n  s e n s i t  iv-i Ly , t,he f i. ! t c r  g a i n s  are 

i srnall at this p o i n t  a n d  do not. weight. t h e  p s e u d o - r a n g e -  
r a t e  rnca .surements  1ic:av-i ly e n o u g h  t;o removc t,he res i .d~xa. l  f r e -  
q u e n c y  e r r o r  e n t i r e l y .  One c o n s e q u e n c e  of t h i s  r e s i d u a l  
I r c q u e n c y  e r ror  i s  t h e  l a r g e  r e s i d u a l  v e l . o c i  t y  clrbror' w h i c h  
remains a f t e r  s t r a i g h t  a n d  lcvel. -[I i ght is  resumcd. 

Thc c l o c k  p h a s e  e r r o r  g r o w s  t,o a maxirnum v t t l u c  of 200 m a s  
t h e  user p r o c e e d s  t h r o u g h  t h e  t u r n s  a n d  b e g i n s  t o  r e c o v e r  
d u r i n g  t h e  s t r a i g h t  a.nd l e v e l  p o r t i o n  o f  t h e  f ' l i . g h t .  IJ(.jw- 
e v e r ,  s i n c e  t h e  f i l t c r  g a i n s  a r e  s m a l  1 ( l h e  f j l tcr ha.s n o  
i n f o r r n a t i o n  a b o u t  t h o  l a r g e  ct.lcjck p h a s e  ~ r r o r ) ,  t h e  p h a s e  
e r r o r  is n o t  r e d u c e d  r a p i d 1  y . T h e  l a r g e  tror i z o n t a . 1  v e l o c i t y  
e r r o r  ( "1 mps) d r i v e s  t h e  h o r i z o n t a : l  p o s i t  i o n  e r rox-  t o  60 t o  
70 m .  The  a l t i t u d e  c r r o r  r e s u l t s  frorn t h e  m i s a . l l o c a t i o n  ( b y  

I 

t h e  f i l t e r )  of t h e  large p s e u d o - r a n g e  nleasl.treIncn t r e s i d u a l  
w h i c h  i s  d1.te t o  t h e  c loc l r  p h a s e  e r r o r  ( t ,hese  e r r o r s  a r e  
h i g h l y  c o r r e l  a t o d )  . 

Shock  - The e f f e c t s  o n  u s e r  n a v i g a . t i o n  p e r f o r m a n c e  o f  a  
s h o c k  t o  t h e  r e c e i v e r  c r y s t a l  o s c i l l a t o r  a r e  shown i n  Fig 

I I 11. The s h a r p  jump i n  f r e q u e n c y  e r r o r  is q u i t e  e v i d e n t  a s  
i s  t h e  r a p i . d  g r o w t h  i n  c l o c k  p h a s e  c r r o r  d u e  t o  t h i s  f r e -  
q u e n c y  s h i f t ,  T h e s e  errors are s u b s e q u e n t l y  r e d u c e d  t h r o u g h  
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p r o c e s s i n g  of p seudo- r ange  and p s e u d o - r a n g e - r a t e  measure-  
m e n t s ;  however ,  t h e  r e c o v e r y  is  n o t  r a p i d  s i n c e  t h e  f i l - t e r  
g a i n s  a r e  s m a l l  d u r i n g  t h i s  l a t t e r  p o r t i o n  o f  t h e  f l i g h t ,  
and  t h e  p o s i t i o n  and  v e l o c i t y  e r r o r s  a p p e a r  t o  d i v e r g e  a f t e r  
t = 350 s e c o n d s .  

The p e r f o r m a n c e  p r o j e c t i o n s  p r e s e n t e d  above  have  g r a p h i c a l l y  
d e m o n s t r a t e d  t h a t  a  s i g n i f i c a n t  d e g r a d a t i o n  i n  u s e r  n a v i g a -  
t i o n  p e r f o r m a n c e  c a n  r e s u l t  f rom e n v i r o n m e n t a l l y - i n d u c e d  os- 
c i l l a t o r  e r r o r s .  R a t h e r  t h a n  a t t e m p t  t o  f u r t h e r  i s o l a t e  t h e  
o s c i l l a t o r  from i t s  env i ronmen t  as  a  means t o  r e d u c e  t h e  
n a v i g a t , i o n  e r r o r s ,  i t  s h o u l d  b e  p o s s i b l e  t o  r e f o r m u l a t e  t h c  
u s e r  Kalman f i l t e r  s u c h  t h a t  i t  "ac:knowledgesU t h e  s i m u l t a n -  
e o u s  p r e s e n c e  o f  a l l  t h e  e n v i r o n m e n t a l l y - i n d u c e d  e r r o r  
s o u r c e s .  The dominant  e r r o r  s o u r c e s  which  must  b e  c o n s i d -  
e r e d  i n  t h e  f i l t e r  d e s i g n  a r e  warm-up, a c c e l e r a t i o n  and  
s h o c k .  

I n o r d e r  t o  compensa t e  f o r t h e  impac t  of o s c i l l a t o r w a r m - u p  t h e  
d e c a y i n g  exponen t i a lmode ldeve lopedabovemaybe inc luded  i n  
t h e  u s e r  f i l t e r .  T h i s  a p p r o a c h  i s  n o t  a p p l i c a b l e  i n  t h e  
c a s e  of  e i t h e r  a c c e l e r a t i o n  o r  s h o c k  s i n c e ,  f o r  t h e  accel- 
e r a t i o n  s e n s i . t i v j . t y  o f  t h e  o s c i l l a t o r ,  any e x p l i c i t  model 
would r e q u i r e  knowledge of v e h i c l e  a c c e l e r a t i . o n  r e l a t i v e  t o  
t h e  c r y s t a l  o r i e n t a t i o n  w i t h i n  t h e  o s c i l l a t o r  - a  much t o o  
complex s i t u a t i o n  f o r  a r ea l  t i m e  f i l t e r .  S i m i l a r l y ,  f o r  
t h e  c a s e  of  a  s h o c k  t o  t h e  o s c i l l a t o r ,  a  p r i o r i  knowledge o f  
t h e  t i m e  o f  o c c u r r e n c e  o f  a  s h o c k  is u n l i k e l y  and  s u c h  be-  
h a v i o r  c a n n o t  b e  d e s c r i b e d  by a Gauss-Markov random p r o c e s s  
model .  

I n  l i g h t  o f  t h i s  o n e  s i m p l e  method o f  improv ing  t h e  f i l t e r ' s  
r e s p o n s e  t o  unknown a c c e l e r a t i o n s  o r  an  u n a n t i c i p a t e d  shock  
is t o  add w h i t e  p r o c e s s  n o i s e  t o  t h e  f i l t e r  t o  i n c r e a s e  t h e  
v a r i a n c e  o f  t h e  f r e q u e n c y  e r r o r  s t a t e .  T h i s  r e s u l t s  i n  an 
i n c r e a s e d  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h i s  f i l t e r  s t a t e ,  
making i t  less  s e n s i t i v e  t o  unmodeled e r r o r s .  

Thus ,  m o d i f y i n g  t h e  u s e r  f i l t e r  t o  i n c l u d e  t h e  model o f  0s- 
c i l l a t o r  warm-up [ d e c a y i n g  e x p o n e n t i a l  w i t h  i n i t i a l  v a r i a n c e  
o f  (3 .05  m p s ) 2 ~  and t h e  a d d i t i o n a l  w h i t e  n o i s e  d r i v i n g  t h e  
f r e q u e n c y  e r r o r  [spectral  l e v e l ,  q  = 1.83x10-3(m~s)~/sec)], 
s h o u l d  p r o v i d e  a d e q u a t e  u s e r  n a v i g a t i o n  p e r f o r m a n c e  u n d e r  
a l l  e n v i r o n m e n t a l  c o n d i t i o n s .  T h i s  p e r f o r m a n c e  i s  i n d e e d  
r e a l i z e d  as shown i n  F i g .  1 2 .  F o r  t h i s  r u n  a l l  o f  t h e  en-  
v i r o n m e n t a l  error s o u r c e s  d i s c u s s e d  i n d i v i d u a l l y  i n  t h e  p r e -  
c e d i n g  p a r a g r a p h s  were i n c l u d e d  i n  t h e  " r e a l  w o r l d t t  c l o c k  
model .  The h o r i z o n t a l  p o s i t i o n  and  v e l o c i t y  e r rors  are i n -  
d i s t i n g u i s h a b l e  f rom t h e i r  v a l u e s  i n  t h e  b a s e l i n e  r u n  ( i n  
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which i t  was assumed t h a t  no e n v i r o n m e n t a l l y - i n d u c e d  e r r o r s  
e x i s t e d ) .  The i n c r e a s e  i n  a l t i t u d e  e r r o r  d u r i n g  t h e  s e c o n d  
t u r n  is  a  r e s u l t  o f  t h e  unmodeled p h a s e  e r r o r  g rowth  i n  t h e  
t u r n .  Due t o  t h e  h i g h  c o r r e l a t i o n  be tween  a l t i t u d e  and 
c l o c k  p h a s e  e r r o r s ,  t h e  f i l t e r  c a n n o t  d i s t i n g u i s h  be tween  
t h e  l a r g e  p h a s e  e r r o r  and  t h e  a l t i t u d e  e r r o r s ,  t h u s  c a u s i n g  
an  i n c r e a s e  i n  t h e  a l t i t u d e  e r r o r  a t  t h e  p seudo- r ange  u p d a t e .  
F o l l o w i n g  t h e  t u r n ,  t h e  a l t i t u d e  e r r o r  s e t t l e s  o u t  a t  4 t o  5 
m ,  A s i m i l a r  s i t u a t i o n  a r , i s e s  be tween  v e r t i c a l  v e l o c i t y  and 
c l o c k  f r e q u e n c y  e r r o r s .  T h e  v e r t i c a l  v e l o c i t y  e r r o r  i n c r e a s -  
cs a t  t h e  p s e u d o - r a n g e - r a t e  measurement  as  a r e s u l t  o f  t h e  
,jumps i n  f r e q u e n c y  e r r o r  bu t  is r e d u c e d  t o  a b o u t  0 . 0 5  mps 
d u r i n g  s t r a i g h t  and l e v e l  f l i g h t .  The a l t i t u d e  and v e r t i c a l  
v e l o c i t y  e r r o r s  a r e  much s m a l l e r  w i t h  t h e  mod iF icd  f i l t e r  
t h a n  t h e y  would bc w i t h  t h e  o r i g i n a l  f i l t e r  (compare  w i t h  
t h e  e r r o r s  r e s u l t i n g  f rom a c c e l e r a t i o n  of t h e  o s c j l l a t o r  p r i -  
o r  t o  t h e  f i l t e r  m o d i f i c a t i o n ,  shown i n  F i g .  1 0 ) .  A l though  
f i l t e r  d e s i g n  w a s  n o t  t h e  o b j e c t i v e  o f  t h i s  s t u d y ,  i t  s h o u l d  
b c  p o s s i b l e  t o  f u r t h e r  r e d u c e  t h e s e  e r r o r s  by i n c l u d i n g  w h i t e  
p r o c e s s  n o i s e  d r i v i n g  t h e  a l t i t , u d e  and  v e r t i c a l  v e l o c i t y  
s t a t e s  i n  t h e  l i l t c r .  T h i s  a l t e r n a t i v e  was n o t  p u r s u e d  here.  

I t  s h o u l d  b e  n o t e d  t h a t  t h i s  a p p r o a c h  d o e s  have  its d j s a d -  
v a n t a g e s .  I n  a  r e l a t i v e l y  b e n i g n  env i ronmen t  ( e . g . ,  s m a l l  
a c c e l e r a t i o n s ,  no  u n a n t i c i p a t e d  s h o c k s ,  e t c . ) ,  t h e  i n c l u s i o n  
of  a d d i t i o n a l  p r o c e s s  n o i s e  i n  t h e  u s e r  r i . l ter  w i l l  l e a d  t o  
a mino r  d e g r a d a t i o n  i n  u s e r  n a v i g a t i o n  p e r r o r m a n c e .  The 
t r a d e o f f  be tween  improved f i l t e r  p e r f o r m a n c e  i n  t h e  p r e s e n c e  
o f  e n v i r o n m e n t a l  d i s t u r b a n c e s  mus t  b e  weighed  a g a i n s t  any 
p e r f o r m a n c e  d e g r a d a t i o n  which  may a r i s e  i n  a  b e n i g n  e n v i r o n -  
ment when a  f i l t e r  d e s i g n  s t u d y  is u n d e r t a k e n .  

CONCLUSIONS 

T h i s  p a p e r  h a s  p r e s e n t e d  t h e  deve lopment  of a  model  for  en-  
v i r o n m e n t a l l y - i n d u c e d  e r r o r s  i n  a s a t e l l i t e  n a v i g a t i o n  s y s -  
t e m  r e c e i v e r  q u a r t z  c r y s t a l  o s c i l l a t o r .  The e r r o r  s o u r c e s ,  
which  p r o v e d  t o  b e  dominan t  i n  a n  a i r b o r n e  u s e r  s c e n a r i o ,  
w e r e  a c c e l e r a t i o n ,  s h o c k  and  o s c i l l a t o r  warm-up. The t e m -  
p e r a t u r e  and  v i b r a t i o n  s e n s i t i v i t i e s  o f  t h e  o s c i l l a t o r  had  
min imal  impac t  on  u s e r  n a v i g a t i o n  e r r o r s  f o r  t h e  env i ronmen t  
c o n s i d e r e d  i n  t h i s  s t u d y .  

The e n v i r o n m e n t a l  e r r o r  s o u r c e s  h a v e  d i r e c t  impac t  upon t h e  
o s c i l l a t o r  p h a s e  and  f r e q u e n c y  e r r o r s .  Due t o  t h e  h i g h  c o r -  
r e l a t i o n  be tween  c l o c k  e r r o r s  and  v e r t i c a l  c h a n n e l  e r r o r s ,  
l a r g e  unmodeled p h a s e  and  f r e q u e n c y  errors t e n d  t o  i n c r e a s e  
a l t i t u d e  and  v e r t i c a l  v e l o c i t y  e r r o r s  a t  f i l t e r  u p d a t e s ,  
i . e . ,  t h e  f i l t e r  c a n n o t  p r o p e r l y  a t t r i b u t e  t h e  l a r g e p s e u d o -  



r a n g e  and p s e u d o - r a n g e - r a t e  m e a s u r e m e n t  r e s i d u a l s  t o  t h e  
c l o c k  s t a t e s  a l o n e  a n d  t h u s  " d i v i d e s "  t h e  1 - a r g c  r e s i d u a l  b e -  
tween  c l o c k  a n d  v e r t i c a l  c h a n n e l  e r r o r s .  T h e  h o r i z o n t a l  po- 
s i t i n n  a n d  v e l o c i t y  e r r o r s  a re  i n s e n s i t i v e  t o  a l l  b u t  ex -  
treme e n v i r o n m e n t a l l y - i n d u c e d  e r r o r s  ( e .  g. , a c c ~ ? l e r a t i o n ) .  

A s i m p l e  m o d i f i c a t i o n  o f  t h e  u s e r  f i l t e r  t o  mode l  o s c i l l a t o r  
warm-up and the e f f e c t s  o f  a c c e l e r a t i o n  a n d  s h o c k  s u b s t a n -  
t i a l l y  i m p r o v e s  u s e r  navigation p e r f o r m a n c e  j f  t h e s c  e r r o r  
s o u r c e s  a r e  p r e s e n t .  H o w e v e r ,  i n  t h e  a b s e n c e  o f  t h e s e  e r -  
r o r s  t h e  m o d i f i e d  f i l t e r  i n t r o d u c e s  some d e g r a d a t i o n  i n  
u s e r  n a v i g a t i o n  p e r f n r m a n c c .  C a r e f u l  " t u n i n g "  of t h e  u s e r  
f i l t e r  o r  an  a d a p t i v e  f i l t e r i n g  m e c h a n i z a t i o n  c o u l d  r e d u c e  
t h i s  s e n s i t i v i t y .  
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QUESTION AND ANSWER PERIOD 

Where d i d  you come by t h e  a c c e l e r a t i o n  numbers? A r e  t h o s e  
e x p e r i m e n t a l l y  de te rmined  by your  peop le?  

MR. MEALY: 

No, we d o n ' t  do i t .  D r .  Hafner  a t  ECOM prov ided  some of  it. 

MR. RUEGER 

I was go ing  t o  s a y  t h a t  o u r  e x p e r i e n c e  has  been f a c t o r s  of 
4 h i g h e r  t h a n  t h a t  i n  t h e  c o e f f i c i e n t s  t h a t  you might u s e .  
I d o n ' t  know t h a t  i t  d o e s n ' t  c r e a t e  a  problem. 

MR. MEALY: 

I t  is a f a c t o r  of 4 h i g h e r ,  o r  a  f a c t o r  of 4 worse is  what 
i t  amounts t o ,  s o  we h a v e n ' t  t r e a t e d  t h o s e .  

DR. RE INHARDT : 

I n  your f i r s t  s l i d e ,  you seemed t o  i n d i c a t e  t h a t  you had 
a model f o r  g e n e r a t i n g  f l i c k e r  n o i s e  from w h i t e  n o i s e .  
Was t h a t  t r u e ?  

MR. MEALY: 

Y e s .  

DR. RE INHARDT : 

And what k i n d  o f  model i s  t h a t ?  

MR. MEALY: 

I t  i s  d e s c r i b e d  i n  a paper I gave  l a s t  May a t  t h e  Frequency 
C o n t r o l  Symposium. I t  is  a t r a n s f e r  f u n c t i o n  t h a t  I can 
d i s c u s s  w i t h  you i f  you would l i k e .  I t  does work f a i r l y  
w e l l .  I t  i s  a  s h a p i n g  f i l t e r  t h a t  works i n  t h e  f requency  
domain, such  t h a t l y o u  shape  t h e  spect rum of t h e  w h i t e  
n o i s e  t o  fo l low behavior. 

DR. REINHARDT: 

Does it work i n  a f i n i t e  domain? 



MR. MEALY : 

This w a s  a l l  genera . ted  rising discre-ce t : ' ; rnc .  :It, j.s a 
con- t inuous  f o r r n ~ ~ l a t i o a ,  b u ~  can be co-rver-Led tc! a d . i sc re te  
t i.me f ormula-1:. i o n  . 

. . 
B u t  d o e s  i . t  work : i r .  a -;-lnite or. :~.nl'i:-:Lte < r . e q ~ e n c . : y  domain? 

hlK . MEALY : 

. " oh,  f i n i t e  f r e q l ~ e n c y  ~:-~. ; - lge,  but {,he : i . l m ~ t , ;  are a.:rb:i.trary 




