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SECTION I1 

2.0 SCOPE OF THE STUDY AND RECOMMENDATIONS 

The a n a l y s i s  s tudy  program w a s  restricted i n  scope i n  each of t h e  

f o u r  areas of i n v e s t i g a t i o n ,  ,In the  area of t h e  e v a l u a t i o n  of equip- 

ment performance, the  e f f o r t  was conf ined  t o  a thorough review of t h e  

e x t e n s i v e  l a b o r a t o r y  test e v a l u a t i o n  performed under the  AROD develop- 

meat program f o r  NASA Marshall Space F l i g h t  Center.  (2) 

throughout t h e  p re sen t  s t u d y ,  t he  AROD equipment w a s  tested period- 

i c a l l y  t o  measure any l a t e n t  d r i f t  o r  change i n  equipment accuracy 

w i t h  age. The equipment performance is repor t ed  i n  Sec t ions  4.1 and 

In  a d d i t i o n ,  

4.2. 

In t h e  area of propagat ion t h e  s tudy  was conf ined  t o  a review of 

t h e  l i t e r a t u r e  and where a p p r o p r i a t e  a review of methods c u r r e n t l y  

used. In  t h e  la t ter  case, no o p e r a t i o n a l  methods were found which 

were a p p r o p r i a t e  t o  t h e  frequency band used o r  w i t h  t h e  accuracy 

necessary  fo r  geode t i c  survey. Two exper imenta l  methods, one by NBS 

and one by DBA Systems, were reviewed as a p p l i c a b l e .  These are covered 

f o r  both t r o p o s p h e r i c  e f f e c t s  and ionosphe r i c  e f f e c t s  i n  Sec t ions  4.4 

and 4.5.  N o  exper imenta l  v e r i f i c a t i o n  was contemplated.  

The areas of geometry and data process ing  are i n t e r r e l a t e d  and were 

s t u d i e d  as a s i n g l e  e n t i t y ,  T h i s  s tudy  was conf ined  t o  a l i m i t e d  number 

of geometrical cases, employing a f i x e d  a l t i t u d e  sa te l l i t e  t y p i c a l  of 

c u r r e n t  experimental  survey  satell i tes.  There w a s  no i n t e n t i o n  t o  

compare or c o n t r a s t  v a r i o u s  geode t i c  survey  systems. However, t h e  

s tudy  w a s  so directed t h a t  t h e  r e s u l t s  may be compared r e a d i l y  w i t h  

both  theoretical a n a l y s i s  and f i e l d  tests us ing  other  systems such as 

SECOR and optical  methods, The geometry and s t a t i o n  l o c a t i o n s  are 

those used i n  prev ious  tests. The passes were chosen t o  resemble 

t h o s e  a c t u a l l y  used i n  t h e  pas t .  

2- 1 



R e s u l t s  of theoretical e r r o r  models and s i m u l a t i o n s  in t he  p a s t  

have g e n e r a l l y  proven t o  be somewhat o p t i m i s t i c ,  Although every  

e f f o r t  has  been made t o  be a c c u r a t e  throughout  t h i s  s t u d y ,  on ly  a n  

o p e r a t i o n a l  f l i g h t  test w i l l  provide t h e  u l t i m a t e  e v a l u a t i o n  of AROD 

as a g e o d e t i c  survey  t o o l .  On t h e  basis of t h e  r e s u l t s  p ro j ec t ed  by 

t h i s  s t u d y  program, t h i s  is recommended. 

2-2 



SECTION 111 

3.0 AROD SYSTEM DESCRIPTION 

3.1 INTRODUCTION 

A complete f u n c t i o n a l  d e s c r i p t i o n  of t h e  AROD system is 

conta ined  i n  t h e  AROD System Desc r ip t ion  R e p o r t  ('I. 

s e c t i o n  p r e s e n t s  a b r i e f  summary of t h e  b a s i c  concepts  and 

p r i n c i p l e s  of AROD as they  are a p p l i c a b l e  t o  i ts u s e  for 

geode t i c  survey., The purpose of t h i s  d e s c r i p t i o n  is three- 

f o l d .  F i r s t ,  it should  provide some i n s i g h t  i n t o  t h e  o b j e c t i v e s  

and g e n e r a l  characteristics of AROD and how it can be used 

o p e r a t i o n a l l y .  Second, t h e  d e s c r i p t i o n  s e r v e s  a s  a b a s i s  for 

def in ing  equipment measurement error s o u r c e s  whose e f f e c t  is 

analyzed t o  develop an  e r r o r  model. Thi rd ,  t h e  d e s c r i p t i o n  

d e f i n e s  c e r t a i n  system parameters  t h a t  were s p e c i f i e d  f o r  t h e  

f e a s i b i l i t y  model o b j e c t i v e s  but  which might be changed f o r  

geode t i c  survey  a p p l i c a t i o n s .  

T h i s  

The AROD program w a s  o r i g i n a l l y  a p a r t  of t h e  Sa turn  5 

program. Due t o  program d e l a y ,  t h e  AROD development w a s  re- 

moved from t h e  Sa turn  5 program and i n  December 1364, Motorola 

w a s  awarded a c o n t r a c t  t o  develop a f e a s i b i l i t y  demonstrat ion 

model of t h e  AROD as an advanced technology and development 

program. There were t w o  p r i n c i p l e  g o a l s  i n  t h i s  c o n t r a c t .  

F i r s t ,  t o  develop a system t o  determine range and range r a t e  

i n  the v e h i c l e  from four ground s t a t i o n s  s imul taneous ly  w i t h  

very high equipment accuracy.  The s y s t e m  w a s  t o  be completely 
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automatic and unattended and to require no calibration other 

than initial alignment for a mission life of two years, The 

operational requirements were tailored for earth orbit Saturn 5 

missions, Second, to develop as small, light weight, and low 

power a vehicle equipment as possible consistent with the 1964 

state-of-the-art in packaging and components. 

Although not developed for geodetic survey, the system that 

evolved is potentially capable of providing excellent geodetic 

survey performance using both satellite and aircraft terminals. 

That is the reason for this evaluation study. 

3,2 GENERAL DESCRIPTION AND OPERATIONAL CHARACTERISTICS 

AROD is a vehicle based radio frequency system which provides 

near real time range and range rate data from multiple ground- 

based transponder sites. These are determined from measurements 

of time delay and doppler. Computation of the vehicle position 

and its velocity vector can be performed on a separate vehicle 

computer using the data obtained by simultaneous interrogation 

of three or more ground sites. The ground stations are completely 

automatic and require no external timing or synchronization other 

than the signals from the orbiting vehicle. 

The AROD system has been designed with a high degree of flexi- 

bility to make it adaptable to a wide variety of missions and 

applications. This flexibility includes frequency versatility 

to accommodate varying channel assignments and an adaptable 

program to determine the site acquisition sequence and criteria 

for advancing to a new site. Simultaneous tracking of three 
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s t a t i o n s  wh i l e  a c q u i r i n g  a new s i t e  is the  normal mode of 

o p e r a t i o n ,  each site be ing  dropped on the  basis of an i n c r e a s i n g  

range exceeding a pre-programmed number, and a new s i t e  being 

selected from t h e  v e h i c l e  program. T h i s  program can be preset 

o r  changed in f l i g h t .  

Two radio frequency l i n k s  between t h e  v e h i c l e  and each t r ans -  

ponding s i t e  are used t o  perform t h e  AROD func t ions .  A VHF 

down-link is used f o r  s t a t i o n  c o n t r o l  and t o  accelerate t h e  

a c q u i s i t i o n  process .  T h i s  l i n k  e s s e n t i a l l y  performs t h e  d u t i e s  

normally accomplished by t h e  o p e r a t o r  i n  a manned s t a t i o n .  I t  

provides  an  estimate of v e h i c l e  d i r e c t i o n ,  v e h i c l e  v e l o c i t y  and 

approximate range,  and t h e  turn-on turn-off  i n s t r u c t i o n s .  Pro- 

v i s i o n s  have been made t o  allow t h i s  l i n k  t o  do double du ty  as 

a t e l e m e t r y  communications channel  s imul taneous ly  w i t h  its normal 

AROD f u n c t i o n s .  

A turn-around S-band l i n k  is used for the  range and range rate 

measurements. The range is determined from t h e  two-way t i m e  

de l ay  upon the S-band modulation, and t h e  range rate is de r ived  

from t h e  two-way doppler  s h i f t  of t h e  S-band carrier. Coherent 

f requency t r a n s l a t i o n  is used throughout t o  provide t h e  desired 

accuracy. The range modulation is t r a n s m i t t e d  as +90 degree 

phase r e v e r s a l s  of t h e  carrier and is  de r ived  from a b i n a r y  

pseudo-noise (PN) code. 

The system is f u l l y  coherent  i n  t h e  t r a c k i n g  mode. A l l  r a d i o  

frequency carriers as w e l l  as t h e  range modulation, t h e  time 

gene ra t ion ,  and measurement i n t e r v a l s  are de r ived  from a common 
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source  located i n  t h e  v e h i c l e .  T h i s  e l i m i n a t e s  some sources  of 

measurement error and a l so  permi ts  t h e  use of each s i g n a l  t o  a id  

t h e  others dur ing  a c q u i s i t i o n  and t r a c k i n g .  I t  a l s o  provides  

t h e  means of mutual a s s i s t a n c e  under c o n d i t i o n s  of h igh  dynamics 

or abnormal s i g n a l  r e c e p t i o n .  

The AROD f u n c t i o n a l  subsystems and t h e i r  i n t e r c o n n e c t i o n s  are 

shown i n  block form i n  F igu re  3.1-1. These subsystems perform 

t h e  fo l lowing  s e r v i c e s  i n  t h e  a c q u i s i t i o n  and t r a c k i n g  modes. 

1. The Vehicle Frequency and Time Reference is the master 

t i m e  and frequency r e f e r e n c e  f o r  t he  e n t i r e  system. 

From one stable osc i l la tor  are de r ived  t h e  t r a c k i n g  

f r e q u e n c i e s ,  t h e  c o n t r o l  f r equenc ie s ,  t h e  ranging 

s i g n a l s ,  t h e  t i m e  labels f o r  t h e  data readout ,  and a l l  

i n t e r n a l  s i g n a l s  needed i n  t he  remainder of the  sys t em.  

The carrier frequency s i g n a l s  f o r  t h e  t r a n s m i t t e r s  and 

t h e  l o c a l  o sc i l l a to r  s i g n a l s  f o r  t h e  t r a c k i n g  r e c e i v e r s  

are de r ived  i n  t h e  programmable frequency s y n t h e s i z e r s .  

2. The Vehicle System Cont ro l  Logic c o n t r o l s  t h e  s e l e c t i o n  

of s t a t i o n s ,  establishes t h e  sequence of e v e n t s  du r ing  

a c q u i s i t i o n ,  and c o n t a i n s  t h e  memory necessary  f o r  

s t a t i o n  release a t  the  proper  range. T h i s  subsystem 

also c o n t a i n s  t h e  l o g i c  r equ i r ed  t o  a s s i g n  channels  and 

t o  make d e c i s i o n s  based on t h e  r e p o r t e d  t r a c k i n g  s t a t u s  

i n  both t h e  v e h i c l e  and t ransponder  r e c e i v e r s .  

3. The Vehicle S t a t i o n  Cont ro l  T ransmi t t e r  is a vhf t r a n s -  

m i t t e r  which provides  t h e  t ransponder  s t a t i o n  w i t h  c o n t r o l  
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data ,  and assists t h e  ground s t a t i o n  i n  t h e  a c q u i s i t i o n  

of the t r a c k i n g  s i g n a l .  The a c q u i s i t i o n  a i d s  i nc lude  

mininiization of spa t i a l  search, Doppler f requency search, 

and code t iming  search. T h i s  s i g n a l  a l s o  provides  a n  

an t i s ideband  lockout  a i d  t o  t h e  s t a t i o n  t r a c k i n g  r e c e i v e r .  

The r e c e p t i o n  of a s tandby command by t h e  S t a t i o n  Control  

Receiver au tomat i ca l ly  a p p l i e s  power t o  t h e  r ema inde r  of 

t h e  s t a t i o n  equipment. 

4. The S-Band Vehicle Tracking Transmi t t e r  is modulated w i t h  

t h e  Range Modulation s i g n a l  f o r  t h e  de te rmina t ion  of t h e  

v e h i c l e  p o s i t i o n  and v e l o c i t y .  To minimize equipment 

d e l a y s ,  t h e  code t iming and h igh  speed c lock  are e x t r a c t e d  

nea r  t h e  modulator and d e l i v e r e d  t o  t h e  Range E x t r a c t i o n  

Unit .  

5.  The S-Rand Vehicle  Tracking Receiver c o n t a i n s  f o u r  channels  

t o  process  t h e  m u l t i p l e  s t a t i o n  r e t u r n  s i g n a l s  simul- 

t,xneously. The r e c e i v e r  c o r r e l a t e s  t h e  range modulation 

upon t h e  r ece ived  s i g n a l s  and e x t r a c t s  t h e  Doppler v e l o c i t y  

from each channel.  The r e c e i v e r  a l so  provides  d e t e c t i o n  

of the u p - l i n k  data and provides  o p e r a t i n g  s t a t u s  i n d i c a t i o n s  

t o  t h e  System Control  Logic,  

6. The Vehic le  Range E x t r a c t i o n  Unit c o n t a i n s  t h e  Transmi t t e r  

Range Modulation Generator .  The t r a n s m i t t e d  range modu- 

l a t i o n  is compared a g a i n s t  t h e  r ece ived  s i g n a l s ,  and t h e  

t i m e  d i f f e r e n c e  is computed, The t i m e  de l ay  is s e n t  t o  

t h e  data readout  s e c t i o n  and t o  t h e  system c o n t r o l  s e c t i o n  

where it is compared a g a i n s t  the preset maximum range. 
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One of these u n i t s  operates w i t h  each t r a c k i n g  r e c e i v e r  

channe 1, 

7. The Vehicle  V e l o c i t y  E x t r a c t i o n  Unit  c o n t a i n s  a gated 

coun te r  which e x t r a c t s  t h e  S-Band Doppler s h i f t  for 

range rate de termina t ion .  One of these u n i t s  o p e r a t e s  

w i t h  each t r a c k i n g  r e c e i v e r  channel ,  A s  t h e  ga t ed  t i m e  

i n t e r v a l  is determined from t h e  same frequency s o u r c e  as 

t h e  S-band carrier there is no bias error i n  t h e  range 

rate e x t r a c t i o n .  

8, In t h e  Vehicle Data Readout Sec t ion  t h e  informat ion  from 

t h e  Range E x t r a c t i o n  U n i t s ,  t h e  Ve loc i ty  E x t r a c t i o n  U n i t s ,  

t h e  s i t e  i d e n t i f i c a t i o n ,  and t h e  t i m e  of t h e  r ead ings  are 

combined for readout  t o  t h e  v e h i c l e  computer or t o  

t e l eme t ry .  The readout  rate is nominally f o u r  t i m e s  per  

second and may be either i n t e r n a l l y  synchronized or may 

be i n t e r r o g a t e d  by an e x t e r n a l  non-synchronous t iming  

s i g n a l .  

9. The S t a t i o n  Cont ro l  Receiver  is t h e  vhf r e c e i v e r  a t  each 

of the  t ransponder  s t a t i o n s .  The r e c e i v e r  provides  f o r  

t he  demodulation of c o n t r o l  data, s u p p l i e s  a t iming s i g n a l  

t o  t h e  S-Band Tracking Receiver f o r  coarse range correla- 

t i o n ,  and programs the t r ack ing  r e c e i v e r  t o  t h e  expected 

Doppler s h i f t e d  frequency,  

10. The Transponder S t a t i o n  Cont ro l  Logic decodes t h e  c o n t r o l  

in format ion ,  programs t h e  S t a t i o n  Tracking Transmi t t e r  t o  

t h e  des i r ed  channel ,  and provides  t h e  sequencing necessary  

f o r  mode c o n t r o l  of t h e  t ransponder  s t a t i o n .  
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11, The S t a t i o n  Tracking Receiver r e c e i v e s  t h e  range modulated 

S-band s i g n a l  from t h e  v e h i c l e  and correlates the  range 

modulation. The r e c e i v e r  is f u l l y  coherent  t o  preserve  

t h e  Doppler v e l o c i t y  informat ion ,  A submul t ip l e  of t h e  

r ece ived  carrier frequency is d i r e c t e d  t o  t h e  S t a t i o n  

Frequency T r a n s l a t o r  f o r  u se  i n  d e r i v i n g  t h e  t r a n s m i t t e d  

carrier. 

12. The S t a t i o n  Frequency T r a n s l a t o r  c o n t a i n s  t h e  s table  osci l -  

l a t o r  used i n  gene ra t ing  t h e  reversed  Doppler s i g n a l  f o r  

i n i t i a l  r e t r ansmiss ion  t o  t h e  v e h i c l e .  I t  a l s o  c o n t a i n s  

t he  c i r c u i t r y  necessary  t o  gene ra t e  any one of f o u r  p o s s i b l e  

coherent  t r a n s m i t t e r  f r e q u e n c i e s  as directed by t h e  S t a t i o n  

Cont ro l  Logic, 

13. The S t a t i o n  Tracking Transmi t t e r  a m p l i f i e s  t h e  d e s i r e d  

channel  carrier s i g n a l  and modulates t h i s  s i g n a l  w i t h  t h e  

r e c o r r e l a t e d  range modulation. The s i t e  i d e n t i f i c a t i o n  

and o p e r a t i n g  s t a t u s  codes are also a p p l i e d  t o  t h e  t r a n s m i t t e r ,  

3.3 BASIC AROD CONCEPTS AND PRINCIPLES 

The previous  s e c t i o n  presented  an o v e r a l l  d e s c r i p t i o n  of t h e  

AROD System. H e r e  t h e  emphasis is placed upon f o u r  a s p e c t s  of t h e  

s y s t e m  t h a t  are important  t o  t he  p o t e n t i a l  c a p a b i l i t y  of AROD as 

a g e o d e t i c  survey  t o o l .  These are s i g n a l  process ing ,  t i m e  de l ay  

(Range) measurement, Doppler (Range Rate) measurement, and t h e  ro l e  

played by t h e  vhf l i n k ,  

The f i r s t  t h r e e  r e q u i r e  some f u r t h e r  d e s c r i p t i o n  as t h e y  relate 

d i r e c t l y  t o  range and range rate measurement accuracyI  The vhf 
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command and c o n t r o l  l i n k  provides  s e v e r a l  important  o p e r a t i o n a l  

f u n c t i o n s .  Its a b i l i t y  t o  do t h i s  f o r  system parameters o t h e r  

t han  those c u r r e n t l y  conta ined  i n  t h e  equipment may be compromised, 

The AROD system s imul taneous ly  measures t h e  round t r i p  de l ay  

from the v e h i c l e  t o  f o u r  ground based t ransponders .  T h i s  concept 

e l i m i n a t e s  t he  n e c e s s i t y  f o r  knowing t h e  t i m e  r e l a t i o n s h i p  between 

t ransponder  s t a t i o n s .  T h i s  g r e a t l y  s i m p l i f i e s  t h e  t ransponder  

t e r m i n a l s .  A l l  measurements are made w i t h  r e s p e c t  t o  t h e  master 

o s c i l l a t o r  i n  t h e  veh ic l e .  T h i s  o s c i l l a t o r  o r  c lock  d r i v e s  a 

t i m e  base gene ra to r  which can be e a s i l y  synchronized t o  an  e x t e r n a l  

source .  

3.3.1 Signa l  Process ing  

Time d e l a y  v a r i a t i o n  of t h e  equipment is t h e  c r i t i ca l  para- 

meter f o r  range measurement accuracy. Phase v a r i a t i o n  over  t h e  

measurement i n t e r v a l  is t h e  important  parameter i n  range rate 

measurements. Both are minimized i n  t h e  AROD s y s t e m  by a unique 

s i g n a l  process ing  technique.  C o r r e l a t i o n  d e t e c t i o n  is used 

between t h e  r e c e i v e r  r e f e r e n c e  and t h e  r ece ived  s i g n a l  a t  a po in t  

as close t o  t h e  antenna as  poss ib l e .  The t r a c k i n g  error s i g n a l  

is transformed i n t o  a form t h a t  is least s e n s i t i v e  t o  v a r i a t i o n s  

i n  t h e  equipment parameters.  S p e c i f i c a l l y  t h e  v a r i a t i o n s  i n  

equipment parameters lead t o  v a r i a t i o n  i n  g a i n  of t h e  t r a c k i n g  

se rvo  systems and not  t o  v a r i a t i o n s  i n  t i m e  de l ay  o r  r a p i d  

v a r i a t i o n s  of phase  i n  t h e  carrier t r a c k i n g  system., The b a s i c  

p r i n c i p l e  can best be expla ined  w i t h  a s i m p l i f i e d  system. A 

f u n c t i o n a l  block diagram of such  a s y s t e m  is presented i n  F igure  

3.3-1. 
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A l l  f r e q u e n c i e s  are de r ived  f rom a s i n g l e  master o s c i l l a t o r .  

A 6.4 M H z  c lock  is de r ived  and used t o  d r i v e  a pseudo-noise ( P N )  

code gene ra to r .  T h i s  code is t h e  range modulation and bi-phase 

m o d u l a t e s  the  t r a n s m i t t e r  carrier. The composite s i g n a l  is 

t r a n s m i t t e d  t o  t h e  t ransponder  where it is  cohe ren t ly  t r a n s l a t e d  

and r e t r a n s m i t t e d  back t o  t h e  v e h i c l e  r e c e i v e r .  The r ece ived  

s i g n a l  is c o h e r e n t l y  t r a n s l a t e d  t o  an i n t e r m e d i a t e  f requency and 

presented t o  t h e  s i g n a l  process ing  s e c t i o n  of t h e  r e c e i v e r .  The 

func t ion  of t h i s  u n i t  is t o  demodulate t h e  range modulation and 

doppler  s i g n a l  and present  these s i g n a l s  t o  t h e  data e x t r a c t i o n  

u n i t s ,  w h e r e  t h e  estimate of range and range rate data is performed. 

The s i g n a l  processor  d e r i v e s  its advantages by developing a modu- 

l a t i n g  loop  error s i g n a l  which is p r o p o r t i o n a l  t o  t h e  magnitude 

and s i g n  of t h e  carrier component - phase s h i f t  and d e l a y s  from 

t h e  balanced demodulator on ly  effect t h e  open loop g a i n  of t h e  

modulation t r a c k i n g  loop  and are a second order effect. T h i s f a c t  

w i l l  become ev iden t  b y  t r a c i n g  t h e  s i g n a l  pa th  through the  s i g n a l  

processor .  

The f u n c t i o n a l  block diagram of t h e  s i g n a l  process ing  s e c t i o n  

is shown i n  F igure  3.3-2. The r ece ived  s i g n a l  is described as: 

(1) er = m l ( t )  s i n (wl t  + el) 

m l ( t )  = PN sequence w i t h  va lue  +1 or -1 

= i n t e r m e d i a t e  f requency 

= phase  ang le  of t h e  r ece ived  s i g n a l  

w1 
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The pseudo-noise code used i n  AROD is not  a convent iona l  P N  

code. I t  is a combination f a s t  (H)  code and slow ( L )  code 

formed by t h e  s y s t e m  shown i n  F igure  3.3-3. A temporal d e s c r i p t i o n  

of 

i n  

is 

t h e  composite code is given i n  F igure  3.3-3. 

t h e  H code and 127 b i t s  i n  t h e  L code. 2TL, 

equa l  to1C)22TH, t h e  h igh  code per iod .  

During t h e  a c q u i s i t i o n  and t r a c k i n g  pe r iods ,  

There are 511 b i t s  

t h e  L code pe r iod ,  

bo th  t h e  low 

frequency (L-code) and t h e  h igh  frequency (13-code) w i l l  be  present  

on a t i m e  s h a r i n g  basis;  however, t h e  p r i n c i p l e s  can be best 

presented  by assuming only  t h e  L-code is used. 

The l o c a l  range code s i g n a l ,  m is genera ted  by t a k i n g  a 2'  

l o c a l  YN sequence, which is i d e n t i c a l  w i t h  m l ( t )  except  f o r  a 

t i m e  s h i f t ,  and m u l t i p l y i n g  t h i s  code by a clock, FL, which is 

coherent  w i t h  t h e  range VCO and has t w o  complete c y c l e s  i n  one 

code bit period.  The r ece ived  s i g n a l  is m u l t i p l i e d  i n  a balanced 

modulator ( c o r r e l a t i o n  m u l t i p l i e r )  w i t h  t he  s i g n a l  m 2 ( t + T ) .  The 

r e s u l t a n t  s i g n a l  is: 

(2) e = m l ( t )  m 2 ( t + 7 )  s i n ( w l t  + el> 

Figures3.3-4a and 3.3-4b show t h e  product of m,(t) and m 2 ( t + T ) .  

Wi th .T=  0 ,  t h i s  product is a symmetrical  square  wave a t  a frequency 

FL I iz .  

c a l l y  r eve r sed  i n  phase a t  a r a t e  of FL Hz. The output  of t h e  

c o r r e l a t i o n  m u l t i p l i e r  is a suppressed  carrier double s ideband 

s i g n a l  and is shown i n  F igure  3.3-5a. 

Equation (2) is then  r ep resen ted  by a s i n e  wave pe r iod i -  

When T f O ,  t h e  product of m , ( t )  m,(t+?") is not c o r r e l a t e d  

over t h e  e n t i r e  P N  b i t  per iod.  T h i s  is i l l u s t r a t e d  i n  F igure  3.3-4b. 
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The r e s u l t  is an unsymmetrical squa re  wavec Equation (2)  is no 

longer  a suppressed  carrier s i g n a l  and a carrier component w i l l  

appear  a s  shown i n  F igu re  3.3-5be The ampli tude of t h i s  component 

is 

is 

of 

p ropor t iona l  t o  T / ( 2 T L ) .  The phase of t h e  carr ier  component 

i n  phase w i t h  t h e  carrier phase, e l ,  f o r  + T d e l a y  and is ou t  

phase, el = T ,  f o r  -7  delay .  

The range loop s e r v o  s y s t e m  w i l l  d r i v e  t h e  carrier component t o  

zero; i .e. ,  t o  d r i v e  t h e  de l ay ,7" ,  t o  zero. V a r i a t i o n s  i n  s y s t e m  

g a i n  and i n  t h e  phase el are on ly  v a r i a t i o n s  i n  se rvo  g a i n  and do 

no t  c o n t r i b u t e  t o  t h e  t i m e  de l ay  of t h e  r e c e i v e r .  I t  can be shown 

t h a t  such v a r i a t i o n s  cause  second o r d e r  v a r i a t i o n s  or converse ly  

t h e  second d e r i v a t i v e  of t h e  paramet r ic  v a r i a t i o n s  cause  t i m e  

de l ay  e r r o r .  Th i s  is t h e  key t o  t h e  t i m e  s t a b i l i t y  of t h e  AROD 

r e c e i v e r .  

The ground t r ansponder s  are e s s e n t i a l l y  i d e n t i c a l  t o  t h e  

v e h i c l e  system and has the same system s t a b i l i t y .  

The ou tput  of t h e  c o r r e l a t o r  is m u l t i p l i e d  by t h e  carrier VCO 

and f i l t e red  i n  a narrow band i-f  a m p l i f i e r .  The carrier VCO 

a d j u s t s  its frequency u n t i l  t h e  i-f  f requency e q u a l s  t h e  o f f s e t  

frequency f r .  The carrier VCO a d j u s t s  its frequency u n t i l  t h e  

i-f frequency e q u a l s  t h e  o f f s e t  f requency f r *  

a d j u s t s  the phase of t h e  carrier so t h a t  t h e  o f f s e t  r e f e r e n c e  fr 

is in-phase w i t h  t h e  carrier a t  t h e  coherent  ampli tude detector 

(CAD).  The output  spectrum of t h e  CAD is shown i n  F igure  3.3-6. 

The d-c component is either positive o r  nega t ive  depending only  

on t h e  d e l a y , T .  Therefore ,  the balanced demodulator I s  t h e  

The carr ier  VCO 
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c o r r e l a t i o n  poin t  for t he  range loop, S ince  t h e  range loop  is 

only  s e n s i t i v e  t o  t h e  ampli tude of t h e  suppressed  carrier, v a r i a t i o n  

i n  phase ( t i m e  de l ay )  i n  t h e  narrow band i-f channel  on ly  effects 

the  open loop  g a i n  and is reduced t o  a second order e f f e c t .  Th i s  

e l i m i n a t e s  t h e  l a r g e s t  c o n t r i b u t o r  of t r a c k i n g  error which c o n f r o n t s  

most range t r a c k i n g  systems. 

3.3.2 Time Delay Measurement 

The AROD s y s t e m  does not  measure range d i r e c t l y .  I t  measures 

t i m e  de l ay  of t h e  round t r i p  s i g n a l .  T h i s  can be transformed i n t o  

an equ iva len t  range estimate. However, t h e  t r ans fo rma t ion  r e q u i r e s  

an understanding of t h e  exac t  method used. 

Each channel  has its own range e x t r a c t o r .  One such is shown 

i n  f i g u r e  3.3-7. Coarse range is determined by count ing  t h e  number 

of 6.4 M H z  clock p u l s e s  between t h e  a l l  ones state of the  t r a n s -  

m i t t e d  code and t h a t  of t h e  r ece ived  s i g n a l .  Seventeen b i t s  of 

coarse range can be obta ined  w i t h  a r e s o l u t i o n  of about 23  meters 

and a t o t a l  unambiguous range of bet ter  than  3000 km. F ine  range 

is e x t r a c t e d  by comparing t h e  phase of t h e  t r a n s m i t t e r  r e f e r e n c e  

6.4 MHz w i t h  tha t  of t h e  r ece ived  s i g n a l .  T h i s  measurement is 

a l s o  made by  measuring t h e  t i m e  between p o s i t i v e  zero c r o s s i n g s  

of the two c locks .  T h i s  is done by heterodyning t h e  c l o c k s  by a 

common o s c i l l a t o r  t o  frequency which is 1/128 of the c lock  frequency 

and count ing  c lock  pu l ses  f o r  t h e  l e n g t h  of t i m e  t h e  gate is open. 

Seven b i t s  of f i v e  range are t h e r e f o r e  obta ined  w i t h  a r e s o l u t i o n  

of 0.183 meters. 

By heterodyning t h i s  way t i m e  d e l a y  is inc reased  by 128 t i m e s .  

I t  is necessary  t o  account for range rate i n  t h e  f i v e  range measure- 

ment. 
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Range on each channel  is measured nominally f o u r  t i m e s  each 

second. 

3.3.3 Doppler Measurement 

The doppler  on each channel  is measured by comparing t h e  

frequency of t h e  recovered carr ier  a g a i n s t  t h e  s y s t e m  clock. I n  

e f f e c t  t h e  two are heterodyned and t h e  r e s u l t a n t  m u l t i p l i e d  b y  

a f a c t o r  of 16 t o  y i e l d  a r e s o l u t i o n  corresponding t o  one cycle 

per  second i n  a 0 .2  second. The number of cycles of doppler  is 

counted i n  a f i x e d  i n t e r v a l  of t i m e  corresponding t o  10 pe r iods  

of t h e  low code. T h i s  is approximately 0 .2  seconds.  The maximum 

doppler  that  can be measured corresponds t o  about 13,000 m / s .  The 

maximum doppler  expected i n  t h i s  mission corresponds t o  3500 m / s  

or 48 kHz. 

3.3.4 VHF Command and Cont ro l  Downlink 

The VHF l i n k  a t  137 MHz is not  d i r e c t l y  used i n  e i ther  ranging 

or range rate measurement. However, i t  does provide s e v e r a l  

important system f u n c t i o n s .  As t h e  sa te l l i t e  n e a r s  a ground 

s t a t i o n  t h e  VHF l i n k  is used t o  c a l l  up t h a t  s t a t i o n .  The S-band 

system t r a n s m i t t i n g  as  w e l l .  P o t e n t i a l l y  there is a s i g n i f i c a n t  

doppler  on t h e  S-band. In  a d d i t i o n ,  t h e  S-band system may employ 

a d i r e c t i v e  antenna system a t  t h e  ground s t a t i o n .  The VHF s i g n a l  

is rece ived  over an omni an tenna ,  bu t  which estimates t h e  d i r e c t i o n  

cos ines  f o r  S-band antenna po in t ing .  In  a d d i t i o n ,  t h e  VHF carrier 

is coherent  w i t h  t h e  S-band s i g n a l  carrier. By recover ing  t h e  VHF 

carrier an estimate of t h e  doppler  on t h e  S-band s i g n a l  is obta ined .  

The r e s i d u a l  doppler  is a l l  t h a t  is searched  by t h e  S-band r e c e i v e r .  
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Finally, there is a 3000 km range uncertainty. However, a time 

marker is sent over the VHF link which positions the S-band PN 

code to within one L code bit of that received over the S-band 

link. 

Thus, the VHF link provides antenna pointing, an estimate of 

doppler, and an estimate of system time. All these contribute 

significantly to reduction in synchronization time which requires 

about 3.5 seconds on the average for a complete link. 

In addition, the VHF link carries commands and may be used for 

te leme t ry . 
3.4 PRESENT AROD SYSTEM DESIGN AND PERFORMANCE CHARACTERISTICS 

The previous sections described the AROD basic concepts and 

principles of operation. Here the systems constraints, design 

goals and overall performance .characteristics are reviewed. 

Future sections review the measured system performance in detail. 

It is only intended here to give approximate results of the more 

important factors. 

3.4.1 Original System Design Constraints 

The following factors were imposed on the system: 

VHF carrier frequency 138 MHz 

S-band carrier downlink 2214 M H z  

S-band uplink 1800 MHZ 

VHF antennas gains 3 db 

Veh. S-band antenna 3 db linearly polarized 

Ground S-band antenna 16 db circular polarized 

VHF transmitter power 6 watts 
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Veh. S-band power 

Ground S-band power 

S-band width 

10 watts 

20 watts 

(12 MHz downlink 

(20 MHz uplink 

VHF bandwidth (75 kHz 

Maximum velocity >12,000 m/s 

Minimum range >50 km 

In addition, size, weight and prime power limitations were 

given. 

3.4.2 System Design Goals 

Range Accuracy (.5 meters 

Range ambiguity > 2000 km 
Range resolution <,25 meters 

Range rate resolution <.03 m/s 

Range rate accuracy <.02 m/s 

Acquisition time (2 seconds 

Signal dropout >2.5 seconds 

The system was to be completely automatic and unattended. 

After initial alignment no calibration was to be required f o r  a 

life of 2 years and maintain the performance goals. The system 

was to maximize the range capability and to reject multipath to 

a maximum degree. 

3.4.3 Overall System Performance 

In general, all goals were met or exceeded with three exceptions: 

Dropout was limited to .25 seconds, average acquisition time is 

3.5 seconds, and range rate accuracy was about .05 m/s. The latter 
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was due t o  equipment and is c o r r e c t a b l e .  The o t h e r s  were basic 

compromises i n  s y s t e m  design.  

Range r e s o l u t i o n  is .183 meters w i t h  ambiguity g r e a t e r  t h a n  

3000 km. Maximum range is from 16000 t o  20000 km. System threshold ,  

is -127 dbm a t  which poin t  a l l  f u n c t i o n s  e s s e n t i a l l y  f a i l ,  acqui- 

s i t i o n ,  track, and communication. The data l i n k s  are 400 bps on 

VHF f o r  command and c o n t r o l  and capable of 10000 bps for t e lemet ry .  

The S-Band data l i n k  is 50 bps, Both are adequate  f o r  t o t a l  s y s t e m  

performance, 

RMS range accuracy is about 1 meter a t  th re sho ld  and .08 m / s  

on range rate, 

Overa l l  range accuracy e x c l u s i v e  of n o i s e  is b e t t e r  t han  0.5 

meters due t o  a l l  o t h e r  causes .  

There are three major sou rces  of range e r r o r  in t roduced  by the  

AROD sys t em.  The f i r s t  is  t h e  performance i n  t h e  presence of n o i s e  

and i n t e r f e r e n c e ,  The second is t h e  e f f e c t  of c i r c u i t  v a r i a t i o n s  

upon range and range rate measurement. The t h i r d  is t h e  e r r o r  

in t roduced  i n  t h e  data e x t r a c t i o n  equipment. The n o i s e  e r r o r  VS. 

s l a n t  range f o r  t h e  AROD s y s t e m  is presented  i n  F igure  3.4-1. The i r  

curves  are based on t h e  s y s t e m  parameters l i s t e d  i n  3.4.1 and 3.4.2. 

The modulation loop no i se  bandwidth (one s ided )  is 5 Hz and carrier 

loop n o i s e  bandwidth (one s ided)  is 200 Hz when i n  f u l l  track mode, 

The major equipment error sources  are shown i n  F igure  3.4-2. 

These e r r o r  sou rces  r e p r e s e n t  the  t i m e  d e l a y  in t roduced  by v a r i o u s  

c i r c u i t s  i n  t h e  t r a n s m i t t e r  and r e c e i v e r  u n i t s ,  These sou rces  were 

analyzed dur ing  t h e  AROD des ign  phase and t h e  predicted e f f e c t s  on 

t h e  range and range rate measurements are summarized i n  Table 3.4-1. 
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Source of Error 

Sum of items 

1-12 

RMSof items 

1-12 

Sum in meters 

of items 1-12 

RMS in meters 

of items 1-12 

Range (- 
Bias 

0.064 
- -  
- -  

0.0032 

0.064 

0.0064 

0.004 

0.0032 

0.032 

0.064 
- -  
- -  
_ -  

_ _  
- -  

0.2408 

0 . 1155 
5.64 

2.70 

,) Bits 
Error 

0.0064 
- _  
- _  

0.00032 

0.0064 

0.00064 

0.001 

0.00032 

0.0032 

0.0064 

- -  
0.007 
..- 

0.031 68 

0.0136 

0.74 

0.32 

Carrier (degrees) 

2.0 

1.0 

-- 

-- 
9616-28 

Table 3.4-1. Summary of Bias and Error Effects 
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The circled numerals key the  c i r c u i t  t o  t h e  table. T h i s  a n a l y s i s  

showed tha t  t h e  expected r m s  range e r r o r ,  due t o  equipment v a r i a t i o n ,  

was 0.52 meters. Since t h e  AROD sys t em is completely cohe ren t ,  there 

is no v e l o c i t y  e r r o r  due t o  these sources .  

In  a d d i t i o n  t o  t h e  equipment e r r o r s ,  q u a n t i z a t i o n  and t iming 

e r r o r s  i n  t h e  range and v e l o c i t y  e x t r a c t i o n  u n i t s  c o n t r i b u t e  t o  t h e  

t o t a l  o v e r a l l  sys t em ins t rumen ta t ion  e r r o r .  

Vehicle Ve loc i ty  E x t r a c t i o n  Error 

Two sources  of e r r o r  e x i s t  i n  the  v e h i c l e  v e l o c i t y  e x t r a c t i o n  

equipment. These are e r r o r s  i n  t h e  t iming  per iod  T and quan t i -  

z a t i o n  e r r o r s .  

The t o t a l  accumulated count i n  t h e  v e l o c i t y  e x t r a c t i o n  coun te r  

can be r ep resen ted  as 

N = T, (2 f o  + - 16 fd) 

where N is accumulated count 

2 f o  is o f f s e t  f requency (6.4 M H z )  

and 
2 v  

where v = v e h i c l e  r e l a t i v e  v e l o c i t y  

C = v e l o c i t y  of propagat ion 

f ( T )  = up l i n k  S-band carrier frequency 

(1750 t o  1850 MHz) 

t h e n  
32 v 

N = T ( 2  f o  + c-v f ( T ) )  

S ince  t h e  t i m e  i n t e r v a l  T is d i r e c t l y  de r ived  from t h e  same 

reference o s c i l l a t o r  as f o  and f ( T ) ,  a change in f requency of t h e  
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reference oscillator does not result in a velocity measurement 

error. Considering short time variations of T due to noise on the 

timer clock or counter noise, the readout error becomes 

AN 6 AT (2 fo - 32 f(t)) c-v 
and at v = 12000 meterdsec. 

f(t) = 1800 M H z  
6 AN = AT (6.4 -t 2.3) 10 

To maintain AN less than 1/4 count 

AT = 28.8 x 10"' seconds. 

This can readily be achieved with normal clocked digital tech- 

niques. The resulting error is thus equal to 1/4 the quantization 

leve 1. 

The quantization error can be determined from the following: 

N = T ( 2  fo + - 32 f(t)) - c-v 
and 

T 32 

for AN = 1 

= 0.026 meters/second, 

The rms quantization error is then 
(9)  

Av 

v r m s  = 0,0106 meters/second 
(q) 

From the quantization level of 0.026 m/sec., the timing error 

can be computed. 
V = (4) = 0.0065 meters/second 

? t )  
4 
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TABLE 3.4-2.Summary of Ins t rumenta t ion  Errors 

' E r r o r  Source T 1 Vehicle  Equipment 
a. random n o i s e  errors 
b. p rocess ing  equip,  

c. d a t a  e x t r a c t i o n  errors 
! errors 

I 
f 

I 

i a. random n o i s e  error 
I b. process ing  equip.  
! 
i 

Transponder S t a t i o n  Equip. i 

error 

T o t a l  i 

Range (meters)  

Peak RmS 

0.47 0.175 

0.78 0.32 
0.62 0.316 

0.47 0.175 

0 .78  0.32 

3.12 0.604 

meters Ve loc i ty  set. 

Peak RmS 

0.0137 0.0056 

-- -- 
0.0325 0.0124 

0.0137 0.0056 

0.0699 0,0148 

3.5 IMPACT OF SYSTEM PARAMETER CHANGES ON THE AROD SYSTEM 

Some of t h e  AROD s y s t e m  parameters were d i c t a t e d  by e x t e r n a l  

factors  and may not  be optimum for t h e  survey  problem. This  s e c t i o n  

w i l l  cons ide r  s e v e r a l  of t h e s e  parameters and w i l l  d i s c u s s  t h e  impact 

of t he  parameter v a l u e s  on t h e  equipment des ign  and t h e  system 

ope ra t ion .  The parameters considered are: 1) carrier frequency,  

2) code frequency,  and 3) antenna system. 

3.5.1 Carrier Frequency 

The AROD system w a s  designed for S-band ope ra t ion  wi th  t h e  

down-link i n  t h e  band from 2150-2250 M H z  and t h e  up-link i n  t h e  

bank from 1750-1850 M H z .  The system u t i l i z e s  a vhf down-link a t  

138 biHz as a c o n t r o l  l i n k  and a c q u i s i t i o n  aid. Because ionosphe r i c  

propagation c h a r a c t e r i s t i c s  are better a t  h igher  f r equenc ie s  ( say  

5-10 GHz), it  may be desirable t o  i n c r e a s e  t h e  carrier frequency 
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t o  this reg ion .  

The important  areas which are a f f e c t e d  by such  a change are: 

1) a c q u i s i t i o n  

2 )  f requency s y n t h e s i s  

3 )  r e c e i v e r  f ront-end 

4) antenna 

The areas of f requency s y n t h e s i s ,  r e c e i v e r  f ront -end  and 

antenna would r e q u i r e  r e d e s i g n ;  however, t h e  r e d e s i g n  would be 

s t r a i g h t  forward and would no t  s i g n i f i c a n t l y  a l ter  t h e  system char- 

acter is t ic .  The most s i g n i f i c a n t  factor is carrier a c q u i s i t i o n .  

The AROD system used t h e  Doppler f requency of t h e  vhf down l i n k  

t o  preset t h e  t ransponder  S-band r e c e i v e r  t o  w i t h i n  its carrier loop  

bandwidth. T h i s  technique  can e a s i l y  be extended by a f a c t o r  of 

f i v e  s o  t h a t  t ransponder  a c q u i s i t i o n  is not  a f f e c t e d .  

The up l i n k  t r a n s m i s s i o n s  do no t  c o n t a i n  a vhf l i n k  t o  provide 

an  estimate of Doppler; t h e r e f o r e ,  t h e  t ransponder  measures t h e  one 

way S-band Doppler w i t h  r e s p e c t  t o  a s tab le  o s c i l l a t o r .  The t r a n s -  

m i t t e d  carr ier  is o f f s e t  by t h e  n e g a t i v e  Doppler s h i f t  so  t h a t  t h e  

s i g n a l  a r r i v e s  a t  t h e  v e h i c l e  w i t h  z e r o  Doppler s h i f t  except  for 

t h e  r e l a t i v e  s tab le  osc i l l a to r  u n c e r t a i n t y  of 360 Hz a t  1800 M H z .  

A h i g h e r  f requency ,  s a y  1 0 G H z ,  w i l l  have an  u n c e r t a i n t y  of 5x360 = 

1800 Hz. The v e h i c l e  must a c q u i r e  by sea rch ing  s e q u e n t i a l l y ,  b i t -  

by-bi t  t hmugh  t h e  low frequency code (L-code, which is 127 b i t s  long) .  

A t  each code b i t  s h i f t ,  t i m e  must be al lowed f o r  t h e  carrier t o  lock  

and f o r  t h e  code t o  be examined. The carrier loop  bandwidth is 565 

Hz (one s i d e d )  d u r i n g  a c q u i s i t i o n  and carrier a c q u i s i t i o n  is on t h e  
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o r d e r  of 1-2 m s  which is i n s i g n i f i c a n t  wi th  r e s p e c t  t o  t h e  code 

i n t e g r a t i o n  t i m e  of 20 m . s .  An i n c r e a s e  of frequency u n c e r t a i n t y  

of 1800 Hz w i l l  i n c r e a s e  t h e  carrier a c q u i s i t i o n  t i m e  t o  t h e  o rde r  

of 70 m . s . ,  so  t h a t  t he  code s e a r c h  t i m e  must be  increased  t o  t h e  

o rde r  of 90 m , s .  p w b i t  or  11.4 seconds f o r  t h e  e n t i r e  code length .  

This  is a maximum t i m e .  The average t i m e  would be 5.7 seconds and 

is accep tab le  f o r  m o s t  a p p l i c a t i o n s .  After  t h e  low-frequency code 

has  been acqui red  by v e h i c l e ,  t h e  t ransponder  w i l l  l i n e a r l y  sweep 

from zero Doppler t o  t h e  f u l l  t w o  way Doppler s h i f t .  The present  

t i m e  a l l o c a t i o n  is one second f o r  this f u n c t i o n ,  and would a l s o  in-  

crease t o  5 seconds.  The t o t a l  impact of t h e  carrier changes on 

a c q u i s i t i o n  t i m e  is t o  i n c r e a s e  t h e  t i m e  from 3 seconds t o  11 seconds.  

3.5.2 Code Rate 

The AROD code is formed by combining a h igh  speed code w i t h  a 

low speed code as shown i n  F igure  3.3.3. The high speed code o p e r a t e s  

a t  a ra te  of 6.4 MBbs and has  a per iod  equa l  t o  one ha l f  a low code 

b i t ,  The low frequency code has a per iod  of approximately 20 m i l l i -  

seconds and a rate of 6 . 4 ~ 1 0  + 1022 or 6.25 KJB. These code rates 

and code pe r iods  are selected t o  minimize t h e  a c q u i s i t i o n  t i m e  w h i l e  

6 

providing t h e  accuracy (h igh  frequency r a t e )  and unambiguous range 

(low-frequency pe r iod ) .  

The geode t i c  survey  might w e l l  u s e  o r b i t a l  a l t i t u d e s  of 1,000 

n a u t i c a l  m i l e s  and r e q u i r e  a s l i g h t l y  longer  unambiguous range. Th i s  

can be accomplished s imply by lengthening  t h e  L-code gene ra to r  by 

one b i t  w i t h  an  i n c r e a s e  i n  a c q u i s i t i o n  t i m e  of a factor of f o u r  f o r  

t h a t  po r t ion  of t h e  c y c l e .  
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The t o t a l  v e l o c i t y  measurement 

e f f e c t s  is then  

e r r o r  r e s u l t i n g  from these two 

V = 0.0124 meters/second r m s  

Vehicle Range E x t r a c t i o n  Error 

There are three types  of e r r o r s  d i r e c t l y  a s s o c i a t e d  w i t h  t h e  

range e x t r a c t i o n  equipment. These are (1) an e r r o r  r e s u l t i n g  from 

frequency e r r o r  i n  t h e  range modulation r e f e r e n c e  o s c i l l a t o r ,  (2)  

q u a n t i z a t i o n  e r r o r  r e s u l t i n g  from r e p r e s e n t i n g  range i n  a d i g i t a l  

manner, and (3) e r r o r s  in t roduced  because of t h e  f i n i t e  per iod 

r equ i r ed  t o  make t h e  range measurement. 

The f i r s t  sou rce  of error is a direct p r o p o r t i o n a l i t y ;  t h a t  

is, an e r r o r  of 1/107 i n  c a l i b r a t i o n  of t h e  range modulation r e f -  

e rence  o s c i l l a t o r  w i l l  r e s u l t  i n  an  equ iva len t  e r r o r  i n  any range 

measurement. T h i s  can be a maximum of 0.2 meter a t  t h e  maximum 

s p e c i f i e d  range of 2000 k i lometers .  

S ince  range is quant ized  t o  1 p a r t  i n  128 of t h e  wavelength 

of t h e  6.4-Mc range modulation clock frequency,  

A R  q = 300 x lo6 = 0.183 meter 
2 x 6.4 x 106 x 128 

The r m s  q u a n t i z i n g  error is then  

c 0*183 =i 0.0745 meter ARq r m s  

The method of range readout  as desc r ibed  i n  s e c t i o n  3.3.2 is 

e s s e n t i a l l y  one of measuring t h e  phase de l ay  experienced by a t r a n s -  

mission from t h e  v e h i c l e  t o  t h e  t ransponder  and r e t u r n ,  A coarse 
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measurement coun t s  the  number of t o t a l  c lock-cyc les  of de l ay  which 

e x i s t  and t h e  f i n e  measurement determines t h e  phase d e l a y  i n  t h e  c lock  
6 4 x lo6 frequency. S ince  t h e  phase measurement is a c t u a l l y  made a t  A- 12 8 

Hz, t h e  maximum per iod  of t h e  measurement is 20 microseconds. A t  

maximum v e l o c i t y ,  t he  Doppler appear ing  on the  6.4 MHz c lock  s i g n a l  

is 512 Hz/Sec. O r ,  i n  20 microseconds,  a phase change of up t o  

0.01024 c y c l e  can occur. T h i s  is equ iva len t  t o  0.234 meter a t  max- 

i m u m  v e l o c i t y  and p ropor t iona l  t o  v e l o c i t y .  

Thus t h e  range e r r o r s  c o n t r i b u t e d  by t h e  readout  equipment are: 

1, Quant iza t ion  error, Rq rms = 0.0745 meter 

2. Clock frequency e r r o r ,  RC = x R meter 

3. 

Consider ing maximum v e l o c i t y  and range,  t h e  t o t a l  r m s  e r r o r  is 

Readout v e l o c i t y  e r r o r ,  Rv = 1.95 x x v meters 

0.316 meter. 

Measurement Error Summary 

Table V-4 is a summary of the  estimated s y s t e m  errors. The 

q u a n t i t i e s  l i s t e d  have been e v a l u a t e a  a t  a range of 2000 k i lome te r s  

and a v e l o c i t y  of 12,000 ki lometers /second.  These data i l l u s t r a t e  

t h a t  a good ba lance  among t h e  e r r o r  sou rces  has been achieved i n  t h a t  

no s i n g l e  error source  dominates. 
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A t  S-Band, t h i s  i n c r e a s e  is on the order of  4 seconds.  For  a carrier 

frequency of 10 GHz, t h i s  i n c r e a s e  becomes 20 seconds.  T h i s  still  

provides  a reasonable  a c q u i s i t i o n  t i m e .  I t  is p o s s i b l e  t o  combine a 

lower frequency code t o  t h e  present  modulation t o  reduce t h e  a c q u i s i t i o n  

t i m e  t o  t h e  order of 5-10 seconds should a s h o r t e r  a c q u i s i t i o n  t i m e  

be r equ i r ed .  

3,s. 3 Antennas 

The AROD r f  l i n k  budget w a s  c a l c u l a t e d  us ing  an omni d i r e c t i o n a l  

antenna a t  t h e  v e h i c l e s  t e rmina l  and a d i r e c t i o n a l  d i s h  w i t h  approxi- 

mately 16 db g a i n  a t  t h e  t ransponder  t e rmina l .  The beeamwidth of t h e  

antenna is on t h e  order of 26 degrees .  The system has a t h r e s h o l d  

s l a n t  range of 10,000 k m  o r  5,000 n a u t i c a l  m i l e s .  

The a d d i t i o n a l  loss a t  10 GHz, can be compensated f o r  by an 

i n c r e a s e  i n  antenna g a i n  f o r  t h e  same antenna dimensions; however, 

t h e  beamwidth w i l l  be decreased t o  about 5 degrees .  This makes t h e  

i n i t i a l  antenna a c q u i s i t i o n  more d i f f i c u l t .  The beamwidth can be 

dened by r e s t r i c t i n g  t h e  o p e r a t i n g  range. 

T h i s  may r e q u i r e  an  antenna po in t ing  system on t h e  t r a c k i n g  

s y s t e m  carrier. 
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4.0 RADIO RANGING 

T h e r e  are  a number of b a s i c  c o n t r i b u t o r s  t h a t  can i n f l u e n c e  

t h e  r e s i d u a l  s l a n t  range error. These  can  be d iv ided  i n t o  t h o s e  

a s s o c i a t e d  w i t h  the  system d e s i g n  and equipment and t h o s e  associated 

w i t h  t h e  propagat ion path.  

The former system f a c t o r s ,  can be d iv ided  i n t o  t w o  p a r t s :  

System des ign  f a c t o r s  and equipment performance f a c t o r s .  The l a t t e r ,  

propagat ion ,  encompasses f o u r  f a c t o r s ,  t h e  v e l o c i t y  of l i g h t  i n  vacuo 

t roposphe r i c  e f f e c t s ,  i onosphe r i c  e f f e c t s ,  and mul t ipa th .  Each of 

t h e s e  is d i scussed  and eva lua ted  i n  t h e  subsequent p o r t i o n s  of t h i s  

s e c t i o n .  The f i n a l  p a r t  is a summary of e f f e c t s  and a range e r r o r  

model f o r  use  i n  t h e  s imula t ion .  

The s y s t e m  or equipment performance is d iv ided  i n t o  t w o  p a r t s :  

des ign  and p r a c t i c e .  T h i s  is done because t h e  system des ign  i n c l u d e s  

many f a c t o r s  which can m a t e r i a l l y  e f f e c t  t h e  ranging  error u n l e s s  t hey  

are accounted f o r  and f a c t o r s  which do i n f l u e n c e  accuracy whose the- 

o r e t i c a l  performance is designed i n ,  but  which could be changed i f  t h e  

goede t i c  survey performance r e q u i r e s  i t .  

The equipment p r a c t i c e  or performance i n c l u d e s  t h o s e  f a c t o r s  t h a t  

c o n t r i b u t e  t o  r e s i d u a l  range e r r o r ,  environment,  ag ing ,  tempera ture ,  

characteristics w i t h  which the d e s i g n e r  must l i v e .  

4 .1  AROD SYSTEM DESIGN FACTORS 

T h e r e  are e igh t  des ign  f a c t o r s  which i n f l u e n c e  range accuracy:  
1. Transformation of t i m e  de l ay  t o  an estimate of range. 
2. Time de l ay  e x t r a c t o r .  
3. Range r e s o l u t i o n .  
4. Range rate compensation. 
5. Signal-to-Noise r a t i o  dependence, 
6 .  Dependence on t h e  fundamental f requency of modulation waveform. 
7 ,  Carrier frequency dependence. 
8. Antenna system. 
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4.1.1 Transformation of Time Delay t o  an  E s t i m a t e  of Range 

Time de lay  i n  a dynamic environment is not  i d e n t i c a l l y  equ iva len t  

t o  range even assuming exac t  knowledge of propagation v e l o c i t y .  

F igure  4.1.1-1 is a geometric p i c t u r e  of t h i s  problem. 

/ 
x 

/ 
/ 

/ 
0 

R 2  

/ 

9616-34 
Delay-Range Geometry  

TRANS Figure  4.1.1-1 

Poin t  @is t h e  p o s i t i o n  t h e  v e h i c l e  is i n  a t  t h e  t i m e  on event  

is t r ansmi t t ed .  

l o c a t i o n  a t  the t i m e  t h e  event  r e t u r n s  t o  the  veh ic l e .  

t h e  observed d e l a y ,  V is v e h i c l e  v e l o c i t y .  C = t h e  v e l o c i t y  of 

@is t h e  t ransponder  l o c a t i o n ,  and@ t h e  v e h i c l e  

tg - t l  = 

propagat i on  e 

2 '  1/2 3 vz: = x 
= CT = R~ + ( R ~  + VT case)' + ( v f s i n ~ )  

Iil + Rs 1 L 
0 

5' 1 Vsin6 = Rl or  range rate a t  t i m e ,  

I -  
2 i+ : case 

A 
If t h e  estimate of R1 is R1 = c Z / Z  t hen  a n  error, 6 ,  occurs .  

A 
If b = R1 - R1 
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V 2 s i n  6) 
C't: 

V -2 R 1  + d =  7 -  
C 1 + COS e 

To e x a c t l y  determine d t h e  t r u e  v e l o c i t y  and ang le  6 must be 

known. 

e s t ima ted  us ing  t h e  observed R1 which is d i r e c t l y  obta ined  from t h e  

AROD system. The l as t  term is then  t h e  r e s i d u a l .  Using t h e  va lues  

given i n  Appendix A,V is of o r d e r  7500 m/sec. The r e s i d u a l  is max- 

imized  when 6 = 90 degrees .  

d 

These can  be obta ined  by geometr ic  r educ t ion  bu tdmay  be 
0 

R1 is less than  10,000 km, (The c o r r e c t i o n  

could be n e a r l y  250 meters and t h u s ,  must be made.) 

The r e s i d u a l 6  is less than  ,625 mm which may be ignored ,  and 

t h i s  can be cons idered  t o  be r e s i d u a l  f r e e .  

4.1.2 T i m e  Delay Extractor  (1)  

Each channel  of t h e  AROD system has its own t i m e  de l ay  (range)  

e x t r a c t o r .  One such is i l l u s t r a t e d  i n  F igure  3.3-7. The f i n e  range 

e x t r a c t o r  p r e s e n t s  a problem. I f  a r e s o l u t i o n  of (1/128)th of a high 

code b i t  is d e s i r e d ,  a direct measure of de l ay  between zero c r o s s i n g s  

of t h e  r e c e i v e r  r e f e r e n c e  and t h e  r ece ived  s i g n a l  involve  a count ing 

ra te  of 128 x 6.4 800 M H z ,  which is h igh ly  undes i r ab le .  

To main ta in  a count ing  rate of 6.4 MHz t h e  r e f e m c e  and r ece ived  

phases are t r a n s l a t e d  t o  a f r equency  equa l  t o  6.4/128 MHz. I f  e f f e c t  

t h i s  Stretches t h e  f i n e  range t i m e  de l ay  by a f a c t o r  of 128. The max- 

imum period of f i n e  range measurement is (128/6.4) = 20 p sec, The 

maximum Doppler is 320 Hz on t h e  6.4 M H z  s i g n a l  or a phase  change of 

.064 c y c l e s  o r  .146 meters. The c o r r e c t i o n  t o  be made is A R  = 1.95 
0 

2 N-7 x R where A R  is t o  be s u b t r a c t e d  from observed range 

and N is t h e  number of b i t s  of f i n e  range. 
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( I n  t h e  AROD l a b o r a t o r y  test program t h e  c o r r e c t i o n  due t o  t he  

tes t  c o n d i t i o n s  w a s  -25 meters). 

I n  a d d i t i o n  t o  t h i s  f a c t o r ,  t h e  heterodyne o s c i l l a t o r  a t  

127/128 of 6.4 M H z  w a s  f r e e  running. T h i s  can l ead  t o  error. (See 

F igure  4.1.2.-1). CLOCK 

961 6-33 

Figure  4 . P . 2 , - P 0  Fine Range Counter 

a = s i n  l w l  = w2> t - 41 
b = s i n  ['wl - w2) t - fl - 01 

= w  wl - w2 0 

S t a r t  occurs when 

Stop occurs  when Wot2 - - # - e  = n  
A 

t2-tl = T ,  - cT - - Fine  range measurement, R. 
2 

Fine range r e s o l u t i o n  is 7 b i t s  o r  128 coun t s  for 360' or one 

where R is t h e  real  f i n e  range. The wave l e n g t h  of wlm 8 = e w1? 

e r r o r  is R - R = - - 

2R 

w1 - R 2R 1 c  - A 

128 2w0 C 
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w is supposed t o  equa l  w1/128. 
0 

E =  - 6  R ,  & A w 0  

W 
1 + d  

0 

6 is better than  Rmax, f o r  f i n e  range is 23.4 meters. 

Hence, c=  .234 mm and may be cons idered  t o  be r e s i d u a l  f r e e .  

4.1.3 Range Reso l u t  ion Error ( 1) 

The minimum r e s o l v a b l e  element i n  t h e  AROD system is 0.183 

meters. iVith an average v e l o c i t y  of about 2000 m / s ,  t h e  range 

change from measurement t o  measurement is 500 meters. Consequently, 

i t  is reasonable  t h a t  t h e  e r r o r  is uniformly d i s t r i b u t e d  a c r o s s  t h e  

r e s o l u t i o n  e l e m e n t .  T h e r m s  error per  measurement is t h e r e f o r e  7.45 c m .  

The e r r o r  is independent from measurement t o  measurement. 

Fu r the r  r educ t ion  is p o s s i b l e  by either i n c r e a s i n g  t h e  modulation 

r a t e  (6.4 MHz) o r  by ob ta in ing  g r e a t e r  r e s o l u t i o n .  However, t h i s  

does not seem warranted a t  least  f o r  t h e  geode t i c  survey problem. 

Hence, t h e  r e s i d u a l ,  6 . ,  equa l s  7.45 crr r m s .  

4.1.4 Range Rate Compensation (3) 

The AROD s y s t e m ,  when t r a c k i n g  t h e  high code modulation f o r  

good range accuracy ,  u ses  Type I second o r d e r  rate a ided  loops,  The 

ra te  a i d i n g  is obta ined  from t h e  carrier. In t h e  t ransponder ,  t h e  

rate a i d i n g  is e x a c t ,  bu t  i n  t h e  v e h i c l e ,  it is good t o  a f r a c t i o n  of 

a percent .  

In  t h e  t ransponder ,  t h e  rate a i d i n g  means t h a t  t h e  lead  or l a g  

t o  compensate is a f r a c t i o n  of a carrier cycle or less than about 1 mm. 

In  t h e  v e h i c l e ,  however, rate a i d i n g  is good t o  t h e  o rde r  of 3 ~ 1 0 ~ ~ .  
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The modulation t r a c k i n g  open loop  ga in  is 4125, With a maximum 

doppler  of 3500 m / s  t h e  e r r o r  is: 

3 x x 3500/4125 3 c m  and can be neglec ted .  

T h i s  is a c a l c u l a b l e  error and could be c o r r e c t e d  but  i t  seems 

ha rd ly  worth it. 

There may a lso be an a c c e l e r a t i o n  error. T h i s  amounts to: 

d = 3 10'~ A/K,. 

= 90 A 5 47 m/sec, , Ka 2 and 

d 4 3 x los3 x 47/90 = .15 e m  

provided t h e  a c c e l e r a t i o n  does not las t  longer  t h a n  46 seconds. 

4.1,5 Signal-To-Noise Rat io  Dependance (1, 3) 

From t h e  AROID system des ign  r e p o r t ,  t h e  mean squa re  e r r o r  i n  

range is 
2 

crR 

BR 

I*H 

TL 

T 

W 

T 
g 

C 

given b y  the fo l lowing  express ion:  

5Hz 

2 n  1 . 2 ~ 1 0  rad/sec.  5 

\ I  
(1/6.4) x see. = .I565 x 

= L code b i t  per iod  TL 511 TH = 80 x 

1.1 TL = 88 x 

l ( r 5 / n  = 3,18 x low6 
3 x lo8 
t h e  phase e r r o r  i n r a d i a n s i n  t h e  carrier t r a c k i n g  loop, 
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= 200 Hz 
BC 

w = 2 n  ( n / 2 )  1.2 x lo5  rad/sec.  

8 n B c  800 = .424x10m2 (6.26-3U) 

N.F. 8.3 db veh 

9 db 1 & 2 Transponder 

10 db 3 Trans ponder 

KT(v) = -174 + 8.3 = -165.7 dbm/cps 

KTB = -165.7 + 2.75 + 50 = -113 dbm 
* 

T 
g 

88 

8 
CTH x 3x10 x. 1565x1Um6 = 23.45 meters (27.4) 

2 2 

2N0Y = KTB = -113 dbm on Veh 

16rJ B* = 2 n  8x5 = 80 

2 n  ( n / 2 )  ~ 2 ~ 1 0 ~  1.217 \V 

= 2.12 (3.25 - 40 = 36.75) 

This  is p l o t t e d  a s  t h e  t h e o r e t i c a l  curve i n  F igure  4.2.5-1. 

The t o t a l  s igna l - to-noise  dependance is t h e  e f f e c t i v e  sum of 

t h a t  a t  t h e  t ransponder  and t h a t  a t  t h e  v e h i c l e .  The loop cha rac t e r -  

i s t ics  are t h e  same for both.  A t o t a l  system t r a n s f e r  f u n c t i o n  is 

shown i n  F igure  4.1.5-2. 
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Figure  4 1 5-1 
Range Loop Noise 

K is t h e  meter/rad, conversion f a c t o r .  nl and n2 are independent 

Gaussian n o i s e s  normalized b y  r ece ived  s i g n a l  l e v e l .  

Y ( s )  = c losed  loop response of the r e c e i v e r s ,  (s) = 1 - Y ( s ) .  

9616-31 

Figure  4.1 e 5-2 
Noise Spectrum 

The f i r s t  tern i n  is t h a t  c a l c u l a t e d  i n  t h e  previous s e c t i o n .  

The second is tha t  caused b y  t h e  t ransponder .  C l e a r l y  t h a t  c o n t r i b u t i o n  

is small s o  long a s  t h e  e r r o r  is s m a l l  compared t o  t h e  wavelength. 
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= s +  d- ( 2 d ) .  d- 1 = 4B 

(S +eo2 + d 2  
- - 

3 Y 
G 

w i t h  break frequency a t  rad ians /sec .  

E(S) = S2 w i t h  break a t  4 r ad ians .  

.,. oc 
(S +Ll2 + A  

c 

'1 d s  d s  

= OfL + 43c = 4 . 2 d  = 4 . 2 ( ? /  i 4 ~  \i - 
5 

This r a t i o  4.2/5 of t h a t  s t r a i g h t  through Y(S) or a reduc t ion  

of about 10% i n  t h e  rms e r r o r  measured a t  t h e  t ransponder .  

A composite assuming t h r e s h o l d  a t  bo th  t e rmina l s  is p l o t t e d  i n  

Figure 4.2.5-2 as t h e  t h e o r e t i c a l  curve.  

The  r e s i d u a l s  t o  u s e  are given i n  s e c t i o n  4.2.5-2. 

4.1.6 Dependance on t h e  Fundamental Frequency of Modulation 

The range e r r o r  equat ion  given i n  t h e  previous s e c t i o n  

(4.1.5) i l l u s t r a t e s  t h a t  t h e  r m s  e r r o r  is i n v e r s e l y  p ropor t iona l  t o  

t h e  b a s i c  clock frequency (6.4 MHz), higher  f r equenc ie s ,  lower e r r o r  

and  v i c e  ve r sa .  

The reason  f o r  i n t roduc ing  t h i s  is i f  h igher  r n i s  accuracy is 

requ i r ed ,  which is u n l i k e l y ,  bo th  cost and prime power r equ i r ed  is 

increased .  If a h igher  r m s  is t o l e r a b l e ,  a lower c lock  may be used. 

I f  i t  is below 3 M H z  a lower power d i g i t a l  f a m i l y  can be used. The  
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disadvantage  is reduced p r o t e c t i o n  a g a i n s t  mul t ipa th .  

4.1.7 Carrier Frequency Dependance 

The carrier frequency is a factor involved i n  o b t a i n a b l e  range 

accuracy. Its i n f l u e n c e  is l a rge ly  dependant upon t h e  ionospher ic  

propagat ion characterisitics which  is d i scussed  i n  s e c t i o n  4.5.1. 

If range rate ob ta ined  from t h e  carrier doppler  is u s e f u l  i n  

either reducing t h e  p o s i t i o n  error or i n  reducing t h e  number of 

p o i n t s ,  t hen  a h igher  carrier frequency may prove desirable. 

The range rate e r r o r  dependance on s igna l - to-noise  r a t io  is: 

which clearly i l l u s t r a t e s  t h e  wavelength dependance. An inc reased  

carrier frequency may r e q u i r e  a wide loop bandwidth (BL) and either 

h igher  antenna g a i n o r  h igher  t r a n s m i t t e r  peer a t  both v e h i c l e  and 

t h e  t ransponder .  

4.1.8 Antenna System 

Although not r e a l l y  a s y s t e m  f a c t o r  c o n t r i b u t i n g  d i r e c t l y  t o  

range error, n e v e r t h e l e s s  some c o n s i d e r a t i o n  must be given t o  i t .  

The system described h e r e i n  has a range c a p a b i l i t y  of about 

20,000 km (a s i g n a l  l e v e l  of -127 dbm) when inc lud ing  5 db i n c i d e n t a l  

l o s ses .  Th i s  is a margin of 6 db corresponding t o  a s i g n a l  of -121 

dbm. 

Motorola d i d  not  develop an  antenna i n  conjunct ion  w i t h  t h e  

AROD hardware. Auburn U n i v e r s i t y  d i d  some basic development work 

on a VHF d i r e c t i o n  f i n d i n g  system and incrementa l ly  phased a r r a y  

f o r  t h e  S-band s y s t e m .  These developments are not p r e s e n t l y  complete 
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and some problem could be experienced w i t h  t h e  phased a r r a y  which 

has  a 16 db g a i n ,  c i r c u l a r ,  towards t h e  z e n i t h  but  t ends  t o  12 db 

l i n e a r  on t h e  horizon.  This  could  present  a real  problem. An 

antenna system does need t o  be developed. 

The phys i ca l  t o  phase c e n t e r  displacement of t h e  antenna s y s t e m  

c a n  c o n t r i b u t e  error i n  range. A p a r a b o l i c  d i s h  w i t h  a diameter of 

1.5 f e e t  is a l l  t h a t  is requ i r ed .  The mechanical t o  phase c e n t e r  

e r r o r  should be a t  b e s t  a few s& of that. Conserva t ive ly ,  t h i s  should 

never  exceed 5 c m .  For t h e  e r r o r  model, w e  s h a l l  u s e  5 c m  as t h e  

r e s i d u a l .  I t  is, of course ,  a f u n c t i o n  of d i r e c t i o n  of po in t ing  

and w i l l  v a ry  throughout a pass  and between passes.  I t  must be 

assumed t o  be a f i x e d  b i a s  bu t  random from s i te  t o  site. 

The error on t h e  v e h i c l e  should be cons iderably  less and neg- 

l i g i b l e .  

4.1.9 Summary of AROD System Design F a c t o r s  

Some seven s e p a r a t e  s y s t e m  des ign  f a c t o r s ,  which c o n t r i b u t e  t o  

ranging accuracy are of t h e  t r ans fo rma t ion  of t i m e  d e l a y  t o  a range 

estimate, the e f f e c t  of t h e  method of t i m e  de l ay  e x t r a c t i o n ,  and 

range rate compensation-leave either so  s m a l l  or no r e s i d u a l  when 

proper ly  compensated. 

Modulation frequency accuracy dependance is a f u n c t i o n  of s i g n a l  

t o  n o i s e  r a t i o .  I f  i t  becomes d e s i r a b l e  t o  change t h i s  frequency f o r  

o ther  r easons ,  t h e  rms range error ve r sus  s igna l - to-noise  w i l l  change. 

Cur ren t ly ,  i t  is of o r d e r  (R/Ro) 1’2 meters where R is t r u e  range and 

Ro is maximum range or 16,000 k m .  

Carrier frequency dependance comes about i n  two ways, ionospher ic  

propagat ion d i scussed  l a t e r ,  and i f  range rate can be used f o r  p o s i t i o n  
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e s t i m a t i o n .  I t  does no t  d i r e c t l y  c o n t r i b u t e  t o  ranging  accuracy 

i n  t h e  AROD system des ign ,  

Three f a c t o r s  ~ o ~ t r i ~ u t e  t.0 r e s i d u a l  e r r o r ,  range r e s o l u t i o n ,  

s igna l - to -no i se  r a t i o ,  and antenna sys t em,  The rms r e s i d u a l s  are: 

Range Resolu t ion  

S igna l - to-noise  

Antenna System 

€(ms meters) . 0745 independant a t  ,25 sec. 
(R/l6000) 1/2 t t  

.05 Fixed 

4 , 2 AROD EQUIPMENT PERFORMANCE 

The p rev ious  s e c t i o n  d i scussed  those f a c t o r s  which are d i r e c t l y  

wi th in  the  c o n t r o l  of t h e  s y s t e m  des igner .  I n  g e n e r a l ,  t h e y  are 

f a c t o r s  which can either be accounted for e x a c t l y  o r  whose t h e o r e t i c a l  

performance and, hence,  the  r e s u l t i n g  range error r e s i d u a l  is con- 

t r o l l a b l e .  

T h i s  s e c t i o n  examines t h e  performance of t h e  actual AROD s y s t e m  

equipment e x c l u s i v e  of propagation. Nhere a p p r o p r i a t e  t h e  measured 

performance is compared t o  the  t h e o r e t i c a l  p red ic ted  performance. 

Ten s i g n i f i c a n t  f a c t o r s  have been i d e n t i f i e d .  The first seven 

describe t h e  measured performance whose d e v i a t i o n  from i d e a l  cannot 

be accounted f o r  and must be accepted as r e p r e s e n t a t i v e  of what can 

be expected of f l i g h t  equipment. ( T h i s  could not be assumed i f  s i g -  

n i f i c a n t  changes I n  equipment desig en. In  g e n e r a l ,  an  

awareness of these f a c t o r s  w i l l  lead t o  improved performance). Three 

o t h e r  f a c t o r s  have been i d e n t i f i e d  whose non-ideal  performance has 

been determined f om e x t e n s i v e  t e s t i n g  of the  AROD equipment i n  t h e  

lab test  program. 
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The performance r e s u l t s  t o  be r e p o r t e d  h e r e i n ,  were e s s e n t i a l l y  

a l l  ob ta ined  i n  t h e  l a b o r a t o r y  test  program, which became a p a r t  of 

t h e  o v e r a l l  AROD development program. A f a i r l y  e x t e n s i v e  program 

extending  ove r  9 months was conducted. The r e s u l t s  have been doc- 

umented i n  a r e p o r t ,  "AROD System T e s t  Model, F i n a l  Repor t ,  AROD 

Laboratory T e s t  and Evalua t ion  Program." ( 2 )  

An acceptance  test program w a s  conducted under t h e  o r i g i n a l  

c o n t r a c t .  These r e s u l t s  are a l s o  r e p o r t e d  i n  t h e  same r e p o r t  (2 )  

as i n i t i a l  tests. 

The purpose of t h e  l a b o r a t o r y  test program was f o u r f o l d :  

One, t o  test t h e  system under s imula t ed  f l i g h t  cond i t ions .  Two, t o  

examine t h e  ag ing  c h a r a c t e r i s t i c s  of t h e  AROD equipment,  s i n c e  new 

c i r c u i t  approaches were used. Three ,  t o  i d e n t i f y  any inadequac ies  

i n  system and equipment des ign .  Four,  t o  correct any d e f i c i e n c i e s  

where p r a c t i c a l  or t o  p o s i t i v e l y  i d e n t i f y t h e  f a i l u r e  and t o  recommend 

t h e  c o r r e c t i o n  necessa ry  i n  f l i g h t  equipment. 

Approximately 1800 d e t a i l e d  and c a r e f u l l y  recorded  tests were 

made du r ing  t h i s  program p l u s  c o u n t l e s s  o thers  used i n  t h e  e v a l u a t i o n  

of s e v e r a l  problem areas. 

The basic methods of a n a l y s i s  of r ang ing  were t o  c a l c u l a t e  

means and v a r i a n c e s  as a f u n c t i o n  of t h e  test  parameters .  When 

f u r t h e r  e v a l u a t i o n s  were be l i eved  t o  be necessa ry  prolonged tests 

were run and c o r r e l a t i o n  f u n c t i o n s  of t h e  e r r o r  ob ta ined  such t h a t  

t h e  r e s o l u t i o n  wasbetter than  10 c m .  That  is, i f  a non-random error 

appeared,  i t  could  be i d e n t i f i e d  i f  i ts w e i g h t  i n  the e r r o r  exceeded 

10 c m .  Often t h e  r e s o l u t i o n  was better t h a n  t h i s .  
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Severa l  d e f i c i e n c i e s  were i d e n t i f i e d ,  t h e  most notable were 

, //’ related t o  t h e  l o c a l  o s c i l l a t o r  phase n o i s e  of / he o r i g i n a l  d e s i g n ,  

t h e  doppler  r e v e r s e  to t r u e  doppler  sweep c i r c u i t s ,  and the  doppler 

e x t r a c t o r .  The f i r s t  two were c o r r e c t e d .  The last  w a s  n o t ,  but  

t h e  problem thoroughly i d e n t i f i e d  and the  method of c o r r e c t i o n  w a s  

determined. The c o r r e c t i o n  is s i m p l e ,  and inconsequen t i a l  i n  t h e  

f u t u r e ,  bu t  very  expensive i n  t h e  e x i s t i n g  equipment. 

Unfor tuna te ly ,  the  consequence of t h e  thorough t e s t i n g  f o r  these 

problem areas r e s u l t e d  i n  a d j u s t i n g  and r ea r r ang ing  t h e  test se tup .  

T h i s  i n  t u r n  meant t h a t  t h e  p e r i o d i c  tests of cons t an t  range under 

v a r i o u s  c o n d i t i o n s  do not  r e p r e s e n t  a v a l i d  test of aging.  Only 

secondary f a c t o r s  can  be s t u d i e d  and even most of these were s u b j e c t  

t o  real ignment  throughout the program. 

A s  a r e s u l t  under t h e  p re sen t  c o n t r a c t ,  a f i x e d  s e t u p  was es- 

tablished and a series of tests were given a t  f r e q u e n t  i n t e r v a l s  

t o  ge t  ag ing  comparisons. However, i t  must be mentioned t h a t  over  

3000 hours of f u l l  sys tem o p e r a t i n g  t i m e  have been accumulated. 

During t h i s  t i m e ,  no f a i l u r e s  of any kind have been i n c u r r e d  i n  any 

of t he  s i x  u n i t s  b u i l t :  Vehicle equipment, three t r ansponder s ,  and 

two checkout equipments, 

Opera t iona l  tests were not  conducted under c o n d i t i o n s  of v ib ra -  

t i o n s ,  shock, o r  vacuum. No problem is expec ted ,  but  c e r t a i n l y  f l i g h t  

equipment must be q u a l i f i e d  i n  these a r e a s .  

The seven f a c t o r s  t h a t  must be accepted as performance c a p a b i l i t y  

are: 

1. Equipment D e l a y  C a l i b r a t i o n  
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2. 

3. 

4.  

5. 

6.  

7. 

The 

Temperature S t abi li t y 

Master Oscil lator S t a b i l i t y  

Aging S t a b i l i t y  

Delay vs .  S i g n a l  Level 

Delay vs.  Range Rate 

Delay vs .  Mul t ip l e  Channel Operat ion 

t h r e e  f a c t o r s  t h a t  effect system performance and whose 

e f f e c t  is p r e s e n t  i n  t h e  tests,  l i s t e d  above, b u t  whose effect  has 

been i d e n t i f i e d  and a method of c o r r e c t i o n  i d e n t i f i e d  are: 

8 .  H code search i n  t h e  Vehicle Equipment 

9.  Loss of c o a r s e  b i t  i n  t i m e  de l ay  e x t r a c t i o n  

10, Range ra te  e x t r a c t i o n  

4.2.1 Equipment Delay C a l i b r a t i o n  

An important  a s p e c t  of system accuracy  is t h e  a b i l i t y  t o  

calibrate t h e  system when i n s t a l l e d  i n  its o p e r a t i n g  l o c a t i o n .  

T h i s  i n c l u d e s  antenna and an tenna  coupl ing  de lays .  T h i s ,  of cour se ,  

has no t  been done. However, t h e  equipment has  been c a l i b r a t e d  w i t h  

prime emphasis on t h e  v e h i c l e  equipment. These c a l i b r a t i o n s  of 

range de lay  i n  the t r ansponder s  or t h e  v e h i c l e  equipment were n o t  

used i n  t h e  data r e d u c t i o n  f o r  o t h e r  tes ts .  

The r e s u l t s  of t h e  c a l i b r a t i o n s  are  g iven  i n  Table  4.2.1-1. 
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TABLE‘ 4.2.1-1 AROD Test  Setup System De1aS;’b 

Without 
TWTA System Component 

Vehicle,  Chan A 
Vehicle,  Chan B 
Vehicle,  Chan C 
Vehicle,  Chan D 

Cable, t o  XPDR 1 
Cable, t o  XPDR 2 
Cable, t o  XPDR 3 

System, with XPDR 1 
System, with XPDR 2 
System, with XPDR 3 

Transponder No.  1 
Transponder No. 2 
Transponder No. 3 

With 
TWTA 

50.34 
50.94 
51.17 
51m13 

36.98 
37.02 
37.43 

90.51 
89.07 
90.30 

2.59 
1.11 
1.94 

53.81 
54.50 
54.69 
54.95 

36 32 
36.32 
36.72 

94.32 
- 93.73 

95.24 

3.50 
2.91 
4.02 

\ 

A s  a pa r t  of t he  aging or d r i f t  tests conducted in t h e  lab- 

ora tory  test  program, the  vehic le  was checked again.  The r e s u l t s  

are shown i n  Table 4.2.1-2. 

TABLE 4.2.1-2 

F ina l  Vehicle Range Delay  Data 

CHANNEL 

A 

DELAY ( METERS) CHANGE (METERS) 

51.24 e9 

B 51.50 e 56 

C 51 ., 40 ., 27 

D 51m48 e 35 
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The change is be l ieved  t o  be mis leading ,  as a l l  channels  

were r e a l i g n e d .  (See Sec t ion  4.2.4). The test  s e t u p  is showu i n  

F igu re  4.2.1-1. 

The v a l u e s  g iven  i n  Table  4.2.1-2 are t h e r e f o r e  r e p r e s e n t a t i v e  

of t h e  v e h i c l e  system. Alignment of t h e  channels  is done without  

r ega rd  f o r  de lay .  The al ignment  is t o  n u l l  DC bias,  s e t  t h r e s h o l d  

l e v e l s ,  etc. 

Table  4.2.1-3 is a summary of t h e  v e h i c l e  receiver d e l a y s  

a s  c a l c u l a t e d  and compares t h i s  w i t h  t h e  measured va lues .  The 

d i f f e r e n c e  is perhaps even c l o s e r  t h a n  Table  4.2.1-3 might be ex- 

pected.  Neve r the l e s s ,  t h e  agreement g i v e s  c redence  t o  t h e  v a l i d i t y  

of t h e  system d e l a y  c a l i b r a t i o n s .  

The t r a n s m i t t e r  s e c t i o n  i n c l u d e s  coding d e l a y ,  a m p l i f i e r  d e l a y ,  

t h e  times f o u r  m u l t i p l i e r ,  and d i p l e x e r .  The r e c e i v e r  s e c t i o n  i n c l u d e s  

t h e  d i p l e x e r ,  I F  a m p l i f i e r ,  d i s t r i b u t i o n  a m p l i f i e r  and balanced 

demodulator. 

TABLE 4.2.1-3 
VEII RECEIVER DELAYS 

EXTERNAL CABLE DELAY 31.5 n o s .  Calcu la t ed  

RANGE EXTRACTOR DELAY (235 THEO) 242 n.s. Meas. ave.  

, INTERNAL CABLE DELAY 8 n.s .  Calc. 

TRANS. SECTION DELAY 36.1 n o s .  Calc. 

RECEIVER SECTION DELAY 32.9 n.s. Calc. 

RECEIVER PHASE LEAD 

TOTAL: 

- 3.6 n o s .  Calc. 

346.9 n.s .  

TOTAL MEASURED: 341.0 n . s ,  Meas. 

DIFF. : 5.9 n.s .  
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For t h i s  reason ,  i t  is b e l i e v e d  t h a t  t h e  equipment can be c a l i b r a t e d  

t o  w i t h i n  less t h a n  one r e s o l u t i o n  element or .183 meters. Assuming 

t h i s  is uni formly  d i s t r i b u t e d ,  t h e  rms bias e r r o r  should  be less 

t h a n  .1 meter per  channel  i nc lud ing  b o t h  t ransponder  and v e h i c l e  

equipment. Th i s  is a f i x e d  e r r o r  and random from channel  t o  channel .  

4.2.2 Temperature S t a b i l i t y  (23) 

One channel  of t h e  v e h i c l e  equipment (Channel B) and one t r a n s -  

ponder (No. 1 )  were tested f o r  range  s t a b i l i t y  under  tempera ture  

ve r sus  s i g n a l  l e v e l .  F igu re  4.2.2-1 is a p l o t  of t h e  r e s u l t s .  The 

AR = 0 l i n e  is a r b i t r a r y .  

The v e h i c l e  equipment w a s  t o  be designed t o  o p e r a t e  on a 23O 

+ 2OC c o l d  p l a t e .  

t h e  expected o p e r a t i n g  tempera ture  range. 

The re fo re ,  these tes ts  of t h i s  u n i t  g r e a t l y  exceed - 

The  ground equipment w a s  t o  be designed t o  o p e r a t e  over  a temp- 

e r a t u r e  range  of -24O t o  + 7 l o C .  A s  t h e  t r ansponder s  were c o n s t r u c t e d  

as exper imenta l  l a b o r a t o r y  equipment, t h e y  were t e s t e d  o n l y  t o  +5OoC. 

The characterist ic of t h e  v e h i c l e  equipment as  a f u n c t i o n  of 

s i g n a l  l e v e l  is due a t  h igh  l e v e l  t o  d i p l e x e r  VSYR and a t  t h e  low end 

t o  carrier leakage i n  t h e  f i n a l  IF. Both are d i scussed  i n  depth  i n  

Sec t ion  4.2.5. 

' T h e  v a r i a t i o n  w i t h  tempera ture  i n  t h e  t r ansponder s  w a s  t r a c e d  

t o  the c r y s t a l  used i n  t h e  range t r a c k i n g  loop. A better c r y s t a l  

should  c u r e  t h i s  problem; or t empera ture  dependance of t h e  t r ansponder s  

down t o  -115 dbm can  be measured. The  appa ren t  change i n  range as a 

f u n c t i o n  of tempera ture  can be estimated and t h e  e f f e c t  removed. 

One cou ld  do t h i s  f o r  t h e  v e h i c l e  down t o  about -105 dbm where 

t h e  carrier leakage  beg ins  t o  have e f f e c t .  (This  is n o t  appa ren t  i n  
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these cu rves ,  but does r e s u l t  a t  a n  extreme of doppler  and temp- 

e r a t u r e ) .  Below t h i s  po in t  dopp le r ,  t empera ture ,  and s i g n a l  l e v e l  

i n t e r a c t  t o  cause  v a r i a t i o n  up t o  1 meter t h a t  cannot  be considered 

t o  be predictable. 

To these l e v e l s ,  i t  is  assumed t h a t  t h e  c o r r e c t e d  given temp- 

e r a t u r e  is p r e d i c t a b l e  t o  .1 or .2  meters, The u n c e r t a i n t y  should 

las t  f o r  t h e  l e n g t h  of a pass and probably be independant from pass 

t o  pass. 

4.2.3 Master Osc i l la tor  S t a b i l i t y  

The master o s c i l l a t o r  s t a b i l i t y  was s p e c i f i e d  t o  be one p a r t  
7 i n  10 . A tempera ture  test on t h e  d e l i v e r e d  u n i t  proved t h a t  i ts 

s t a b i l i t y  from 0 t o  55OC was w i t h i n  t h e  r e q u i r e d  1 : 1 O e 7 .  

The e f f e c t  of t h e  o s c i l l a t o r  is t o  make a range error i n  direct 

propor t ion  t o  t h e  o s c i l l a t o r  s t a b i l i t y .  The maximum range is ex- 

pected t o  be less than  10,000 k m  (Appendix A ) .  Hence, t h e  o s c i l l a t o r  

s t a b i l i t y  e f f e c t  is x loe7 meters. By measuring t h e  temperature  
2 

and us ing  t h e  frequency vs.  temperature  c a l i b r a t i o n  curve ,  t h i s  

should be removable by a f a c t o r  of 10 or more. However, a t  t h i s  

j u n c t u r e  t h i s  is hypothes is  on ly  and w i l l  not  be used i n  t h e  e r r o r  

mode 1 . 
Long t e r m  d r i f t  of t h e  o s c i l l a t o r  is, of cour se ,  a l s o  important .  

In  t h e  tests a f t e r  one month of o p e r a t i o n ,  t h e  o s c i l l a t o r  had d r i f t e d  

1.5 pa r t s  i n  10 . I t  was reset t o  t h e  correct va lue .  Subsequent 7 

tests a t  i n t e r v a l s  over  a y e a r  and ha l f  show t h a t  i t  has remained 

w e l l  w i t h i n  1:10 . The d r i f t ,  t h e r e f o r e ,  after s t a b i l i z a t i o n  has  7 

had an r m s  va lue  of 1/ r -  6 x 10 o r  less r m s .  
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Mul t ip l e  pas ses  over  a per iod  of s e v e r a l  days are not  exp tec t ed  

t o  r e s u l t  i n  a material change, Whatever t h e  e r r o r ,  it should be 

cons idered  c o n s t a n t  throughout a mission.  

Shor t  t e r m  s t a b i l i t y  could a l s o  be impor tan t ,  Direct measure- 

ments were made of the  master o s c i l l a t o r  s h o r t  term s t a b i l i t y .  

However, any e f f e c t  t h a t  it might have is a l s o  inc luded  i n  the r m s  

range e r r o r  measurements as a f u n c t i o n  of s i g n a l  l e v e l .  The depend- 

ance upon s h o r t  term s t a b i l i t y  cannot be i s o l a t e d  except  tha t  i t ,  

and t h e  basic t r a c k i n g  loop  n o i s e  set t h e  minimum r m s  e r r o r  a t t a i n -  

able. T h i s  is d i scussed  i n  t h e  r e s u l t s  i n  Sec t ion  4,2.5. 

We s h a l l  u s e  f o r  r e s i d u a l  t h e  r e s u l t  f o r  master o s c i l l a t o r  

s t a b i l i t y  

throughout a mission.  

4,2.4 Aging S t a b i l i t y  

- (loB7/ 6 )  R ,  meters r m s  cons idered  t o  be cons t an t  

For t h e  r easons  given p rev ious ly ,  the  tests of t he  AROD s y s t e m  

t o  measure aging characteristics dur ing  t h e  l a b o r a t o r y  test  program 

were g e n e r a l l y  i n v a l i d  a l though t h e  observed changes were r e l a t i v e l y  

s m a l l .  As a r e s u l t  a f i x e d  test s e t u p  w a s  used throughout t h i s  pro- 

gram and p e r i o d i c  tests were made of range  accuracy.  Some seven sets 

were run  over a per iod  of seven months. The first and last sets were 

composed of some 96 separate tests. I n  between the  sets inc luded  

some 36 tests. 

The f i n a l  set w a s  in tended  t o  d u p l i c a t e  t h e  i n i t i a l  set and t o  

test n e a r l y  a l l  c o n d i t i o n s .  Unfo r tuna te ly ,  d i f f i c u l t y  was exper ienced  

w i t h  t h e  d a t a  r eco rd ings .  Many of t h e  last  set of tests were l o s t ,  

Paper t a p e  r eco rd ings  were also used,  These i n d i c a t e d  no d i f f i c u l t y  

w i t h  t h e  AROD equipment. Consequently,  i t  w a s  not thought  worthwhile 

t o  retake the  data. 
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The mean range measurement v a r i e d  over  t h e  tests a maximum 

peak-to-peak of less than  .5  meters on any range.  A more t y p i c a l  

v a l u e  w a s  .25 meters peak-to-peak. 

Threshold he ld  t o  about a db or w e l l  w i t h i n  t h e  a b s o l u t e  

c a l i b r a t i o n  accuracy.  Range v a r i a n c e  w a s  c o n s i s t a n t  w i t h  previous 

data.  In  short  there was noth ing  t o  i n d i c a t e  t h a t  t h e  AROD equip- 

ment  is o p e r a t i n g  o t h e r  t han  as designed. I t  con t inues  t o  be wi th in  

s p e c i f i c a t i o n s .  

The s y s t e m  as a whole has  n e a r l y  4000 f a i l u r e  f r e e  o p e r a t i n g  

hours  over  a three-year period. 
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4.2.5 Delay v s ,  S i g n a l  Level 

There  are s e v e r a l  ways i n  which t h e  observed t i m e  de l ay  can 

be e f f e c t e d  by s i g n a l  l e v e l .  F igure  4.2,5-1 is a graph of t h e  

s t anda rd  d e v i a t i o n  of range error as a f u n c t i o n  of s i g n a l  l e v e l .  

Each channel  of t h e  v e h i c l e  system w a s  opera ted  w i t h  t ransponder  

N o .  1, The s i g n a l  l e v e l  i n t o  t h e  v e h i c l e  w a s  v a r i e d ,  but  t h a t  

i n t o  t h e  t ransponder  w a s  he ld  cons t an t  a t  -80 dbm, 

The t h e o r e t i c a l  curve  is the c a l c u l a t e d  curve  assuming n o i s e  

i n  t h e  v e h i c l e  r e c e i v e r  only.  The va lues  a t  t h e  margin are t h e  

s t anda rd  d e v i a t i o n s  a t  -70 dbm. 

Much of the d iscrepancy  a t  s t r o n g  s i g n a l  has  been i d e n t i f i e d  

as t h e  H code search c i r c u i t .  T h i s  is d i scussed  i n  Sec t ion  4.2.8. 

Figure  4.2,s-2 is a p l o t  of mean range taken from t h e  s a m e  d a t a .  

Table 4.2.5-1 is t h i s  d a t a  given i n  t a b u l a r  form. 

From Figure  4.2.5-2 a number of t h i n g s  can be noted.  There is 

a s i g n i f i c a n t  s h i f t  i n  t h e  mean range as a f u n c t i o n  of s i g n a l  l e v e l .  

The s h i f t  as a f u n c t i o n  o range rate is p r e d i c t a b l e  and d iscussed  

i n  Sec t ion  4,2,6 and a l s o  i n  

The e f f e c t  elow -110 dbm has  been i d e n t i f i e d  as  carrier leakage 

i n  the IF'S. Since  t h e  range t r a c k i n g  loop opera teson  r e s i d u a l  

carrier, any s t r a y  carrier w i l l  se "biaseP'  The e f f e c t  is d e f i n i t e l y  

a f u n c t i o n  of s i g n a l  s t r e n g t h  and phasing of d e s i r e d  and s t r a y  carrier, 

Channel C was c h a r a c t e r i s t i c a l l y  t h e  worst throughout t h e  tests. 

A pro to type  or  eng inee r ing  model u n i t  w a s  s u b s t i t u t e d  f o r  t h e  carrier 

t r a c k i n g  loop  ( E)  and modulation t r a c k i n g  loop  (MTL) and t h e  same 

tests r u n o  The pro to type  CTL w a s  known do have l i t t l e  or carrier 
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leakage.  When u s i n g  t h e  pro to type  CTL and either MTL, t h e  v a r i a t i o n  

as a f u n c t i o n  of s i g n a l  l e v e l  w a s  less than  0.1 meters not  i nc lud ing  

t h e  p r e d i c t a b l e  e f f e c t s  of doppler.  One such  curve  (0 doppler)  is 

shown i n  Figure 4.2.5-2 t r a n s l a t e d  from 88.75 meters f o r  c l a r i t y .  

I t  should be noted t h a t  t h e  e f f e c t  d i f f e r s  from channel  t o  

channel ,  I t  c e r t a i n l y  is not  a p r e d i c t a b l e  error. 

The e f f e c t  above -80 dbm is somewhat more d i f f i c u l t  t o  exp la in .  

Perhaps i t  can be done better by ana lyz ing  t h e  t ransponders  first. 

Figure  4.2.5-3 is a graph of t h e  performance of each t ransponder  

holding t h e  v e h i c l e  channel  B a t  -80 dbm. Table 4.2.5-2 is a t a b u l a r  

list of t h i s  data. The same l o w  l e v e l  v a r i a t i o n s  can be noted and 

it  is aga in  carrier leakage, t h i s  t i m e  i n  t h e  t ransponder .  Note 

t h a t  there is no h igh  s i g n a l  l e v e l  e f f e c t .  

When these tests were s tar ted a quick c a l i b r a t i o n  of t h e  t r a n s -  

ponders revea led  a very  pronounced e f f e c t  w i t h  s i g n a l  l e v e l .  T h i s  

was traced t o  VSWR a t  t h e  d i p l e x e r  t o  cable i n t e r f a c e .  T h i s  was 

c o r r e c t e d  and the  r e s u l t  is shown i n  F igu re  4-2.5-3. 

I t  is known t h a t  t h e  v e h i c l e  VSWR was bad, but  could not  be 

s i m p l y  corrected, As a r e s u l t ,  i t  w a s  l e f t  a lone  and t h i s  is be l i eved  

t o  be t h e  cause of high l e v e l  mean s h i f t ,  This  is c e r t a i n l y  a cor -  

rectable error. 

The tests previous ly  described were tests on t h e  i n d i v i d u a l  

u n i t s .  T e s t s  were then  run  vary ing  t h e  s i g n a l  l e v e l  t o  both t h e  

t ransponder  and t h e  v e h i c l e .  T h i s  is shown i n  F igure  4.2.5-4 and 

Table 4.2.5-3, 

The same g e n e r a l  characteristics a t  h igh  and l o w  s i g n a l  l e v e l s  
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SIGNAL LEVEL, DBWl 9616-9 

Figure 4,2.5-4. System Flange Delay 
Variat ion with Signal  Level Common Path 

Attenuation us ing  Vehicle Channel B. Zero Doppler 
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can be observed. A comparison of these curves  (Transponder N o .  1 

and V e h i c l e  Channel B) i l l u s t r a t e s  t h e  problem encountered i n  t h e  

so -ca l l ed  ag ing  tests as d iscussed  i n  Sec t ion  4.2.4, N e w  test  set- 

ups  and new alignment procedures were i n s t i t u t e d  i n  t h e  t i m e  span 

covered by t h e s e  tests, A s  a r e s u l t ,  these tests show a mean s h i f t  

i n  range. 

I t  should a l so  be noted t h a t  t h e  f u l l  system s i g n a l  l e v e l  tests 

show less r m s  range error than v e h i c l e  channel  only.  T h i s  is be l i eved  

t o  be a consequence of c a l i b r a t i o n  of s i g n a l  l e v e l  and n o i s e  which 

has an a b s o l u t e  u n c e r t a i n t y  of about  2 db. 

For t h e  range error model t h e  fo l lowing  is assumed. The va r i ance  

due t o  n o i s e  is R/Ro, (meters):! where Ro is 16,000 km and R is t r u e  

range,  These are independant from channel-to-channel and from measure- 

ment t o  measurement a t  0.25 second i n t e r v a l s .  I n  a d d i t i o n ,  a 0.5 

meter s t anda rd  d e v i a t i o n  w i l l  be assumed as a range error a t  any 

range. 

4.2.6 Delay vs .  Range Rate 

The s y s t e m  w a s  tested f o r  range accuracy vs .  range rate. The 

t es t s  were g e n e r a l l y  l i m i t e d  t o  range as a f u n c t i o n  of p l u s  or minus 

maximum range ra te  and z e r o  range rate.  The d a t a  presented  i n  

Sec t ion  4.2.5 r e p r e s e n t s  raw data transformed from t i m e  de l ay  t o  

range us ing  t h e  va lue  of  propagat ion v e l o c i t y  equal  t o  2.9 m / s  and 

a frequency of 6.4 MHz. N o  c o r r e c t i o n s  as o u t l i n e d  i n  'Section 

4.1.2 and 4.1.4 were included.  The curves  given i n  Sec t ion  4.2.5 

i l l u s t r a t e  a dependance upon range r a t e .  The mean range  e r r o r  a s  

a func t ion  of range ra te  is c o n s i s t a n t  w i t h  the t h e o r e t i c a l  f a c t o r s  
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previous ly  eva lua ted  ( 4 e 1 e 2 ) e  There is no s t a t i s t i ca l  s i g n i f i c a n c e  

a t  t h e  90% l e v e l  t o  i n d i c a t e  t h a t  t h e  observed effect is other  than 

as p red ic t ed  t h e o r e t i c a l l y ,  

Therefore ,  no r e s i d u a l  e r r o r  is a t t r i b u t e d  t o  t h i s  f a c t o r .  

4.2.7 De lay  vs. Multichannel Operation 

The previous measurements were a l l  s i n g l e  channel tests, 

Multichannel tests were conducted t o  determine t h e  degree of data 

degrada t ion  w i t h  ad j acen t  channels  i n  ope ra t ion .  T e s t s  were con- 

ducted w i t h  one,  t w o ,  and three i n t e r f e r i n g  s i g n a l s  both wi th  and 

wi thout  Doppler. 

T e s t s  were conducted wi th  s i g n a l  l e v e l  v a r i a t i o n s  from -80 dbm 

t o  th re sho ld .  Data r eadou t s  were taken  on both range and v e l o c i t y .  

The test  channel  for both range and v e l o c i t y  d a t a  u t i l i z e d  common 

pa th  a t t e n u a t i o n :  t h a t  is,  both  t e r m i n a l s  were a d j u s t e d  t o  t h e  same 

s i g n a l  l e v e l .  

The two-channel tests were conducted w i t h  channel  A locked t o  

t h e  checkout equipment a t  a s i g n a l  l e v e l  of -80 dbm and w i t h  +10 

Hz of Doppler a t  12.8 M H z  (a v e l o c i t y  of about 120 m/s) Range 

d a t a  was t aken  w i t h  channel  B v e h i c l e  r e c e i v e r  and N o .  3 t ransponder ,  

and w a s  r epea ted  us ing  channel 6: and D v e h i c l e  receivers. A summary 

of t h i s  range d a t a  is presented  i n  Table 4.2.7-1. The th re sho ld  of 

-105 dbm is t y p i c a l  w i t h  s t r o n g  s i g n a l  ad jacen t  channel occupancy. 

The system des ign  t h r e s h o l d  t o  mul t ichannel  ope ra t ion  was about 27 

db, one channel  r e l a t i v e  t o  ano the r .  T h i s  was found t o  be about  r i g h t .  

The range  d a t a  f o r  a l l  three 2-channel tests is p l o t t e d  i n  F igure  

4.2.7-1, The cu rves  i n d i c a t e  t h a t  t h e  coherent  leakage e f f e c t  
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INTERFERENCE ON CHANNEL A: -80 DBM 
WITH DOPPLER OF 10 Hz @ 12.5 WlHz (120 M/S) 
TEST CHANNEL USING TRANSPONDER NO. 3 

91 

90 

-80 -85 -90 -95 

SIGNAL LEVEL, DBM 

-1 00 .I05 

961 6-6 

Figure 4,2.7-1, System Range Data 
Multi-Channel Tests 
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CHAN A & C ON CHECKOUT 

CHAN A ON CHECKOUT, CHAN C ON XPNDR NO 2 - 
-----  CHAN A & C ON CHECKOUT, CHAN D ON XPNDR NO 2 

ALL INTERFERENCE SIGNALS @ -80 DBM 

0 -80 -85 -90 -95 -100 105 -1 10 
961 6-7 SIGNAL LEVEL, DBM 

F i g u r e  4.2.7-2. System Range Delay 
Mult i-Channel T e s t s  

Data on Vehic le  Chan. B - Transponder No.  3 
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c o n t r i b u t e s  ve ry  l i t t l e ,  s i n c e  t h e  threshold here is much higher .  

A l l  data p o i n t s  are w i t h i n  + 0e25 m e t e r  w i t h  channels  B and C 
showing a much smaller spread .  

- 

Range data w i t h  i n t e r f e r e n c e  f r o m  two and three channels  were 
obta ined  
No. 3 :  

1. 

2,  

3. 

w i t h  three a d d i t i o n a l  tests of channel  B - Transponder 

With i n t e r f e r e n c e  from checkout channels  A and C. 

Channel A: -80 dbm, +120 m / s  v e l o c i t y  
Channel C: -80 dbm, -120 m / s  v e l o c i t y  

With  i n t e r f e r e n c e  from checkout channel  A and Transponder 
No. 2 on channel  C. 

Channel A: -80 d b m ,  +120 m/s v e l o c i t y  
Channel C: -80 dbm, 0 v e l o c i t y  

With i n t e r f e r e n c e  from checkout channels  A and C and 
Transponder No. 2 on channel  I). 

Channel A: -80 dbm, +120 m/s v e l o c i t y  
Channel C: -80 dbm, -120 m / s  v e l o c i t y  
Channel D: -80 dbm, 0 v e l o c i t y  

The r e s u l t s  of these tests are summarized i n  Table  4.2.7-2. 
The data are p l o t t e d  on Figure  4.2.7-2 w i t h  a somewhat expanded scale. 
A b 1  three cu rves  f a l l  w i t h i n  a k 0.5 meter range, 
4.2.8 H-Code Search I n  The Vehicle  Equipment 

an a n a l y s i s  of t h e  a u t o c o r r e l a t i o n  f u n c t i o n s  of the  range error data 
t h a t  there w a s  a p e r i o d i c  component p re sen t .  T h i s  was traced to  t h e  

H-Code search s i g n a l  in t h e  v e h i c l e  equipment. 

track was less tha 3 e m -  The effect ,  however, w a s  demonstrated t o  
be much g r e a t e r ,  The means by which t h i s  s i g n a l  c o n t r i b u t e d  t o  an 
e r r o r  much l a r g e r  t han  expected is unknown, 

During t h e  l a b o r a t o r y  test  program it became apparent  through 

The theoretical  e f f e c t  of l e a v i n g  t h i s  search s i g n a l  on du r ing  
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A test  w a s  r u n  w i t h  i t  s h u t  o f f .  A t  -90 dbm t h e  t o t a l  r m s  e r r o r  
w a s  .29 meters. With t h e  H-Code search s i g n a l  s h u t  off it  was o n l y  
.12 meters. F u r t h e r  a n a l y s i s  r evea led  t h a t  as t h e  s i g n a l  w a s  
reduced t h e  e r r o r  sou rce  inc reased  a l though not  as r a p i d l y  as t h e  

error due t o  a dec reas ing  s igna l - to-noise  r a t io .  
The t r ansponder s  do no t  have t h i s  problem as t h e  H-Code 

search is s h u t  o f f  du r ing  track. I t  is q u i t e  apparent  t h a t  t h i s  

problem can be e l i m i n a t e d  i n  f u t u r e  f l i g h t  equipment. 
4.2.9 Loss of Coarse B i t  In  Time Delay E x t r a c t i o n  

an  e r r o r  i n  excess  of one c o a r s e  b i t  o r  23.4 meters. The data 
r e d u c t i o n  program used rejected a l l  errors greater than  13 meters, 
b u t  counted a l l  such r e j e c t i o n s  and t a b u l a t e d  them. Theory rejected 
them so t hey  were not  inc luded  i n  t h e  mean and va r i ance  a n a l y s i s .  

T h i s  problem w a s  traced t o  an  ambiguity problem between t h e  

f i n e  and coarse range e x t r a c t o r .  An experiment w a s  conducted which 

demonstrated tha t  when c e r t a i n  phase r e l a t i o n s h i p s  e x i s t e d ,  t h i s  

sudden jump could be expected. 

rate informat ion  such jumps can be rejected. The range rate error 
is cons t r a ined  t o  less than  0.1 m/sec. The t i m e  between range 
measurements is 0.25 sec. s o  t h a t  t h e  expected range error is no 
more than  .025 meters from measurement t o  measurement. I f  t h e  

change exceeds some v a l u e  such as 13 meters, t h e  response  can  be 

rejected or  re l iab ly  replaced by one c o a r s e  b i t  added or  s u b t r a c t e d  
a p p r o p r i a t e l y .  

equipment, t h i s  problem w i l l  be reso lved .  
4.2.10 Range Rate E x t r a c t i o n  

of u s ing  range rate t o  improve p o s i t i o n  accuracy ,  t h e  performance of 

Approximately one t i m e  i n  a thousand t h e  range e r r o r  e x h i b i t e d  

A s p e c i f i c  c u r e  was not found. However, by us ing  t h e  range 

No r e s i d u a l  should  r e s u l t  from t h i s  e f f e c t .  I n  f i n a l  f l i g h t  

Although not  d i r e c t l y  related t o  range accuracy t h e  p o s s i b i l i t y  
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t h e  system t o  o b t a i n  an a c c u r a t e  measure of range rate could  be 

important .  

Seve ra l  problems i n  range rate e x t r a c t i o n  were uncovered du r ing  

t h e  test  program. F i r s t ,  t h e  local osci l la tor  frequency,  der ived  

c o h e r e n t l y  from t h e  r e f e r e n c e  o s c i l l a t o r ,  w a s  der ived  us ing  a phase 

locked loop whose bandwidth w a s  too narrow. T h i s  meant that  t h e  

l o c a l  o sc i l l a to r  d i d  no t  fo l low t h e  phase of t h e  r e f e r e n c e  a c c u r a t e l y  

enough. This  i n j e c t e d  a phase error i n t o  t h e  recovered carrier which 

approximately doubled t h e  range ra te  r m s  error. 

T h i s  problem w a s  corrected by r edes ign  of t h e  frequency synthe-  

s izer .  A new one w a s  b u i l t  and put i n t o  t he  equipment. 

A second problem arose. As r epor t ed  i n  Sec t ion  3 t h e  doppler  

beat note ( p l u s  an offset  frequency) w a s  m u l t i p l i e d  by 16 t o  o b t a i n  

t h e  necessary  range rate r e s o l u t i o n .  

The las t  product by 2 w a s  t o  be done by sampling t h e  phase a t  

t h e  beginning and t h e  end of t h e  measurement i n t e r v a l .  Through a 

l o g i c  e r r o r ,  on ly  t h e  beginning w a s  sampled. As a r e s u l t ,  one b i t  

o f  r e s o l u t i o n  w a s  e f f e c t i v e l y  lost .  

T h i s  problem was i d e n t i f i e d  and a breadboard doppler  e x t r a c t o r  

b u i l t  t o  demonstrate t h e  proper l o g i c .  I t  was not  i nco rpora t ed  i n  

t h e  f i n a l  equipment, however. Re-layout of modules and mother-boards 

was not  cons idered  worthwhile. 

The ne t  effect of these t w o  c o r r e c t i o n s  w a s  t o  b r i n g  the  r m s  

range rate error t o  w i t h i n  a va lue  of about 1.5 of t h e  c a l c u l a t e d  r m s  

va lue  as  a f u n c t i o n  of s i g n a l  t o  n o i s e ,  

N o  r e s i d u a l  range  error r e s u l t s  from this problem. 
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4.3 VELOCITY OF LIGHT IN VACUO 

The u n c e r t a i n t y  i n  t h e  v e l o c i t y  of l i g h t  i n  vacuo is a cons t an t  

s c a l i n g  f a c t o r  i n  a l l  range measurements. T h i s  assumes t h a t  t h e  

u n i t  of measurement, the meter for example, is def ined  by means 

other  than us ing  the d e f i n i t i o n  of the v e l o c i t y  of l i g h t  as a r e f -  

erence. 

I n  a geode t i c  survey ,  i f  t h e  r e fe rence  s t a t i o n s ,  from which 

the survey is extended,  are surveyed wi th in  their network by  a r a d i o  

ranging s y s t e m  us ing  t r i l a t e r a t i o n ,  then  t h e  v e l o c i t y  of l i g h t  is 

assumed t o  be p e r f e c t  o r  i n v a r i a n t  and t h e  meter is def ined  thereby.  

I n  t h i s  case, us ing  a f i x e d  v e l o c i t y  of l i g h t  simply expands or 

c o n t r a c t s  t h e  l i n e a r  range between a l l  l o c a t i o n s  of t h e  geometry 

uniformly and p ropor t iona l  t o  each range i t s e l f .  

The fo l lowing  is abstracted from ASLAKSON. (21) A va lue  of 

299,766 km/sec., t h e  Berge s t a t i s t i c a l  va lue  was assumed p r i o r  t o  

1944. Subsequent measures disclosed about a 17 km/sec. e r r o r .  In 

1949 t h e  A i r  Force adopted 299,793.1 as t h e  s t anda rd  for a i 3  RIRAN 

measurements. 

A s ta t i s t ica l  average of measurements from 1944 through 1955 is 

299,792.4 km/sec. Measurements of atomic c o n s t a n t s  by Dumand and 

Cohen, 299,792.9 km/sec, and Beardon and Thoursen, 291,792.8 km/sec, 

confirm t h i s  average. 

The A i r  Force s t anda rd  appears  t o  be  c o n s i s t a n t  w i t h  these and 

d i f f e r s  by one p a r t  i n  a m i l l i o n ,  Hence, f o r  this s tudy  use  

c = 293,793.1 km/sec. 

w i t h  a s t anda rd  e r r o r  of lO-'R common to a l l  range measurements. 
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4,4 TROPOSPHERIC EFFECTS 

A dominating f a c t o r  i n  r a d i o  ranging  is that of t h e  index of 

r e f r a c t i o n  of t h e  Troposphere. Fo r tuna te ly ,  a large por t ion  of its 

e f f e c t  can be accounted f o r  l eav ing  only  a small r e s i d u a l  e r r o r .  

Two e f f e c t s  are the r e s u l t  of propagat ing through t h e  Troposphere. 

One, the  pa th  is a c t u a l l y  curved from t r a n s m i t t e r  t o  receiver. Thus, 

t h e  dis tance t r a v e l e d  is longer  than  t h e  s l a n t  range. Two, t h e  radio 

wave undergoes a r e t a r d a t i o n  through t h e  medium. 

The  a b i l i t y  t o  c o r r e c t  f o r  these factors depends t o  some e x t e n t  

upon t h e  informat ion  a v a i l a b l e  and its q u a l i t y .  

Before sugges t ing  methods of c o r r e c t i o n ,  it w i l l  g ive  a brief 

review of t h e  theory .  

In  o rde r  t o  u t i l i z e  t h e  p o t e n t i a l  accuracy of t h e  sys t em des ign  

concepts  it is mandatory t h a t  c o r r e c t i o n s  be made t o  t h e  t i m e  differencc 

d a t a  f o r  c o n d i t i o n s  i n f l u e n c i n g  t h e  propagat ion t i m e  through t h e  

atmosphere. The basic q u a n t i t i e s  measured by t h e  sys t em are t i m e  

d i f f e r e n c e  and frequency s h i f t .  Both of these q u a n t i t i e s  are i n f l u -  

enced by  t h e  r e f r a c t i v e  index v a r i a t i o n  of t h e  atmosphere, In  the 

case of t h e  t i m e  d i f f e r e n c e  measurement t h e  e f f e c t i v e  propagat ion 

v e l o c i t y  of t h e  r e f .  wave between t h e  ground and v e h i c l e  p o r t i o n s  of 

t h e  s y s t e m  must be known t o  conve r t  t h e  t i m e  d i f f e rence  measured t o  

a phys ica l  d i s t a n c e .  I n  t h e  c a s e  of t h e  frequency s h i f t  the  bending 

of t h e  wave by the inhomogeneous r e f r a c t i v e  index causes  t h e  ang le  

of a r r i v a l  of t h e  wave a t  t h e  po in t  of measurement t o  be d i f f e r e n t  

t han  t h e  geometr ica l  a n g l e  a s s o c i a t e d  wi th  t h e  chord connect ing t h e  

v e h i c l e  and t h e  ground s t a t i o n .  Both of these e r r o r s  i n  measurement 
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are  s i g n i f i c a n t  i n  view of t h e  des ign  o b j e c t i v e s  of t h e  AROD system. 

I t  is t h e  purpose of t h i s  s e c t i o n  t o  i n v e s t i g a t e  means of c o r r e c t i n g  

t h e  measured q u a n t i t i e s  f o r  t h e  e f f e c t s  of t h e  r e f r a c t i v e  index of 

t h e  atmosphere. 

A cons ide rab le  e f f o r t  has  been expended by va r ious  i n v e s t i g a t o r s  

over  t h e  pas t  s e v e r a l  y e a r s  t o  produce a q u a n t i t a t i v e  d e s c r i p t i o n  

of t h e  atmosphere. Notably, t h e  Nat iona l  Bureau of Standards has  

developed models f o r  t h e  r e f r a c t i v e  index of t h e  t roposphere  and has 

a l s o  developed d i r e c t  methods of r e l a t i n g  both  r a y  bending and range 

measurement e r r o r s  i n  terms of measurable parameters of t h e  atmosphere. 

I t  is clear t h a t  e i ther  approach cannot  account  f o r  t h e  s t a t i s t i ca l  

v a r i a t i o n s  of t h e  r e f r a c t i v e  index which occur  i n  l o c a l  areas a long  

the path of propagat ion,  bu t  i t  has  also been shown t h a t  t h e  r e s i d u a l  

e r r o r  due t o  t h e s e  l o c a l  v a r i a t i o n s  is of t h e  order of a few percent  

of t h e  t o t a l  e r r o r .  The s i g n i f i c a n t  r e s u l t  of t h e  i n v e s t i g a t i o n  t o  

d a t e  is t h a t  better than  90 percent  of t h e  e f f e c t s  of t h e  atmosphere 

c a n  be accounted f o r  by a knowledge of t h e  r e f r a c t i v e  index a t  t h e  

s u r f a c e  (on t h e  ground).  T h i s ,  i n  e f f e c t ,  s a y s  t h a t  by measuring t h e  

index of refract ion a t  each of t h e  AROD ground s t a t i o n s  and t r a n s -  

m i t t i n g  t h a t  d a t a  t o  t h e  v e h i c l e ,  c o r r e c t i o n s  can be made, i n  real  

t i m e ,  t o  the measured t i m e  d i f f e r e n c e  and doppler  frequency t o  produce 

p o s i t i o n  and v e l o c i t y  d a t a .  

4.4.1 Ray Bending 

The pa th  t h a t  a wave fo l lows  i n  t r a v e r s i n g  an inhomogeneous 

medium is determined by  t h e  ra te  of change of t h e  r e f r a c t i v e  index 

a t  each height. The r e f r a c t i v e  index  is given as a first approximation 
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r-ro 

by n = l + N s e  - H 

where Ns is t h e  va lue  of r e f r a c t i v e  index a t  t h e  s u r f a c e  (r = ro) 

H is an e f f e c t i v e  c o r r e l a t i o n  he igh t  (-7 k m )  

r is t h e  d i s t a n c e  from t h e  c e n t e r  of a s p h e r i c a l  earth. 

The geometry of t h e  problem is shown i n  F igure  4.4.1-1 

/ SURFACE 

9616-30 

Figure  4.4. I- I 

Ray Pa th  Geometry 

From S n e l l ’ s  l a w  of r e f r a c t i o n  
dn 

f 
d Y  - t a n  @dc$ = 

r n 

For t h e  assumed exponen t i a l  model of the atmosphere 

- Ns e 
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- -H 
d r  
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... 

From t h e  spherical geometry, 

d r  = rdO t a n  (b 
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Theref ore 

H - 
r-ro 

r-ro 1 e 1 - Ns 
d $  = rde [y H 

1 + N s e  - H  

Making the  s u b s t i t u t i o n s  

x =  

and 

g i v e s  

dy = t a n  qh dx. 

and 

. I  r l  - Ns e -y/H 1 dx. 
I - -  I 

1 + Ns e-Y/H 

Using numerical  i n t e g r a t i o n  procedures  t h e  path y = f ( x )  w a s  

computed. The equa t ion  of a s t r a i g h t  l i n e  from poin t  A w i t h  a 

d e p a r t u r e  ang le  $ is given by s i n ( x ) / 2 r o ) s i n ( ~ ~ + x / 2 r o )  
YL = 2ro 

c a  ($o + d r 0 )  

The d e v i a t i o n  of t h e  pa th  of propagat ion from a s t r a i g h t  l i n e  is then  

yL - y e  

a long  t h e  e a r t h ’ s  s u r f a c e ,  x, f o r  t h r e e  va lues  ofqhoe 

from F igure  4.4.1-2 t h a t  t y p i c a l  d e v i a t i o n s  from a s t r a i g h t  l i n e  are i n  

F igu re  4.4.1-2 shows a p l o t  of yL - y as a f u n c t i o n  of d i s t ance  

I t  can be s e e n  

t h e  o r d e r  of 100 t o  300 meters a t  d i s t a n c e s  of 100 km from t h e  ground 

s t a t i o n .  I n  view of t h e  n e a r l y  s t r a i g h t  pa th  of propagat ion i t  seems 

p l a u s i b l e  t o  assume t h a t  t h e  pa th  is a s t r a i g h t  l i n e .  
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Since t h e  wave a c t u a l l y  t r a v e l s  over t h e  curved path between 

t h e  ground and v e h i c l e  s t a t i o n s  t h e  d i s t a n c e  of t r a v e l  w i l l  be 

longer  than  a s t r a i g h t  l i n e  path would i n d i c a t e .  In  o rde r  t o  a s s u r e  

t h a t  t h e  p a t h  of propagat ion is not  apprec i ab ly  longer  than  t h e  chord 

connect ing t h e  end p o i n t s  of t he  path a numerical i n t e g r a t i o n  of 

t h e  two pa ths  l e n g t h s  w a s  made f o r  a t y p i c a l  atmosphere a t  va r ious  

e l e v a t i o n  a n g l e s  and ranges corresponding t o  t h e  c o n d i t i o n s  expected 

i n  t h e  l i n e  c r o s s i n g  f l i g h t  case. The geometry of t h e  problem is 

t h e  same as t h a t  i n d i c a t e d  i n  F igure  4.4.1-1. The r e s u l t s  of t h e  

computation are shown i n  F igure  4.4.1-3. From Figure  4.4.1-3 i t  

can be seen t h a t  t h e  pa th  l e n g t h  e r r o r s  are less than 0 .1  meters out  

t o  70 km for a l l  e l e v a t i o n  ang le s  between + 100 m i l l i r a d i a n s .  The 

l a r g e r  e r r o r s  a t  nega t ive  va lues  of 4o occur  because t h e  r e f r a c t i v e  

index becomes l a r g e r  as t h e  wave is s e n t  downward from t h e  ground 

s t a t i o n .  

- 

The s a m e  da t a  w a s  e x t r a p o l a t e d  f o r  propagat ion pa ths  e n t i r e l y  

through t h e  t roposphere.  T h i s  is conta ined  i n  Table 4.4.1-1. (10) 

N = 320 

$0 

deg . 
0 

1.15 
2.9 
5.73 

11.5 
28.7 

90 

+O 

mr 
0 

20 
50 

100 
200 
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V2XlO3 

A Rg 
meters 

10 
2.5 
0.7 
0.14 
0.02 
0.001 
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. A R N  
meters 

10 0 
62.5 
38.1 
22.26 
11.9 

5.01 
2.41 

A R e  
meters 

110 
65 

38.8 
22.4 
11.9 
5.01 
2.41 

0- 

.815 

.57 

.38 

.22 
* 08 
.04 

Table  4.4.1-1 
Tropospheric  E f f e c t s  

4-47 



1 .O 

I 
I- 
$ 

0.0 1 
0 20 40 60 80 

SURFACE DISTANCE - KILOMETERS 
100 

9616-4 

F i g u r e  4.4.1-3 
Path Length Difference 

4- 48 



A R g  = Geometrical i n c r e a s e  i n  range 

A% = Reta rda t ion  f a c t o r  

n Re = T o t a l  apparent  i n c r e a s e  i n  range 

The v a l u e s  of ARg are 

p a r t i c u l a r l y  t r u e  a t  6Oand 

4.4.2 Re ta rda t ion  E f f e c t  

a l w a y s  small  compared t o A % .  

above. I t  may be neglected.  

T h i s  is 

I n  the previous s e c t i o n ,  Table 4.4.1-1 i n d i c a t e s  t h a t  t h e  wave 

r e t a r d a t i o n  e f f e c t  i s  t h e  p r i n c i p l e  source  of cause of d i f f e r e n c e  

between apparent  s l a n t  range and t r u e  s l a n t  range. C l e a r l y  t h i s  

is t h e  case f o r  launch a n g l e s  of 6' or more. 

I n  t h e  reg ion  of t h e  r a d i o  spectrum of i n t e r e s t  t h e  index of 

r e f r a c t i o n  of t h e  t roposphere  is indepentant  of t h e  frequency employed. 

The index of r e f r a c t i o n  is (14) 

r )  5 77.6 'd -t- 72 - 5 e  
7 -t- 3.75 x 10 e 

T - 
T 

where r )  is t h e  index of r e f r a c t i o n  

Pd is t h e  p re s su re  of d ry  a i r  i n  mb 

e is t h e  p a r t i a l  p re s su re  of t h e  water vapor i n  mb 

and T is a b s o l u t e  temperature  i n  degrees  Kelvin each measured i n  

t h e  local volume of i n t e r e s t .  

The apparent  range t o  a t a r g e t  is 

where hl is t h e  s t a t i o n  a l t i t u d e ,  h2 is t h e  s a t e l l i t e  a l t i t u d e , q t h e  

index of r e f r a c t i o n  a t  a l t i t u d e  hl and 0 is  t h e  a n g l e  from t h e  
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h o r i z o n t a l  a t  a l t i t u d e  h. Re - R = AR,. 

Th i s  equa t ion  cannot be so lved  e x p l i c i t l y  without  knowledge of 

Q ( h )  and B ( h ) .  A v a r i e t y  of methods have been used. One is t o  

assume a model of r l ( h ) ,  u s u a l l y  exponent ia l .  Another is t o  use  

a "standard" atmosphere. Another is numerical i n t e g r a t i o n  us ing  

radio sonde  data and t h e  r e l a t i o n s h i p  of 8 and rl given i n  t h e  

previous s e c t i o n .  F i n a l l y ,  a s t a t i s t i ca l  r e g r e s s i o n  has been used 

between A R e  and v a r i o u s  parameters a t  t h e  s t a t i o n  l o c a t i o n .  

The d i f f e r e n c e ,  AR,, can be w r i t t e n  as: (1) 

A Re E h2 N ( h )  x 1OW6dh + 1 2  csc. e2 (h )dh  - R 
( s i n  e 
hl hl 

6 N ( h )  = ( 7  -1) x 10 

% is t h e  ang le  a t  a l t i t u d e  h. 

hl and h2 are as  before .  

The l as t  two t e r m s  are t h e  d i f f e r e n c e  i n  d i s t a n c e  between t h e  curved 

pa th  and t h e  s l a n t  range previous ly  shown t o  be s m a l l .  The first 

t e r m  is t h e  r e t a r d a t i o n  e f f e c t .  T h i s  term is o f t e n  w r i t t e n  as 

csc (eo)  3'2 N ( h )  x dh 

a.nd is used for launch a n g l e s  above about 6O. 

i n t e g r a l  f N ( h )  dh x 

v e r t i c a l l y  over  t h e  s t a t i o n .  

hl 

\Vhen t h i s  is done t h e  

is called I ( h )  and is t h e  r e t a r d a t i o n  

In P r i n c i p l e  if oneknows t h e  index  of r e f r a c t i o n  p r o f i l e  

overhead, can one estimate ARe. 

when i n  r e a l i t y  ARe does not .  

T h i s  express ion  blows up f o r  8 = 90' 

These equa t ions  are a model of t h e  t roposphe r i c  effect ,  Among 
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o t h e r  f a c t o r s ,  i t  assumes t h a t  t h e  atmosphere is uni formly  s t r a t i f i d  

ove r  a s p h e r i c a l  earth. 

a v a r i a t i o n  i n  ARe. 

t o t a l  behavior  t h a t  is importail t .  

4.4.3 Methods of Es t imat ing  ARe 

Departure  from these c o n d i t i o n s  r e s u l t s  i n  

I t  is t h e  a b i l i t y  t o  estimate a c c u r a t e l y  t h e  

As noted  above a number of methods of e s t i m a t i n g  ARe have been 

used. These can be lumped i n t o  f o u r  basic t y p e s ,  

1. Keasure t h e  p r o f i l e  index  of r e f r a c t i o n  a long  t h e  propa- 

g a t i o n  pa th  and use  r a y  t r a c i n g .  

2 .  Use a model t roposphe re  and e i ther  p r e d i c t e d  o r  measured 

parameters .  Wilmanns' approach is of t h i s  t y p e  (16) .  

hleasure t h e  effect of s i g n i f i c a n t  f a c t o r s  onARe d i r e c t l y  

du r ing  t h e  t i m e  of measurement. (17, 18) 

3 .  

4. IJse  l i n e a r  r e g r e s s i o n  of s u r f a c e  parameters  a g a i n s t  observed 

AHe. (15, 19,  2 0 )  

The f i r s t  method given above is  t h e  c lass ical  method and is used 

i n  somewhat modif ied form i n  ae r ia l  survey.  The de ta i l s  and problems 

t h e r e i n  are thoroughly covered i n  t h e  Shoran (Hiran) Manual by Aslakson. 

(21) iVhat is used is a modified s t a n d a r d  atmosphere sometimes known 

as t h e  A i r  Force model. The  technique  does no t  depend s t r o n g l y  on a 

model. In effect  it measures the index of r e f r a c t i o n  a long  t h e  path.  

The d i f f i c u l t i e s  are  e n t a i l e d  i n  t r a n s f e r  h o r i z o n t a l l y  from t h e  p o i n t s  

whclre t h e  p r o f i l e  was measured. 

In general t h i s  method i s  p o t e n t i a l l y  t h e  b e s t  as almost  no 

assunipt ions are r e q u i r e d  except  t h e  basic  p h y s i c a l  l a w s ,  S n e l l i u s  ' s  

Law among o t h e r s ,  These are p r e t t y  well established as  are t h e  f a c t o r s  
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t h a t  d e f i n e  t h e  index of r e f r a c t i o n  i n  t e r m s  of temperature  and 

pressure .  Indeed u s i n g  r e f r a c t o m e t e r s  on ly  S n e l l i u s ' s  l a w  is 

requ i r ed .  

To a c e r t a i n  e x t e n t  methods 2 and 4 r e l y  on t h i s  technique.  

The problem is t h e  complexity and cost of a c q u i r i n g  t h e  data. I n  

p r i n c i p l e  r e f r a c t i o n  must be measured a long  t h e  p a t h  throughout t h e  

t rosposphere  when ranging is being performed. T h i s  is both i m p r a c t i c a l ,  

i f  n o t  imposs ib le ,  and c e r t a i n l y  c o s t l y  a t  best. 

The second method (No.  2) is f a i r l y  common. A number of techniques 

of t h e  same g e n e r a l  n a t u r e  are used, One, a s t anda rd  atmosphere which 

is e s s e n t i a l l y  t h e  mean of a l l  measured radiosonde t roposphe r i c  pro- 

f i l es .  T h i s  is sometimes r e f i n e d  f o r  t h e  lcoal area. 

The same p r o f i l e s  have been f i t  w i t h  one and t w o  exponen t i a l  

hs , when Ns is t h e  s u r f a c e  index  ,h - = Nse 
N(H> H 

models. B a s i c a l l y ,  

and H is a characteristic h e i g h t ,  u s u a l l y  7 t o  9 km.  Tables of H as 

a f u n c t i o n  of Ns, the  s u r f a c e  index of r e f r a c t i o n  i n  N u n i t s ,  and as a 

f u n c t i o n  of l o c a t i o n  on t h e  earth may be obta ined ,  

above mean sea l e v e l ,  By us ing  t h e  model, some assumptions about s m a l l  

hs is the  height  

ang le s  and homogeneity of t h e  lateral  l a y e r s  of a i r ,  t h e  i n f l u e n c e  

of r e f r a c t i o n  on 

v e r s i o n s  t o  r e l i a b l y  c a l c u l a t e  AR,. 

f o r  r educ t ion  of SECOR data.  (16) 

Re is "almost i n t eg rab le" .  Wilmann has used s i m p l i f i e  

T h i s  technique has  been used 

At a n g l e s  above 6' t h e  accuracy is q u i t e  good, of order one meter 

Unfor tuna te ly  o r  less. 

t h i s  is a func t ion  of AN t he  change i n  N i n  t h e  first k i lometer .  An 

a l t e r n a t i v e  is t o  estimate Ns and H,  o r  t h e i r  e q u i v a l e n t s ,  from the 

observed data. 

One s imply measures Ns and t h e  a p p r o p r i a t e  H. 
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The success  of t h i s  method is still  dependant upon t h e  model and 

is only as good a s  t h e  model. 

propagat ion c o n d i t i o n s  such as low ang le  e f f e c t s .  

I t  can a l s o  be o v e r l y  weighted b y  poor 

The t h i r d  method ( N o .  3) is an a t tempt  t o  strike d i r e c t l y  a t  t h e  

cause.  I t  a t t e m p t s  t o  measure t h e  a c t u a l  r e f r a c t i v i t y  of t h e  atmosphere. 

I t  is t r u e  tha t  t h e  r e f r a c t i v e  effects are independant of carrier 

frequency in t h e  r a d i o  frequency spectrum. However, i n  t h e  K band 

t h e  water vapor causes  abso rp t ion .  

By measuring t h e  energy absorbed a d i r e c t  measure of equ iva len t  

water vapor con ten t  can be obta ined .  T h i s  can be used t o  estimate t h e  

vapor  p re s su re  s e n s i t i v e  t e r m s  of?. The r e f r a c t i v i t y  is m o s t  s e n s i t i v e  

t o  t h i s  parameter. By us ing  a dry  model, g e n e r a l l y  q u i t e  s t a b l e ,  and 

a measurement for t h e  w e t  term t h e  t o t a l  r e f r a c t i v i t y  can be r e l i a b l y  

estimated. 

The d i f f i c u l t i e s  are  manifest. F i r s t ,  a K band source  and 

r e c e i v e r  are r equ i r ed  both very w e l l  calibrated as t h e  s e n s i t i v i t y  t o  

a db is s t rong .  The added s a t e l l i t e  power and weight is probably 

n o t  warranted. 

Method 4 has been reserved  f o r  las t .  I t  is be l ieved  t o  be t h e  

m o s t  s a t i s f a c t o r y  € o r  the geode t i c  survey problem, being a compromise 

between accuracy and complexity. Furthermore,  there is real  hope t h a t  

i ts  performance can be improved by f u r t h e r  a n a l y s i s  of e x i s t i n g  data.  

T h i s  e f f o r t  may w e l l  be worth t h e  while i f  radio ranging is t o  be used 

f o r  geode t i c  survey s i n c e  i t  is a p p l i c a b l e  t o  any r a d i o  system, e i t h e r  

ranging  or doppler .  

The b a s i c  m a t e r i a l  is repor t ed  i n  r e f e r e n c e s  15, 19, 20 and 22. 
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For want of a b e t t e r  t e r m ,  t h i s  h a s  been c a l l e d  a s ta t is t ical  approach 
t o  range adjustment .  A number of radiosonde p r o f i l e s  were obta ined .  
From t h e s e ,  u s ing  s t a n d a r d  r a y  t r a c i n g  methods and assuming a uniformaly 
s t r a t i f i e d  t roposphe re ,  t h e  adjustment  i n  observed range ARe w a s  ob- 
t a i n e d .  These v a l u e s  were t h e n  used i n  l i n e a r  r e g r e s s i o n  a g a i n s t  
s u r f a c e  index of r e f r a c t i o n  and e h i g h t  of s t a t i o n  above mean sea 
l e v e l .  

ARe = A(hlR) + B(hlR)Ns + C(hlR)hs 

where A ,  B, and C are f u n c t i o n s  of geometry only.  R is apparent  range  
and h is he igh t  of receiver above mean sea l e v e l .  
f r a c t i v i t y  and hs is s t a t i o n  he igh t .  
atmosphere then  Re - A ( + )  + B(o) Ns + C(#) hs w h e n # i s  t h e  
apparent  launch a n g l e  a t  t h e  ground s t a t i o n .  I n  g e n e r a l  A ,  B, C have 
t h e  form D (#) = 

Ns is s u r f a c e  re- 
I f  one t e rmina l  is above the 

2 1/2 
dl 

s i n 6  + ( s i n Z &  + d2 cos # )  

These c o e f f i c i e n t s  were f i t t e d  t o  t h i s  polynormal wi th  t h e  fo l lowing  
r e s u l t s :  

A 
B 
C 

1.4751 .004684 
.002923 .002949 

- -1559 .005295 

Table  4.4.2-1 
Cor rec t ion  C o e f f i c i e n t s  
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Two sets  of data were used t o  d e r i v e  t h e  D ( 4 ) .  F i r s t ,  13 

s t anda rd  meteoro logica l  s t a t i o n s  throughout t h e  U . S .  were s e l e c t e d ,  

6 p r o f i l e s  were chosen from each t o  r ep resen t  6 d i f f e r e n t  propagation 

cond i t ions .  A t o t a l  of 77 such p r o f i l e s  were obtained.  (One s t a t i o n  

f a i l e d  t o  have one of one  type) .  

In  a d d i t i o n  t o  t h e  method descr ibed  above, a t h i r d  parameter 

w a s  used,  AN, t h e  change i n  r e f r a c t i v i t y  i n  one k i lometer  above t h e  

s t a t i o n .  However, t h i s  was dropped as be ing  t o o  d i f f i c u l t  t o  measure 

i n  t h e  f i e l d .  

The second se t  w a s  84 p r o f i l e s  chosen a t  random a t  t h e  Cape 

Canaveral meteoro logica l  s i te .  Two o t h e r  f a c t o r s  were used here AN 

and AN,. 

s u r f  ace. 

The l a s t  is t h e  change i n  t h e  f i r s t  40 meters above t h e  

The d a t a  from the former is used as be ing  r e p r e s e n t a t i v e  of t h e  

cond i t ions  of t h e  s imula t ion .  The d a t a  from t h e  l a t t e r  g i v e s  rise t o  

t h e  hope tha t  f o r  c e r t a i n  s t a t i o n s  i n  a geode t i c  survey s e t  l o c a l  

p r o f i l e s  can be used. 

Table 4.4.3-2 is a summary of t h e  c o n s t a n t s ,  t h e  mean c o r r e c t i o n  

and t h e  observed s t anda rd  d e v i a t i o n  of t h e  f i n a l  e r r o r .  A R e  is  t h e  

mean c o r r e c t i o n .  A ,  By and C as before. SE, is t h e  s t anda rd  e r r o r  

u s ing 'on ly  Ns. SE is t h e  s t anda rd  e r r o r  u s ing  both  N, and hs. 2 

The same approach works f o r  a n y  R and h, but  on ly  t h a t  above 70 

km is r e t a i n e d  f o r  t h i s  problem. 

There  are two b a s i c  reasons f o r  advocat ing t h e  use  of t h i s  method, 

The method is no more complicated than Nilmann's and i s  t o  some e x t e n t  

less dependant upon a model, i . e . ,  its inhe ren t  accuracy should 
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therefore  be greater .  

of poss ib ly  more advantage is the  same approach using a w e t  and dry 

t e r m  regress ion .  The b a s i c  raw data is st i l l  a v a i l a b l e  for t h i s  

and may reduce t h e  error further by perhaps a f a c t o r  of  2 or 3. 

A polynomial f i t  t o  Ns might be t r i e d .  But 

4-56 



Residual Error Profiles 
(Table 4.4.3-2) 

70 P r o f i l e s  

h = 700 

700 2.39 
1000 3.44 
1250 4.32 
1500 5.21 
1750 6.12 
2000 7.06 
2500 9.00 
3000 11.07 
3500 13.31 
4000 15.75 
4500 18.45 
5000 21.46 
5500 24.86 
6000 28.76 
6500 33.25 
7000 38.48 
7500 44.65 
8000 51.97 
9000 71.40 

A 

1.4751 
2.116 
2,658 
3 e 208 
3.769 
4.342 
5.534 
6.801 
8.165 
9.648 
11.280 
13.090 
15.113 
17.407 
20.003 
22.953 
26,305 
30.086 
38.856 

N, (Units)  h,(km) 

B C 

. 002923 

.004193 

.00527 

.00636 . 00748 

.00862 

.01101 

.01356 

. 0 1632 

.01935 

.02272 
,02652 
.03087 
.0359 1 
.04186 
.04901 
.05778 
. 06878 . 10153 

- . 1559 
- 2237 
- e  2809 
- . 3389 
-.3981 
-. 4585 
-. 5838 
-. 7168 
-.8593 
-1.01378 
-1 . 18274 
-1.36916 
-1,57647 
-1.80834 
-2.06878 
-2.36151 
-2.68928 
-3.05289 
-3.86966 

.075 

. lo8 

.136 

. 164 

.193 
* 222 . 282 
.346 
.414 . 488 . 569 . 659 
.758 
.870 
.997 
1.142 
1.308 
1 . 500 
1.967 

. 042 

.062 770 

.076 

.091 

. lo7 . 123 342 

. 156 

.192 

.229 

.269 144 

.313 . 362 

. 416 

.478 70 
549 

.634 

.736 
,860 17.4 
1.203 
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4.4. 4 Random Temporal Component 

One aspect of t h e  e f f e c t  of t h e  t r o p o s p h e r i c  index of r e f r a c t i o n  

not  conta ined  i n  t h e  above is t h e  random temporal component. The 

r e l a t i v e  power spectrum of t h e  range v a r i a t i o n s  and index 'of  r e f r a c t i o n  

have been measured a t  Maine, H a w a i i ,  and Boulder, Colorado. (24) A 

t y p i c a l  range v a r i a t i o n  spectrum is proport ioned t o  f - ' 0 4  w i t h  a power 

d e n s i t y  of lom6 (cm) / cyc le  per second a t  1 H z .  T o t a l  d a i l y  v a r i a t i o n  2 
00 

is t h e r e f o r e :  ( A R ) 2  = df = 4 (cm) '  o r  a .02 meter 

s t a n d a r d  d e v i a t i o n ,  The spectrum is known t o  be p ropor t iona l  t o  range. 

These measurements were made over a n e a r l y  h o r i z o n t a l  pa th  of 15 km. 

Two f a c t o r s  a l t e r  t h i s  conc lus ion  f o r  geode t i c  survey.  For propa- 

g a t i o n  above s e v e r a l  degrees  t h e  path through t h e - i m p o r t a n t  layers of 

t h e  atmosphere is from 70 t o  90 k i lometers .  Hence, a t  worst  t h e  s t anda rd  

d e v i a t i o n  w i l l  be  no more t h a n  .06 meters. Also t h i s  p a t h  g e n e r a l l y  

passes  through a more s t a b l e  atmosphere s o  one would expect  t h a t  t h i s  

could be reduced. 

A comparison w i t h  t h e  r e s i d u a l s  given i n  Table  4.4.4-1 i l l u s t r a t e s  

t h a t  t h i s  e f f e c t  is 10 t o  20 percent  of t h e  "model" errors. One might 

hope t o  be a b l e  someday t o  reduce t h e  r e s i d u a l s  t o  t h e  random error. 

4 . 4 . 5  E r r o r s  Assoc ia ted  w i t h  t h e  Hor i zon ta l  Gradient  of Re f rac t ion  
Index. 

The preceding i n v e s t i g a t i o n s  assumed t h a t  over t h e  d i s t a n c e s  

between the  ground s t a t i o n  and t h e  v e h i c i e  t h e  index of r e f r a c t i o n  a t  

t h e  s u r f a c e  w a s  cons t an t .  T h i s  is, of c o u r s e ,  not  t r u e .  The h o r i z o n t a l  

v a r i a t i o n s  of index  of ' r e f r a c t i o n  w i l l  then add t o  the u n c e r t a i n t i e s  

i n  t h e  de t e rmina t ion  of t h e  mean index of r e f r a c t i o n  over  t h e  propagation 

path.  
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Unfor tuna te ly ,  there is very  l i t t l e  informat ion  i n  t h e  l i t e r a t u r e  

t o  i n d i c a t e  t h e  s ta t i s t ics  of t h e  v a r i a t i o n s  w i t h  h o r i z o n t a l  displacement.  

I n  an e f f o r t  t o  ge t  some feel  f o r  t h i s  sou rce  of error a set of data 

taken  du r ing  f l i g h t  tes t  of t h e  Drone Navigat ion,  Guidance and Cont ro l  

System i n  1963-64 w a s  analyzed. The data taken  were v a l u e s  of t h e  

surface v a l u e  of r e f r a c t i v i t y ,  Ns, a t  t w o  s t a t i o n s  separated h o r i z o n t a l l y  

by  160 km and v e r t i c a l l y  by 0.62 km.  These  s t a t i o n s  were t h e  ground 

t ransponder  sites f o r  HIRAN e l e c t r o n i c  surveying  equipment located on 

mountain tops  a long  t h e  Mogollon R i m  i n  C e n t r a l  Arizona. A set of 24 

pairs  of Ns va lues  were taken which r ep resen ted  t h e  average Ns over  a 

2-3 hour pe r iod  a t  each of t h e  t w o  s t a t i o n s .  The data were taken  du r ing  

t h e  months of October 1963 through January 1964. 

The data from t h e  lower of t h e  t w o  s t a t i o n s  were used t o  p red ic t  

t h e  r e f r a c t i v i t y  a t  t h e  h igher  s t a t i o n .  The r e s u l t  of t h i s  p r e d i c t i o n  

is t y p i f i e d  by a mean e r r o r  of -2.8 N u n i t s  and a s t anda rd  d e v i a t i o n  of 

6.8 N u n i t s .  T h i s ,  i n  effect ,  s a y s  t h a t  t h e  p r e d i c t i o n  of t h e  index  of 

r e f r a c t i o n  from a po in t  160 k m  (100 s ta tute  m i l e s )  h o r i z o n t a l l y  displaced 

and .62 k m  (2021 f t . )  v e r t i c a l l y  displaced w a s  accomplished w i t h  an"  

error of about  3 parts per m i l l i o n  mean and 7 ppm s t a n d a r d  dev ia t ion .  If 

t h i s  procedure had been used t o  correct range data t h e  errors would have 

corresponded t o  0.45 m mean and 1.1 m s t a n d a r d  dev ia t ion .  The c o r r e l a t i o n  

c o e f f i c i e n t  between t h e  r e f r a c t i v i t y  a t  t h e  t w o  l o c a t i o n s  w a s  0.71. The 

u s e  of t h e  model atmosphere t o  p red ic t  r e f r a c t i v i t y  a t  a po in t  100 m i l e s  

away accounts  on ly  f o r  t h e  m a n  and t h a t  part of t h e  v a r i a b i l i t y  which 

is c o r r e l a t e d .  In  t h i s  case s i n c e  t h e  s t a n d a r d  d e v i a t i o n s  were 7.2 a t  

t h e  l o w  e l e v a t i o n  and 9.6 N un'its a t  t h e  remote h igh  e l e v a t i o n .  The  

s t a n d a r d  d e v i a t i o n  of t h e  d i f f e r e n c e  of t h e  index of r e f r a c t i o n  a t  t h e  
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two locations is 6.8 N units. The equality between the standard 

deviation of the error of correct-ion and the standard deviation of the 

difference of index of refraction at the two locations indicates that 

only the mean can be corrected accurately at a remote location, the 

variability is correlated only to the degree the two points are correlatl 

with each other. 

To define the effect of the horizontal gradient on the mean index 

of refraction consider the following simplified model of the atmosphere, 

N(h) = Ns(0) + D N h  + Ns(x). 

where N(h) is the refractive index at altitude h above the surface at 

any distance x from a reference point (a ground station for 

example) . 
Ns(x) is the variation of the actual index from a value pre- 

dicted by using the surface value at x - 0 .  

i.e. Ns(x) 5 N(h,x) - N(h,O) 
The quantity Ns(x) is assumed to be a random variable. 

case let the path of propagation be defined by a straight line whose 

For the simplifi 

equation is: h = mx. 

The mean index of refraction is then 

0 0 

- 
N = Ns(0) + AN - mM f Ns(x)dx. 

2 
0 

Taking the expected value of both sides gives: 

assuming N (x) is a stationary random process, S 
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The v a r i a n c e  of R may a l s o  be computed as 

Then 

assuming t h a t  E = 0. 

S ince ,  

Where N(p)  is t h e  index of r e f r a c t i o n  a t  a p o i n t ,  p ,  
L 1 

Expanding t h e  product under t h e  i n t e g r a l  g i v e s ,  

Taking t h e  i n d i c a t e d  expected v a l u e s  g iven ,  

1 
M M 1 .? - 2 

n 
/ dxl dx2 bN (xl - x,) - @,(X2> - 8,(x1) + 8,(0) 

M2 t ’  
6 ”  - 

0 0 

where ON(p) is t h e  a u t o c o r r e l a t i o n  f u n c t i o n  of t h e  index  of r e f r a c t i o n ,  

N(p) 

may be s i m p l i f i e d  t o  
(r 

The expres s ion  f o r  - n 
M M 2 2 

n 
/l @N(C(Idp + 8 N ( O )  

E; -s (M P ) @ ~ ( P ) d f i  - 
M2 0 

d =  - 
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The autocorrelation function, gN(p), is not known precisely. 

It may be assumed that the function is a simple exponential of the 

form 
- P  - 

ON(P) "c 2 e  D 

Where cp2 is the variance of the index of refraction (at the 

surf ace) 

D is the correlation distance 

For the investigation reported earlier, C is about 6 N units and 

D about 470 km. 

Substituting the value for ON(@) into the expression foro-! and 
n 

carrying out the indicated integration gives 
M - M  

-75 D~ (e I 

n +z 
For M < < D  

or 

M c = - -  D 
c 

n 

, The standard deviation of the Mean index of refraction is then 

of the order of 3 N units at 100 km or 0,3 meters because of the 

horizontal variability of the index of refraction. 

This computation of the effects of horizontal variations in the 

index of refraction is necessarily a rather rough estimate of what may 

actually occur. The lack of data on this particular subject has pre- 

cluded any better estimate. 
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4.5 IONOSPHERIC PROPAGATION EFFECTS 

The ionosphere,  l i k e  t h e  t roposphere ,  causes  t h e  received s i g n a l  

t o  have a d e l a y  o t h e r  t han  t h a t  of f r e e  space.  Th i s  f a c t o r  must be 

accounted f o r  t o  minimize t h e  p o t e n t i a l  range e r r o r .  Likewise,  t h e  

imperfect  c o r r e c t i o n s  ach ievab le  l e a d  t o  r e s i d u a l  e r r o r .  

Unlike t h e  t roposphere ,  t h e  ionospher ic  e f f e c t s  are  s i g n i f i c a n t l y  

dependant upon t h e  carrier frequency. The t h e o r e t i c a l  e f f e c t s  have 

been thoroughly s tud ied .  An excellent review of t h e  theo ry  is con- 

t a i n e d  i n  Lawrence, e t  a l .  (25)  An e x c e l l e n t  a n a l y s i s  of t h e  e f f e c t s  

upon ranging is conta ined  i n  r e f e r e n c e  26 and a l s o  i n  t h e  AD HOC 

Conunittee on Propagation f i n a l  r e p o r t .  (17) 

The  t heo ry ,  a l though complex, is q u i t e  w e l l  understood,  However, 

f a r  less is known about the de t a i l  characteristics of t h e  parameters 

t h a t  cause t h e  ranging v a r i a t i o n s .  A s  a r e s u l t ,  i t  has been v a r i o u s l y  

es t imated  t h a t  t h e  r e s i d u a l  error w i l l  be of o rde r  20 t o  30 percent  of 

the mean c o r r e c t i o n  t o  be app l i ed .  This  can be compared w i t h  the 

a b i l i t y  t o  c o r r e c t  t roposphe r i c  e f f e c t s  t o  t h e  o rde r  of one percent  

which is the r e s u l t  of f a r  better knowledge of t h e  s t a t i s t i c s  of t h e  

t ropospher ic  parameters. T h i s  is not  t o  f a u l t  t h e  researchers i n  

t h e  s tudy  of t h e  ionosphere.  I t  is a f a r  more d i f f i c u l t  and c o s t l y  

problem w i t h  more parameters t o  cons ider .  

The ionospher ic  dominant f a c t o r  i n  a ranging  s y s t e m  is t h e  

v a r i a t i o n  i n  phase v e l o c i t y  (and group v e l o c i t y )  from t h a t  of f r e e  

space.  The ionosphere causes  s e v e r a l  o t h e r  phenomena such as  ray 

bending, wedge r e f r a c t i o n ,  f requency change, d i f f e r e n t i a l  phase,  

Faraday r o t a t i o n s  and absorp t ion .  A s  can be shown none of these have 
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an  e f f e c t  upon ranging.  

Table  6-3, Page 6-55 of Reference 26. 

With t h e  except ion  of r a y  bending, see 

4.5.1 Ionospheric  Index of Ref rac t ion  

A t  f r e q u e n c i e s  above t h e  c r i t i ca l  frequency,  t h e  real  p a r t  of 

t h e  index of r e f r a c t i o n  is given by t h e  Appleton-Hartree formula: 

\Y e= Carrier frequency (r/s) 

t h e  plasma frequency 2 

iVT = WH s i n  8 

Ne = d e n s i t y  of free e l e c t r o n s  

e = charge of an e l e c t r o n  

= electr ic  p e r m i t t i v i t y  of f r e e  space  60 
M = e l e c t r o n  mass 

\VIH = po He/M gyro frequency of an e l e c t r o n  

8 = angle between wave normal and geomagnetic f i e l d  

= magnetic p e r m i t t i v i t y  of f r e e  space '  PO 

H = geomagnetic f i e l d  i n t e n s i t y  
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The p l u s  and  minus s i g n s  i n >  a p p l y  t o  t n e  o r d i n a r y  and e x t r a o r d i n a r y  c 
waves r e s p e c t i v e l y  . 

If one s u b s t i t u t e s  magni tudes i n t o  t h i s  e x p r e s s i o n ,  i t  is  r e a d i l y  

shown t h a t  a t  2 GHz:  

coulomb -19 e = 1.6 x 10 

M = 9.08 x 10 

Eo = 8,854 x 10 

k i log rams  

f a r a d / m e t e r  

-31 

- 12 

A t y p i c a l  dayt ime v a l u e  fo r?  a t  2 GHz is -25 N u n i t s  a t  t h e  

peak d e n s i t y  of  t h e  ionosphe re .  T h i s  is f a r  less t h a n  t h a t  f o r  t h e  

t y p i c a l  t r o p o s p h e r e ,  

The i n d e x  of r e f r a c t i o n  is t h e r e f o r e  dominated by t h e  e l e c t r o n  

d e n s i t y  and the s q u a r e  of t h e  carrier f r equency .  I t  s h o u l d  be no ted  

t h a t  t h e  i n d e x  of r e f r a c t i o n  is less t h a n  one. Hence, t h e  phase 

v e l o c i t y  is g r e a t e r  t h a n  t h e  f ree  s p a c e  v e l o c i t y  of l i g h t ,  The group 

v e l o c i t y  is less t h a n  t h e  v e l o c i t y  of l i g h t ,  of c o u r s e .  v v = c 

a t  microwave f r e q u e n c i e s .  

8 2  
g P  

The i n d e x  of r e f r a c t i o n  a t  any  p o i n t  i n  t h e  i o n o s p h e r e  is a 

f u n c t i o n  o f  t h e  e l e c t r o n  d e n s i t y .  

g i v e n  i n  F i g u r e  4.5.1-1. 

Indeed iXe is a f u n c t i o n  of a l t i t u d e ,  l a t i t u d e ,  s o l a r  y e a r ,  s o l a r  sun  

s p o t  c y c l e ,  and t i m e  of day. Hence, so  is % & .  I t  is a l s o  a f u n c t i o n  

0 2  i o n o s p h e r i c  storm a c t i v i t y .  I t  is t h e  v a r i a t i o n  i n  these pa rame te r s  

Characteristic p r o f i l e s  of Ne are 

T h e r e f o r e , v i s  a d e f i n i t e  f u n c t i o n  of a l t i t u d e .  

t h a t  c a u s e  the r e s i d u a l  e r r o r  i n  i o n o s p h e r i c  e f f e c t s  a f t e r  c o r r e c t i o n .  

‘Po a d j u s t  t h e  observed  r a n g e  i n  p r i n c i p l e  t h e  t o t a l  p r o f i l e  a l o n g  t h e  
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propagat ion p a t h  must be known. The in fo rma t ion  t h a t  must be known 

can  o n l y  be estimated. 

X number of models have been p o s t u l a t e d  for t h e  e l e c t r o n  d e n s i t y  

of t h e  ionosphere.  Perhaps t h e  most widely used is t h e  Chapman model 

which u s e s  a p a r a b o l i c  f i t  o f  t h e  d a t a .  T h i s  has been found t o  under- 

estimate the t o p  s i d e  e l e c t r o n  d e n s i t y  rather s e r i o u s l y .  The  upper 

s i d e  appea r s  t o  be f i t t e d  better by a hype rbo l i c  s e c a n t  func t ion .  

4.3.2 E f f e c t  on Range EIeasurement 

A number of approaches t o  e s t i m a t i n g  t h e  e f f e c t  on a range 

measurement have been made. (17, 25,  27) I n  general these were designed 

t o  estimate the magnitude of a f f e c t  and were no t  designed f o r  a c t u a l  

computat ional  measurement adjustment .  

The  i n f l u e n c e  on a range measurement depends upon t h e  method of 

measurement. If c y c l e  count ing  of t he  carrier is used ,  t hen  t h e  

phase v e l o c i t y  is t h e  c o r r e c t  ad jus tment .  I f  the measurement is  made 

on modulatm then  t h e  group v e l o c i t y  should be used. As is shown i n  

r e f e r e n c e  25, t h e  ad jus tmen t s  f o r  each  method are equa l  i n  magnitude 

but  of opposite s i g n .  I t  is conce ivab le  t h a t  by measuring us ing  bo th  

methods the effect  could  be c a n c e l l e d  o u t .  The problein is t h e  i n i t i a l  

c o n s t a u t  i n  the c y c l e  count ing  method which is r e a l l y  t h e  i n t e g r a l  of 

doppler .  

The apparent  pa th  l e n g t h  through t h e  ionosphere is: 

where the i n t e g r a l  is taken a long  

pa th  A L ,  is: 

the r a y  pa th .  The increment i n  the 

Ne d s  
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Most approaches then  take the i n t e g r a l  a long  t h e  s t r a i g h t  l i n e  pa th  

the reby  ignor ing  t h e  r a y  bending a t  S-Band and above. The v a l i d i t y  

of t h i s  is i l l u s t r a t e d  by t h e  r e s u l t s  of Wilmann’s work described 

i n  r e f e r e n c e  16. The  r e s u l t s  of t h i s  approach have been compared t o  

a c t u a l  r a y  t r a c i n g  us ing  S n e l l ’ s  Law. Even a t  launch a n g l e s  as low as 

lo t h e  e r r o r  is only .5 t o  1%. 

Through a t h i n  s h e l l  of t h e  ionosphere:  

(3) ALi  = los6 Ne(h) cse r#~ dh 
Xi+{ 

4, 
7- 

where h is measured perpendicular  t o  t h e  she l l .  qb is t h e  a n g l e  between 

t h e  ray  and t h e  tangent  t o  t h e  s h e l l .  

Assuming a s t r a i g h t  l i n e  through t h e  s h e l l  t h i s  can be w r i t t e n  as: 

L = b  

7- 

An o b l i q u i t y  f a c t o r  (26) is def ined:  
I 

\ ”  cos” e l  

“ b 
and 

where NT is  the t o t a l  e lec t ror i  con ten t  i n  a v e r t i c a l  column whose 

cross s e c t i o n  is one square  meter. 

Reference 26 then  estimates the v a r i a b i l i t y  of A L  due t o  v a r i a t i o n s  

i n  N and Q. The gross estimate agreed t o  by o t h e r s  (17) is t h a t  the 

estitiates of NTQ are no better than  30% of t h e  app l i ed  c o r r e c t i o n .  
T 
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At low elevation angles AL is of order 10 meters in the daytime 
at 2 AGHz (17). Hence, the rms range error would be 3 meters. 
4.503 Methods of Range Adjustment 

carrier sufficiently high to such that L is negligible. For example, 
a nominal worst case at X-Band would be only .4 meters. Two, measure 
the ionospheric profile along the ray path and ray trace. Operationally 
this is not feasible except for rare scientific ventures. Three, 
hypothesize a model, such as the Chapman model and estimate the sig- 
nificant parameters such as the height of maximum intensity, the width 
of the ionosphere, and so forth. Much of this must come from indirect 
estimates using spot number predictions, etc. It is the inability to 
adequately estimate these factors that results in the 30% estimate error. 
Four, devise a system to estimate L directly. This is done in TRANSIT 

There are five basic methods of adjusting range. One, use a 

and SECOR. Five, devise an adequate estimate as in three and estimate 
the proper parameters from redundant data measurements. This is the 
technique proposed by Wilmann (16). 

The ionosphere is the only frequency dependant cause of change in the 
range. By measuring the range on two, or more, frequencies, it is 
theoretically possible to estimate AL directly from the observed dif- 
ference. This assumes that the path is the same for both. 

In method four, it is apparent that AL is a function of frequency, 

The correction to be applied to the higher frequency is Rh - Re = 

k' -1 
A I ,  where the subscript refers to measurements at the high and low 
carrier frequencies (16). R is the raw range measurement. k is the 
ratio of the high frequency to the low frequency. 

h 
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Two problems arise,  F i r s t ,  t h e  carrier f r equenc ie s  should be 

chosen such that  the  A L  on each dominates a l l  error sources  on bo th  

channels .  T h i s  means VHF or low VHF carriers and AL is t h e r e f o r e  

l a rge .  Two, r a y  bending is not  a n  important  c o n t r i b u t o r  t o  AL, bu t  

does i n f l u e n c e  t h e  a c t u a l  pa th  taken. S ince  r a y  bending is also 

frequency dependant t h e  pa ths  might  w e l l  d i f f e r  enough t h a t  there is 

s i g n i f i c a n t  l o s s  i n  c o r r e l a t i o n  between pa ths  and a s i g n i f i c a n t  e r r o r  

may be introduced.  

Experience on t he  t w o  frequency SECOR i n d i c a t e s  t h a t  a comparison 

of t h i s  method and method f i v e  i n d i c a t e s  t h a t  i t  does not  appear  t o  

be an improvement, 

Method f i v e ,  or Wilmann's recommended approach f o r  GEOS-A satel-  

l i t e  d a t a  is o u t l i n e d  below and is d e t a i l e d  i n  r e f e r e n c e  16. H e  s t a r t s  

w i t h  t h e  Chapman model which is: 

(9) X = h - hm 

H 

where Nm is t h e  maximum e l e c t r o n  d e n s i t y ,  hm is t h e  he igh t  of t h e  

maximum, H a scale h e i g h t ,  When s u b s t i t u t e d  i n t o  equat ion  5 a c losed  

form of i n t e g r a t i o n  is  not  poss ib l e .  H e  r ep laced  t h i s  by t h e  s imple 
2 polynomial 1 - x When t h i s  is done t h e  i n t e g r a t i o n  l e a d s  to:  
7 

1/2 2 
(10) AL = 

S cos ei 

(11) COS ei = a cos  5 
a + hm -3H 

(12) = 2 H  80 ,5  Nm 
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25EI 1 (13)  *..:*., = 

3 (a + hm - 3H) 
The f a c t o r  @ is t h e  r e t a r d a t i o n  a t  t h e  z e n i t h . &  r e p r e s e n t s  

t h e  r a t i o  of z e n i t h a l  t o  h o r i z o n t a l  r e f r a c t i o n .  

I n  data r educ t ion  estimates of Nm, hm and H are assumed f o r  

i n i t i a l  p rocess ing .  Subsequent process ing  a d j u s t s  o r  estimates cd and 

as unknown j u s t  as  t h e  s t a t i o n  l o c a t i o n s .  

T h i s  method has been demonstrated t o  work w e l l  i n  SECOR data 

r educ t ion .  The r e s i d u a l s  i n  t h e  SECOR d a t a  r educ t ion  v a r i e d .  They 

were 1.4 meters rms f o r  a n igh t t ime  pass  and 2.7 and 4.0 meters r m s  

f o r  t y p i c a l  daytime passes .  I t  w a s  recommended t h e r e f o r e ,  t h a t  on ly  

n igh t t ime  passes  be used f o r  g e o d e t i c  survey .  

T h e r e  is a twofold reason  f o r  t h i s .  F i r s t ,  t h e  t o t a l  e f f e c t  of 

t h e  ionosphere is t y p i c a l l y  10 t i m e s  g r e a t e r  t han  a t  n i g h t .  One ex- 

pects t h e  e r r o r  t o  be p ropor t iona l  t o  t h e  magnitude of t h e  e f f e c t .  

Second, du r ing  t h e  daytime t h e  ionosphere is a c t u a l l y  t h e  sum of 

s e v e r a l  l a y e r s  a l though dominated by t h e  F2 l a y e r .  

F l a y e r  predominates.  One would expec t  t h e  model t o  b e t t e r  f i t  t h e  

A t  n i g h t ,  a s i n g l e  

n igh t t ime  ionosphere.  

Reca l l i ng  t h a t  t h e  e f f e c t  is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  squa re  

of t h e  f requency ,  t h e  e f f e c t  on AROD should  be approximately one 

twen ty - f i f th  t h a t  on SECOR. Hence, t h i s  r e s t r i c t i o n  may be unnecessary.  

The range  r e s i d u a l s  were found t o  be c o r r e l a t e d .  I t  was sugges ted  

t h a t  these e f f e c t s  were i o n o s p h e r i c a l l y  induced. If  s5.r t h i s  leads t o  

t h e  conclus ion  t h a t  t h e  ionosphere is g e n e r a l l y  t h e  dominant f a c t o r  

i n  t h e  e r r o r .  
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4.6 THE EFFECT OF MULTIPATH ON RANGE ACCURACY 

A very  important  f a c t o r  t han  can c o n t r i b u t e  t o  e r r o r  i n  range 

measurement is mul t ipa th .  Genera l ly  when p resen t  other than  as 

scatter,  t h e  e f f e c t  is i n t o l e r a b l e  for the  a c c u r a c i e s  des i red  for 

geode t i c  survey.  

Subsequent subsec t ions  e v a l u a t e  t h e  e f f e c t  of  s p e c i f i c  l e v e l s  

of mul t ipa th ,  t h e  p o t e n t i a l  causes ,  and means of combating t h e  

problem. 

Mult ipath is d i f f i c u l t  i f  no t  impossible  t o  p r e d i c t .  Ce r t a in  

measures can be taken t o  minimize t h e  l ike l ihood of mul t ipa th .  The 

AROD system rejects mul t ipa th  t o  t h e  maximum p o s s i b l e  e x t e n t  given 

t h e  allowable radiated bandwidths. The a b i l i t y  t o  reject mul t ipa th  

given a system of maximum performance a g a i n s t  w h i t e  gauss ian  no i se  

is d i r e c t l y  related t o  maximum u s e  of s i g n a l  bandwidth. However, 

beyond t h i s  t h e  system is s u s c e p t i b l e  t o  t h e  problem, 

4 . 6 , l  E f f e c t  Upon Range Measurement 

The basic AROD d e t e c t i o n  s y s t e m  is i l l u s t r a t e d  f u n c t i o n a l l y  i n  
#v 

Figure  4.6.1-1. 0 r e p r e s e n t s  t h e  d e l a y  of a secondary pa th .  A re- 

p r e s e n t s  its r e l a t i v e  s t r e n g t h  compared t o  t h e  des i red  " l ine-of -s ight"  

s i g n a l .  In  g e n e r a l  i n  t h e  geode t i c  survey problem a l l  mul t ipa th  s i g n a l s  

w i l l  be delayed w i t h  r e s p e c t  t o  t h e  desired s i g n a l .  

A mathematical  a n a l y s i s  was made cons ide r ing  only a s i n g l e  

secondary path.  

L e t  t h e  s i g n a l  a t  poin t  (1) i n  F igure  406 .1  be: 

(1) p ( t >  s i n  w o t  

p ( t )  is a pseudonoise s i g n a l  w i t h  b i t  per iod  T. 

T 
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(2) 

where it is assumed t h a t  non l i ne -o f - s igh t  paths  are always 

A p ( t - % )  s i n  wo ( t -Z) 

delayed w i t h  r e s p e c t  t o  t h e  dk rec t  or des i red  path.  A is t h e  

r e l a t i v e  magnitude, normally less than  one, and T i s  the de lay  

i n  seconds.  

(3) 

r e f e r e n c e  de lay  from t h e  range tracker. 

p ( t  - To) t h e  carrier r e f e r e n c e  pseudonoise. co is t h e  

(4) p ( t  -To) i n  2-77" (t ) t h e  ranging  r e f e r e n c e  pseudo- + 
no i se  which is PN w i t h  a Manchester code. 

s i n  (x) is a squa re  wave whose fundamental is 1/T Hz. 

(5) 

(6) 

phase is 8 as a r e s u l t  of t r a c k i n g  t h e  rece ived  s i g n a l .  

(7) 

The a c t i o n  of t h e  loop is t o  average over  t h i s  s i g n a l  and d r i v e  

e? t o  ze ro ,  

,u 
p ( t )  p ( t  - bo) s i n  w o t  + A p ( t  - r )  p ( t  - b o >  s i n  w o ( t  -2) 
2 cos(wot - 0) t h e  carrier loop r e f e r e n c e  whose qu ie scen t  

N 
p ( t )  p ( t  - o0> s i n  6 + A p ( t  -Z') p ( t  - eo) s i n ( @  - w o ~ >  = e7 

Hence, t h i s  is: 

6 w i l l  assume t h e  va lue  such t h a t  e7 is ze ro .  $p is t h e  auto-  

c o r r e l a t i o n  f u n c t i o n  of p ( t ) .  

+ p  (X) .= 1 - 1 x 1  , T > 1x1 

T 

= 0, elsewhere 

If A = 0, no mul t ipa th ,  8 = 0 as is expected. 

The c o n d i t i o n  of i n t e r e s t  is tha t  A 4 1  i f  vo 4 T. 
and proper  a c q u i s i t i o n  then  $ 

on ly  influence of t h e  rnul t ipath is t o  add t r i v i a l l y  to t h e  noise .  

For ro T 

The .1/ ( r -  L ~ )  can be made zero .  
P , 
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*v 
The  delayed s igna l - to -des i r ed  s i g n a l  power r a t i o ,  bo > T ,  is 

reduced by about 40 db i n  t h e  carrier t r a c k i n g  loop. For any 

reasonable  A t h i s  e f f e c t  is n e g l i g i b l e .  

For O o < T  and A 7  1 t h e  delayed path w i l l  c ap tu re  t h e  s i g n a l  i n  

t h e  carrier loop and probably i n  t h e  range loop. I f  t h i s  

happens, a l l  b e t s  are o f f  and t h e  measurements should  not  be 

made. T h i s  cond i t ion  should be i d e n t i f i e d .  

.u 

For t h e  case where A <  1 and 

of o r d e r  300. 

T ,  woT = Z g ’ N  rad ians ,  N is 

Hence, w o e  can assume any va lue  from 0 t o  2 7 1  

w i t h  equal  p r o b a b i l i t y .  

I n  t h e  modula t ionor  range t r a c k i n g  loop 
/L, 

(8) p ( t )  p ( t  - c) F i n  2 ? f ( t  - Do) s i n  w o t  + A p f t  -,‘3) 
T 

p ( t  - ? ) g i n  2 ~ ( t  - L ~ >  s i n  wo ( t  - bo) 
*.tr ..q/ 

0 
T 

T 

. The range loop averages  a s  in t he  carrier loop. However, t h e  

average is t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  of t h e  PN and t h e  PN 

r e fe rence .  The cross c o r r e l a t i o n  h a s  t h e  characterist ic shown 

on the next page. 
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-T -T 0 T T 
2 2 
- - 

s o  tha t  t h e  s i g n a l  when averaged can  be rep resen ted  by 

The loops, carrier and ranging ,  w i l l  ope ra t e  to s imul taneous ly  

d r i v e  e7 and e10 t o  zero by adopt ing  a p p r o p r i a t e  

I n  t h e  range loop  i f  A is zero, Lo goes t o  zero as is des i r ed .  

The n u l l s  w i l l  be when 

these la t te r  t w o  c o n s t i t u t e  ou t  of lock  cases, which can be  

and 8. 

/v 

and c o & O  not a t  $and T as 

i d e n t i f i e d  by  t h e  agc system. 

There are two non-l inear  equa t ions  t o  be so lved .  These are: 

+p (-- To> s i n  e + A $p(c- s i n  (0  - w o e >  = o 
and 

( - c ' ~ )  COS e -I- A +rp ( c- To) COS (e - w 0 / f )  = o 
"rp 

+ p ( ~ )  1 - - 1x1, l X l 4 . T  
T 

= 0 ,  elsewhere 

$rp(x) = 0, l x l > T  

T 2 
- - - - X ,  - I T < x ( T I 2  
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= 1 i x , -T.d x < -T/2 - 
T 

= 1 - X ,  - T ( x ( T  
T 2 

-W 
L = path  de l ay  w i t h  r e s p e c t  t o  t h e  d e s i r e d  s i g n a l  

A = r e l a t i v e  ampli tude of secondary pa th  

Lt = modulation t r a c k i n g  error 
4 

0 = carrier t r a c k i n g  e r r o r  

These equat ions  were so lved  f o r  v a r i o u s  c o n d i t i o n s  and t h e  

worst  case obta ined .  

. 9  and 

the fo l lowing  t a b l e  i l l u s t r a t e s  the  r e s u l t .  

With A and C n o r m a l i z e d  (A ranges from .1 t o  
,.(y /r/ ranges a l so  from .1 t o  .9) f o r  v a r i o u s  ang le s  eo = wo b , - 
T 

Table  4.6.1-1 

Worst Case Mult ipath E f f e c t s  

A 

. 1  

.2 

. 3  

. 4  

.5 

.5 

.4 

84 

.7 

. 3  

.2 

.2 

, 1  

.1 

*O 

180 

180 

180 

180 

180 

180 

180 

180 

180 

% 
0 

-.05 

-.l 

-.14 

-.20 

-.23 

-.30 

- .33  

-.do 

-.43 

e 

ci 

0 

0 

0 

0 

0 

0 

0 

0 

E Range Error (Meters) 

-1.2 

-2.3 

- 3 . 3  
+I 

-4,7 

-5.4 

-7.0 

-7.8 

-9.4 

- 10 Ci 

The magni tude  of error ('ro) v a r i e s  t o  about 10% o f  t h i s  maximum 

over t h e  f u l l  raiige of c o n d i t i o n s  f o r  each value of A ,  Each t e n t h  
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of yo is  equa l  t o  2.34 meters. 

For t h e  va lues  g iven ,  there is ano the r  of e q u a l  magni tude , -but  

of oppos i t e  s i g n ,  

I n  g e n e r a l  t h i s  i n d i c a t e s  t h e  u n d e s i r a b i l i t y  of mul t ipa th .  I t  

is not r e a d i l y  d e t e c t a b l e  and should be avoided. 

4.6.2 Causes of Mult ipath 

There are two prime causes  of mul t ipa th ,  r e f l e c t i o n s  from t h e  

ground i n  t h e  g e n e r a l  v i c i n i t y  of t h e  ground antennas and from an 

inhomogenous propagat ion pa th ,  o f t e n  c a l l e d  duc t ing ,  The l a t te r  is 

g e n e r a l l y  of l i t t l e  consequence i n  t he  type  of problem cons idered  

he re  for two reasons .  One, t he  reflected pa th  is  s e r i o u s l y  a t t e n u a t e d  

a s  evidenced by t r o p o s p h e r i c  propagat ion a t b u a t i o n s  and t w o ,  because 

it  g e n e r a l l y  occurs  only a t  g raz ing  a n g l e  type  of pa ths  which are t o  

be avoided i n  t h i s  problem because of other  reasons.  (11, 12) 

R e f l e c t i o n s  from t h e  s u r f a c e  i n  t h e  v i c i n i t y  of t h e  ground 

antennas is a p o t e n t i a l l y  s e r i o u s  problem. The geometry problem is 

i l l u s t r a t e d  i n  F igu re  4,6,2-1. A f l a t  e a r t h  may be considered as w e  

are on ly  i n t e r e s t e d  i n  r e f l e c t i o n s  nea r  t h e  antenna.  
,,-J 

The de lay ,  L , is a f u n c t i o n  of geometry. The r e l a t i v e  ampli tude,  

A ,  is a f u n c t i o n  of t h e  r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  poin t  of re- 

f l e c t i o n .  

The d e l a y  is (r2 I- x - rl)/c. 

(r2 I- x)2 = + (2h)2 - 2 (2h) rl cos (= r +  e) 

r 2 + x -  + 4h s i n  .] 1/2 - 11 
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Figure 4.6.2-1 
Multipath Reflect ion Model 
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But rl>> 2h and t h e r e f o r e T A  - 2h s i n e .  

i n  va lues  of 8 = g r e a t e r  t han  5 or  6 degrees ,  To p r o h i b i t  m u l t i p a t h  

Most of t h e  i n t e r e s t  lies 
C 

> 157 n.s ,  or one b i t  per iod  of t h e  H code. Therefore ,  h >  90 meters 

a ra ther  i m p r a c t i c a l  number, 

s i n  e W  h rl y A h cos  8 ,  

s o  t h a t  under t h e  assumption y 4 10 h. 

The theo ry  of r e c i p r o c i t y  holds  so t h a t  any e f f e c t  upon the  

v e h i c l e  may a l s o  occur  a t  t h e  t ransponder .  Two factors effect t h i s .  

The observed effect is a f u n c t i o n  of L and i n  combination woe, t h e  

carrier phase. 

/t 

w 0 ’ r  = 4 f h  s i n  8 

x 
Since  t h e  downlink S-Band carrier d i f f e r s  by 400 M H z  from t h e  up l ink  

there is a phase d i f f e r e n c e  which means sometimes a s e r i o u s  effect 

is caused a t  one end and not  t h e  other ,  vice v e r s a ,  and sometimes 

both. 

Another effect is t h e  r e f l e c t i o n  c o e f f i c i e n t ,  L inear  p o l a r i z a t i o n  

is used on t h e  v e h i c l e  and c i r c u l a r  on t h e  ground. 

The s p e c u l a r  r e f l e c t i o n  c o e f f i c i e n t  is (8) 

= s i n  e - i s m  - 

s i n  e + 3 ~ ~  - cosL e 
G~ s i n  e -Jcc,- cos2 e , v e r t i c a l  

&, sin o + Jm 

, h o r i z o n t a l  

% = 

where h ~ =  6 -jhi t h e  complex dielectric c o n s t a n t  and 6~ L 60uX 

a t  these f r equenc ie s .  (r v a r i e s  from about .002 t o  5 mhos/meter and 
r 

X = 13,6 c m  downlink and 16.6 cm on t h e  up l ink .  The frequency 
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dependance is s m a l l .  

The r e f l e c t i o n  c o e f f i c i e n t s  a t  ang le s  above 6 degrees  and 

outside of the pseudo-Brewsters  ang le  approach about 0.7. T h i s  is 

furt!ier reduced by t h e  d i l u t i o n  f a c t o r  caused by t h e  c u r v a t u r e  of t h e  

earth. T h i s  is unimportant a t  a n g l e s  of 6O or more. 

The model used t o  d e r i v e  this r e f l e c t i o n  c o e f f i c i e n t  assumes a 

smooth s u r f a c e .  I t  is n o t ,  of course.  The e f f e c t  of s u r f a c e  rough- 

n e s s  is t o  t ransform a p o r t i o n  of t h e  r e f l e c t e d  energy i n t o  cat ter .  

(13 )  The po r t ion  of s g e c u l a r  energy i s  propor t iona l  to h3 

where (b = 4 4 C  s i n  d where cr is t h e  r m s  roughness i n  t h e  v e r t i c a l  

i n  t h e  same dimensions as t h e  wavelength. (9 )  

8 
- 4  

-- 
1 

The rest of t h e  energy is transformed i n t o  sca t te r .  T h e  portbn 

s c a t t e r e d  i n  t h e  forward d i r e c t i o n  is g e n e r a l l y  very  s m a l l  and of no 

consequence t o  t h e  mul t ipa th  problem. 

O t h e r  sou rces  are i n c i d e n t a l ,  a i r c r a f t  i n  t h e  f i e l d  of view, 

etc.  Xemote r e f l e c t i o n s  are of no importance s i n c e  t h e  de lay  w i l l  

be l a r g e  compared t o  157 n.s.  

4.6.3 Correc t ions  for Mult ipa th  - - 
If mul t ipa th  is p resen t  t o  an e x t e n t  t h a t  s i g n i f i c a n t  e r r o r  

c a n  arise,  i t  is uncor rec t ab le .  A l l  t h a t  can be done i s  t o  a t t e m p t  

t o  avoid i t .  Proper  a n t e n n a  s i g h t i n g  w i l l  help.  I n  a d d i t i o n  rel-  

a t i v e l y  cheap r a d i a t i o n  absorb ing  materials can be used t o  reduce t h e  

p o s s i b i l i t y  of mul t ipa th .  Avoiding low a n g l e  propagat ion a l s o  he lps .  

F i n a l l y ,  s i n c e  s u r f a c e  roughness causes  t h e  r e f l e c t e d  energy t o  be 

s c a t t e r e d ,  t he reby  e s s e n t i a l l y  reriioving t h e  problem, h igh  carrier 

f r equenc ie s  can he lp .  
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The roughness is also a function of the launch angle. For a 
given terrain overhead propagation is maximally rough. Unfortunately, 
this is also the region where absorbing materials can best be used, 

There is one other thing that can be done, In some cases the 
presence of multipath can be identified. Although this will not per- 
mit calculating the effect, at least one can throw the suspect data 
out. 

The presence of multipath can be identified by observing the 
agc voltage, The signal strength should monotonically increase from 
just above the horizon to the zenith and then decrease monotonically 
again. The expected signal level variation can be calculated and 
subtracted from the observed. Periodic or oscillating components in 
the residual is a good indication of multipath. 

Strong multipath is usually quite obvious, Variations down to 
about 1 db can be observed. This corresponds to a second path which 
is about 10% in magnitude of that of the desired path, At the 10% 
level the maximum error is of order 1 meter which is getting into a 
tolerable region. 

The present AROD system does monitor the agc voltages as test 
points but not as telemetry data, Also a better agc system would be 
required for multipath identification. Newer high quality agc circuits 
have been developed since AROD was constructed, So that in flight 
equipment, this could be incorporated fairly simply. 

range to another. It will have a generally cyclic behavior with a 
per’iod of about 1 second or longer. 

large part, through proper antenna sighting and liberal use of 
absorbing material multipath can be avoided. 

for multipath, In actual practice the raw data should be searched to 
identify the presence of multipath, 

Any multipath that is present would be independant from one 

Table 4.6.1-1 illustrates the undesirability of multipath, To a 

As a result no contribution to the range error model is included 
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4.7 RANGE ERROR MODEL 

A necessary  i n p u t  t o  t h e  geometry and data process ing  s tudy  i s  

a model of range measurement error. A t o t a l  of some 35 d i f f e r e n t  

p o t e n t i a l  s o u r c e s  of error were i n v e s t i g a t e d .  The g r e a t  m a j o r i t y  

of these have been shown t o  c o n t r i b u t e  n e g l i g i b l e  error or t h e  

e f f e c t s  can be removed e x a c t l y  by proper  data reduct ion .  

A range error model f o r  radio ranging  systems w a s  developed i n  

previous s t u d i e s .  (16) A gene ra l i zed  model w a s  i n i t i a l l y  used: 

AR = Systemat ic  error i n  t h e  observed range ,  R. 

R = Range rate 

t-to - Time r e l a t i v e  t o  s ta r t  of a pass 

E - Eleva t ion  a n g l e  

A n  R = Residual  (unmodeled) s y s t e m a t i c  error 

and where 

?(i = Zero set o r  c a l i b r a t i o n  error 

= Range s c a l i n g  error 

= I n t e r - s t a t i o n  t iming  b i a s  

= F i r s t  o r d e r  phase d r i f t  

= Error  i n  tropospheric r e f r a c t i o n  c o e f f i c i e n t  

= Error  i n  ionosphe r i c  r e f r a c t i o n  c o e f f i c i e n t  

0 

2 
?(’ 

’ 3  
‘W 

4 

5 

A l l  forms of error were be l ieved  t o  f i t  one o r  ano the r  of these 

terms. A review of t h e  error sources  e l imina ted  most of these t e r m s .  

An elementary error model was used i n  t h e  f i n a l  s imula t ions .  The 
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error model was: 

th where alij 

is the scaling error due largely to uncertainty the j- pass ,  aZij 

ystematic unknown bias on the i- tracker and 
th 

of the velocity of light and Vij (t) is a random error of zero mean. 

A systematic uncertai ty of 1 meter rms and a scale error of 

one part in lo6 was used, A random error of 0.5 meters rms was 

these were considered conservative from the results 

obtained on AROD. No ranges were used unless the elevation exceeded 

20°. A 1000 km altitude satellite orbit was used. 

Up to four ranges were used simultaneously but only the closest 

stations were interrogated. 
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5.0 AROD GEODETIC POSITION ACCURACY 

The processing of tracking d a t a  for  the purpose of estimating 

geodetic parameters such as tracking s t a t ion  coordinates, involves 

the u s e  of several  program algorithms. 

f i r s t  e d i t  the raw observations i n  order t o  remove "bad" points and 

t o  apply any known corrections to  the data. The e d i t e d  s e t  of 

measurements a re  then u t i l i zed  as  the d a t a  base fo r  the estimation 

algorithm. Such an algorithm makes use  of an overdetermined s e t  of 

observations which are functionally related t o  the parameters t o  be 

e s t i m a t e d  and calculates  values for  these parameters, which a re  

The u s u a l  pract ice  i s  t o  

best" i n  some sense, usually tha t  of least squares o r  minimum 1 1  

variance. 

In  a simulation exercise so-called tracking data must  somehow be 

generated. A program designed fo r  t h i s  purpose u t i l i z e s  knowledge 

of nominal spacecraft  o rb i t s  and location of hypothetical tracking 

s ta t ions t o  calculate  a set of "true" spacecraft  observations. 

addition of random and systematic errors  t o  the l a t t e r  s e t  of cal-  

culated abservations produces a data s e t  v e r y  much l i k e  tha t  which 

The 

i s  l ike ly  t o  a r i s e  i n  a real l i f e  tracking s i tuat ion.  The estima- 

t ion program, without having exact knowledge of tracking s t a t ion  

locations , spacecraft  o r b i t s ,  o r  the systematic e r rors ,  u t i l i z e s  

the corrupted data set t o  compute the b e s t  estimates of a l l  parameters 

of i n t e re s t  together with t h e i r  e r ror  s t a t i s t i c s .  
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The r e s u l t s  obtained from such a simulation may be evaluated by 

l a t e d  parameter values  with the a p r i o r i  va lues  

To the extent used i n  the p ocess of generating the observations. 

tha t  disagreements e x i s t ,  they should be within the range of expec- 

ameter e r ror  statist ics provided tha t  the e r ro r  model postu- 

la ted i n  the estimation algorithm matches the one used i n  the 

of the d a t a ,  Such a design provides a convenient way 

for  analyzing the e f f ec t  of modeling e r rors  on the recovered 

parameters. is i s  par t icu lar ly  helpful when analyzing the propa- 

gation of errors  in the  postulated gravi ty  f i e l d  act ing on the 

spacecraft  

The mathematical model associated with the algorithm used i n  

generating s l a n t  range d a t a  i s  given below. 

L e t  

represent spacecraft posi t ion and veloci ty  coordinates a t  t i m e  t 

i n  an i n e r t i a  

center  of the ear th ,  

plane, the XI axis  i s  directed towards the equinox of date ,  the 

Cartesian coordinate system whose or igin i s  a t  the 

The X,X, axes l i e  i n  the ear th ' s  equatorial  

rough the  north pole and the X, axis  i s  i n  a 

ete a right-handed coordinate system. 
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r e p r e s e n t  s p a c e c r a f t  p o s i t i o n  and v e l o c i t y  coord ina te s  i n  a r i g h t -  

handed r o t a t i n g  ( e a r t h - f i x e d )  ea r th -cen te red  Cartesian coord ina te  

s y s t e m .  The E,E, axes l i e  i n  t h e  e a r t h ' s  e q u a t o r i a l  p l ane ,  E ,  a x i s  

i s  d i r e c t e d  towards t h e  prime meridian a t  Greenwich and t h e  E, a x i s  

i s  p o s i t i v e  towards t h e  n o r t h  pole .  

These two coord ina te  systems are related by means of t h e  l i n e a r  

t ransformat ion  

where A and A are 3x3 or thogonal  mat r ices  of t h e  form 

w r e p r e s e n t s  t h e  c o n s t a n t  r o t a t i o n  rate of  t h e  e a r t h  and 8 i s  t h e  

angle  from t h e  ve rna l  equinox t o  t h e  Greenwich meridian a t  t i m e  t. 

Each s p a c e c r a f t  o r b i t ,  o r  a r c ,  i s  def ined  by means of a g iven  

set  o f  s i x  i n i t i a l  cond i t ions  r e p r e s e n t i n g  i t s  p o s i t i o n  and v e l o c i t y  

coord ina tes  a t  some epoch to . Spacec ra f t  p o s i t i o n s  and v e l o c i t i e s  

a t  a r b i t r a r y  t i m e  t are obta ined  by a process  of numerical  i n t e g r a -  

t i o n  of t h e  d i f f e r e n t i a l  equat ions  of motion, namely, 

23V x, = ax, , K = 1, 2 ,  3 ,  

where V i s  t h e  p o t e n t i a l  func t ion  a s soc ia t ed  w i t h  t h e  e a r t h ' s  g r a v i t y  
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the present simulation algorithm, the potent ia l  function 

s of spherical  harmonic series expansion, 

which may ji. elude any combination of terms through seventh degree 

nge R i J ( t )  from the i t h  t racker  during the j t h  arc  

epresent the given geocentric Cartesian coordin- 

h tracking s t a t ion ,  and EI3( t ) ,  ESJ(t), ESJ(t) are the 

ft coordinates on the j t h  arc  a t  t i m e  t. For each 

arc  dependent systematic bias  , sca le ,  and random 

noise errors a r e  added t o  the calculated s l a n t  range va lues  t o  

y i e l d  

15 

S i ,  = scale  and 

qi3( t )= random noise with zero mean and constant variance. 

the set of s imula ted  s l a n t  range d a t a  from 

ameters of i n t e r e s t  are calculated.  

am, one specif ies  the location of a l l  tracking 

s ta t ions  9 the of measurements ( s l an t  range), minimum elevation 
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angle, systematic and random er rors  t o  be included i n  the generated 

data along with the i n i t i a l  conditions f o r  nominal spacecraft 

o rb i t s  and a description of the ea r th ' s  gravi ty  f i e l d .  

of s a t e l l i t e  o r  spacecraft  arcs  may be generated. 

i n  the form of a data type containing the s imula t ed  tracking data 

fo r  the arc  and s t a t i o n  specified.  From t h i s  point on, i t  i s  

treated as real  tracking d a t a  which has undergone edit ing.  

Any number 

The output appears 

The purpose of the estimation program i s  t o  u t i l i z e  mul t i -a rc  

s a t e l l i t e  tracking data, along with other a p r i o r i  parameter infor- 

mation t o  obtain improved estimates and s t a t i s t i c s  associated with 

these estimates for  selected parameters. These parameters include 

the s a t e l l i t e  s ta te  vector(s) a t  some epoch, tracking s t a t i o n  e r ro r  

model coef f ic ien ts ,  and tracking s t a t i o n  survey errors. The esti- 

mation i s  optimal i n  the  general sense of weighted least  squares. 

As i s  customary fo r  such nonlinear problems, the observational 

equations are l inearized about some nominal va lues  and the estima- 

t ion  process i s  then based on the existence of l inear  relationships 

between measurement deviations (difference between observed and 

computed measurements) and the state vector deviations (from the 

nominal). For a l l  p rac t ica l  cases, any er rors  introduced by the 

l inear iza t ion  procedure are overcome by i t e r a t i n g  on the  solution. 

A d i s t inc t ive  feature  of the program i s  the use  of a precision 

t ra jec tory  integrat ion technique which i s  par t icu lar ly  valuable fo r  

long arc integrations.  This technique employs a power series solu- 

t ion t o  the equations of motion and the associated var ia t ional  
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equations. Recursive relat ions a r e  used  t o  generate power series 

coeff ic ients  up t o  orde * 

Another charac te r i s t ic  05 the  program i s  the application of a 

matrix par t i t ioning algo ithm i n  solving the estimation problem. 

Frequently, the parameter vector being estimated contains subvectors, 

each of which a re  related t o  d i s t i n c t  groups of observations. 

resul t ing z ent r ies  i n  the l inearized observational equations 

lead to a s i a l i zed  patterned s t r u c t u r e  of the normal equations. 

The net  r e s u l t  is  the f e a s i b i l i t y  of estimating much larger  param- 

eter vectors than would otherwise be possible with a given computer 

memory 

The 

The program i t s e l f  i s  made of three major sections.  The trajec- 

tory integrat ion section i s  used  fo r  the purpose of integrat ing 

the d i f f e ren t i a l  equations of sa te l l i te  motion and thus providing 

a s a t e l l i t e  state vector a t  any d e s i r e d  t i m e  t o  match the t i m e  of 

an observation, This sect ion of the program a l so  generates the 

power se r i e s  solto ion for  the var ia t ional  equations, 

The second major park of the program is the com~utat ion of the  

rnieasurements (tracking d a t a )  and t h e i r  a r t i a l  d e r i v a t i v e s  with 

respect t o  the compon~n~s of the  parameter vecto t o  be estimated. 

i s  t h i s  section which generates the l inearized observational 

r d  major sect ion,  which is the estimation 

rocess i t s e l f ,  Here, measurement disc  ancies ,  along with the 

ves ,  are u t i l i zed  i n  the formation of the 

normal  qua^^^ e existence of s e  
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correlat ion i n  the d a t a  i s  detected and may be accounted fo r  by 

means of an autoregressive feedback process e 

A complete description of t h i s  program i s  given i n  referenceC11 

and i s  clearly o u t s i d e  the scope of the present s t u d y ;  thus only a 

br ief  ou t l ine  on the u t i l i z a t i o n  of s l a n t  range data,  as it per ta ins  

t o  the present simulation exercise,  w i l l  be given. 

This re la t ionship between the t r u e  s l a n t  range from the i t h  

AROD s i t e  t o  the spacecraft a t  t i m e  t during the j t h  arc i s  

where a l l  of the above quant i t ies  r e t a in  t h e i r  previous def ini t ions.  

L e t  the actual  observation be related t o  the t r u e  range by 

observed t r u e  systematic random 
range range e r ro r  e r ro r  

L e t  i t  be fur ther  assumed t h a t  the systematic e r ror  i s  defined by 

a two parameter l i nea r  e r ro r  model of the form 

where qij and %iJ represent unknown bias and scale  parameters for 

t h e  i t h  tracker and which remain constant during the j t h  arc.  

Other parameters which may be considered as unknown a re  the set  

of s i x  i n i t i a l  conditions f o r  the arc and the s u r v e y  coordinates of 

the tracker. Inasmuch as the observational model i s  nonlinear, i t  

5-7 



w i l l  be convenient t o  replace i t  by i t s  l inearized equivalent. 

This is  accomplished by expanding the obse vational equation i n  a 

Taylor series about some nominal parameter va lues  and re ta ining 

terms through f i r s t  order. The l inearized equation i s  given by: 

where 

i = a rc ,  

j = s t a t ion ,  

t = time of observation, 

6R = measurement discrepancy (observed minus computed), 

6Gl 

6-h 

6.e3 

6XF,(K=1,2,3) = er ror  i n  posi t ion of coordinates of i n i t i a l  

= east component of survey  e r ror  (longitude) , 
= north component of su rvey  e r ror  ( l a t i t u d e ) ,  

= ver t i ca l  component of survey e r ro r ,  

conditions a t  epoch, 

6X:, (K-1 02 , 3 )  = er ror  i n  veloci ty  coordinates of i n i t i a l  

conditions a t  epoch, 

. 6% = bias  e r ror  parameter, and 

= scale  e r ror  parameter. az 

The de ta i l s  of the actual  calculat ions of a l l  p a r t i a l  der ivat ives  

appear i n  reference [I] and a l l  p a r t i a l  der ivat ies  a re  evaluated a t  

the nominal parameter va lues ,  
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I n  a more compact matrix notat ion, the above may be wri t ten as 

A 

d R ,  = B 3 6  + B,6 ,+  V, , 

i s  the vector of discrepancies for  a l l  observations 

belonging to  arc  j ,  

i s  the vector of corrections t o  a l l  s t a t ion  survey er rors  

( to t a l ly  s tab le  parameters), 

i s  the vector of corrections t o  the i n i t i a l  epoch condi- 

t ions ,  b ias ,  and scale  parameters associated with the 

j t h  arc (arc s tab le  parameters) , 
i s  the matrix of p a r t i a l  derivatives associated with the 

to t a l ly  s tab le  ( s ta t ion  survey) parameters, 

is the matrix of p a r t i a l  derivatives associated with the 

arc  s tab le  parameters, and 

is the vector of random er rors  for  arc  j .  

For multiple a rc s ,  the above system of observational equations may 

be represented more compactly by 

6 R = B 6  C V ,  
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where 

. 

The minimum variance estimate fo r  the vector of parameters i s  

obtained by solving the s y s t e m  of normal equations 

(BT WB + Po-') 6 = B T W  b R 3  

where 

W = inverse covariance matrix of the observational noise 

vector V and 

Po = covariance matrix associated with the a p r i o r i  values 

Final ly ,  the covariance matrix associated with t h i s  estimate i s  

given by 
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5.1 SIMULATION DESIGN 

A set  of fou r  geometr ica l  AROD t r a c k i n g  s t a t i o n  c o n f i g u r a t i o n s  

were selected as t h e  b a s i s  of  a l l  s i m u l a t i o n s .  This  cho ice  was 

based on t h e  a v a i l a b i l i t y  of p rev ious ly  eva lua ted  t r a c k i n g  s y s t e m  

c h a r a c t e r i s t i c s  such as geodet ic  SECOR and t h e  NASA North American 

O p t i c a l  Network. The s i m u l a t e d  t r a c k i n g  geometr ies  were: 

a. North American O p t i c a l  Tracking N e t  of  14 s t a t i o n s  (F igu re  1) 

b. A network of f o u r  quads ( n i n e  s t a t i o n s )  (F igures  2 ,  3 ,  and 4 )  

c .  Large quad (F igures  6 and 7) 

d .  S m a l l  quad (F igu re  5) .  

A t o t a l  of 16 s e p a r a t e  c a s e s  u t i l i z i n g  t h e  above t r a c k i n g  sta- 

t i o n s '  geometr ies  were performed a s  summarized i n  Table  A . These 

c o n s i s t e d  of one s i m u l a t i o n  c h a r a c t e r i s t i c  of t h e  O p t i c a l  N e t  and 

i s  r e f e r r e d  t o  as Case NET-1; e i g h t  s imula t ions  a s s o c i a t e d  with t h e  

fou r  quad geometry (Cases FQ-1 through FQ-8); s ix  s imula t ions  asso-  

ciated wi th  t h e  l a r g e  quad geometry (LC-1 through L&-6); and one 

s imula t ion  a s s o c i a t e d  wi th  t h e  small quad (SQ-1). 

Since  t h e  AROI) sys t em i s  capab le  of u t i l i z i n g  s imultaneous range 

obse rva t ions  from no more t h a n  f o u r  s t a t i o n s  a t  a time, i t  was 

necessary  t o  develop a s p e c i a l  s t a t i o n  s e l e c t i o n  a lgo r i thm f o r  

t hose  s imula t ions  invo lv ing  more t h a n  f o u r  t r a c k i n g  s t a t i o n s .  The 

a lgo r i thm was designed to  select from among a l l  p a r t i c i p a t i n g  

t r a c k e r s  t hose  f o u r  having minimum s l a n t  range t o  t h e  s p a c e c r a f t .  
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A new s t a t ion  may be selected and an old one discarded within any 

f ive  second t i m e  interval., 

All simulated s l a n t  range d a t a  were generated according t o  the 

algorithm described i n  the previous sect ion and were thus corrupted 

with b i a s ,  sca le ,  and random errors .  Insofar as tropospheric and 

ionospheric re f rac t ion  e r rors  are concerned, w e  have taken the 

posi t ion t h a t ,  through proper modelling (reference [3] , these 

errors  can be almost t o t a l l y  eliminated, Any r e s i d u a l  re f rac t ion  

errors  are accounted fo r ,  o r  are lumped with the range b ia s  by 

making the la t ter  s l i gh t ly  la rger  than expected for the  AROD sys tem.  

Throughout the simulations, the  selected geopotential model w a s  

v a r i e d  i n  order t o  s t u d y  the e f fec ts  of such model e r rors  on AROD's 

geodetic accuracy. 

While AROD i s  capable of providing d a t a  a t  a rate of four obser- 

vations per second, most of the  simulations were performed a t  much 

lower rates, 

seconds. 

l ing r a t e  was t o  minimize the required computer t i m e .  In  addi t ion,  

i t  was f e l t  tha t  the higher data r a t e s  introduce s e r i a l  correlat ion 

and the observations cannot be considered as independent. On the 

A typical  sampling r a t e  i s  one observation every  50 

One prac t ica l  reason for  a much lower than nominal samp- 

other hand, a t  a r a t e  of one observation every  50 seconds, there  is 

v e r y  l i t t l e  doubt t ha t  the data w i l l  tend to  be independent. The 

choice of a lower than nominal data rate, a l l  e l s e  being constant ,  

also results i n  more conservative f i n a l  parameter e r ror  estimates. 

Should one have evidence tha t  observations a t  a higher rate a re  
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s t i l l  independent ,  a l l  of our  r e s u l t s  are s t i l l  v a l i d  s i n c e  they  

may be scaled as a f u n c t i o n  of t h e  r a t i o  between t h e  data rates 

under c o n s i d e r a t i o n .  

The AROD sys t em,  i n  i t s  role as a geode t i c  t o o l ,  posses ses  cer- 

t a i n  advantages over  t h e  e x i s t i n g  SECOR system ( r e f e r e n c e  [3]) 

q u i t e  a p a r t  from i t s  h i g h e r  performance c h a r a c t e r i s t i c s .  

t i o n  t iming e r r o r s  are completely e l imina ted  by s imul taneous ly  

i n t e r r o g a t i n g  a l l  f o u r  ground t r a c k e r s  from t h e  sa te l l i t e .  SECOR, 

on t h e  o t h e r  hand, as t h e  name i t se l f  i m p l i e s ,  i s  a s e q u e n t i a l  pro- 

c e s s o r  w i th  one of t h e  ground s t a t i o n s  a c t i n g  a s  t h e  master t o  

start  t h e  s e q u e n t i a l  sa te l l i t e  i n t e r r o g a t i o n  p r o c e s s ,  one s t a t i o n  

a t  a t i m e .  

i n  >i ts  a b i l i t y  t o  p rov ide  a dynamic i n f l i g h t  s e l e c t i o n  of any f o u r  

ground t r a c k e r s  o u t  of  a set of 6 4 .  Thus, one i s  no longer  l i m i t e d ,  

as i n  t h e  case o f  SECOR, t o  r e p e t i t i v e  s i n g l e  quad r educ t ions .  

I n t e r s t a -  

An even more impor tan t  advantage of t h e  AROD s y s t e m  l ies 

This  l a t t e r  d i s t i n c t i v e  feature of  t h e  AROD system has  been con- 

s i d e r e d  i n  t h e s e  computer s imula t ions  f o r  a l l  cases where more than  

f o u r  s t a t i o n s  p a r t i c i p a t e  i n  a t r a c k i n g  e x e r c i s e .  The resu l t s  obta ined  

f o r  t h e  North American survey are e s p e c i a l l y  va luab le  as a d i rec t  

comparison with resu l t s  from o p t i c a l  t r a c k e r s  ( r e f e r e n c e  [ 4 ] ) .  

P 
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following l inear  s l a a t  range e r ror  model was considered 

' A p r i o r i  

= arc  number, 

= s t a t ion  number, 

= t i m e  of observation, 

= measurement discrepancy (observed minus computed), 

= east component of unknown survey er ror ,  s t a t ion  j ,  

= north component of unknown s u r v e y  e r ro r ,  s t a t ion  j , 
= ver t i ca l  component of unknown survey e r r o r ,  s t a t ion  j, 

= unknown correct ion to  o r b i t  i n i t i a l  conditions,  arc  i, 

= unknown range bias  associated with s t a t i o n  j on i t h  a r c ,  

= unknown range scal ing coeff ic ient  associated with 

s t a t i o n  j on i t h  a r c ,  and 

= random noise ,  zero mean, and constant variance, 

information i n  the form of an approximate v a l u e  and i t s  

associated uncertainty was assumed t o  be avai lable  fo r  each of the 

unknown parameters. The uncertaint ies  range a l l  the way from zero 

( to t a l ly  constrained) t o  i n f i n i t e  ( t o t a l l y  unconstrained), For 

example, a l l  o r b i t  i n i t i a l  conditions were always taken as t o t a l l y  

unconstrained. 

demanded by the need to  avoid indeterminancy, Inasmuch as  range 

Survey e r rors  were constrained only t o  the extent 
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observa t ions  l a c k  d i r e c t i o n a l  in format ion ,  a unique s o l u t i o n  t o  - a l l  

s t a t i o n  su rvey  parameters  does n o t  e x i s t .  It i s ,  t h e r e f o r e ,  

necessary  t o  c o n s t r a i n  t h e  o r i g i n  and o r i e n t a t i o n  of t h e  t r a c k i n g  

network. This  r e q u i r e s  t h e  f i x i n g ,  o r  c o n s t r a i n i n g ,  of s i x  survey  

parameters ;  t h r e e  t o  f i x  t h e  o r i g i n  and t h r e e  t o  d e f i n e  t h e  o r i en -  

t a t i o n ,  W e  accomplish t h i s  by d e f i n i n g  one of  t h e  t r a c k i n g  s t a t i o n s  

as t h e  o r i g i n  and ho ld ing  i t s  coord ina te s  f i x e d ,  and by c o n s t r a i n i n g  

t h e  h e i g h t  of  a second s t a t i o n  and t h e  l o c a l  tangent  east and n o r t h  

coord ina te s  of a t h i r d  s t a t i o n .  A l l  o t h e r  s t a t i o n  coord ina te s  are 

assumed t o  be comple te ly  unknown. 

For b i a s  and s c a l e  e r r o r  parameters ,  w e  have s e l e c t e d  nominal 

a p r i o r i  u n c e r t a i n t i e s  of one meter and one p a r t  pe r  l o 6 ,  respec-  

t i v e l y .  

.5 meter RMS was assumed. These are q u i t e  conse rva t ive  when com- 

pared t o  t h e  des ign  s p e c i f i c a t i o n s  of t h e  AROD sys t em,  e s p e c i a l l y  

when cons ide r ing  t h e  much lower than  nominal d a t a  sampling ra te  

u t i l i z e d  i n  the  s imula t ion  e x e r c i s e .  A summary of the cond i t ions  

unde r l in ing  each of t h e  16 s imula t ion  runs appears  i n  Table  A . 

For t h e  a d d i t i v e  random range  n o i s e ,  a nominal va lue  of 
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5.1,2 Analysis of Survey Errors f o r  the Optical N e t  

The complete tracking configuration for  Case NET-l representing 

the simulation for  the opt ica l  network i s  i l l u s t r a t e d  i n  Figure (1). 

The actual  d i s t r ibu t ion  of the observations relative t o  the 38 

short  arcs  and 16 tracking s ta t ions  i s  tabulated i n  Table B, The 

special  s t a t ion  select ion algorithm was exercised i n  generating a l l  

of the s l a n t  range d a t a .  Only those observations above ten degrees 

i n  elevation were u t i l i z e d  i n  the reduction. 

The estimation algorithm was provided with approximate s t a r t i ng  

values for  a l l  of the parameters t o  be estimated. Typically, the 

approximations fo r  s t a t ion  coordinates a re  within a few tens of 

meters of the nominal values, 

mated within thousands of meters f o r  posi t ion and within a few meters/ 

second for  velocity coordinates. 

approximated with one meter and one pa r t  per lo6 of the nominal 

values respectively.  

Orbit i n i t i a l  conditions were approxi- 

Bias and sca le  parameters were 

The f i n a l  estimates a f t e r  convergence (four i te ra t ions)  for  a l l  

The en t r ies  i n  the second s t a t ion  surveys are l i s t e d  i n  Table I e 

column represent the differences between the estimated s t a t ion  

coordinates and the corresponding nominal v a l u e s  used i n  generating 

the observations. Those s t a t ion  coordinates which were held fixed 

( t o  insure determinancy), are ident i f ied by the let ter "C" i n  t h i s  

column. The third column i n  the tab le  lists the r a t i o  of the standard 

deviation associated with the estimate t o  the standard deviation 
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associated with the random observation noise. The actual  e r ror  

estimate fo r  each s t a t i o n  coordinate i s  obtained by multiplying 

each corresponding entry by the value of the random observational 

noise standard deviation. Thus,  the e f f ec t  of a change i n  the  

observation noise on s t a t ion  coordinate e r ro r  estimates i s  easy t o  

determine without having t o  repeat  the e n t i r e  simulation. In  t h i s  

par t icular  case,  the v a l u e  used  was .5 meters, and thus survey  

uncertaint ies  (one standard deviation) are seen t o  range from a 

minimum value of .2 meters t o  a maximum of 1.4 meters. The l a t t e r  

i s  associated with the height of the tracking s t a t ion  a t  Puerto 

Rico (PUR). The f a c t  t ha t  the recovery for  t h i s  s t a t ion ,  as w e l l  as  

the  other f r inge s ta t ions  such as  Mojave (MOJ) ,  Bermuda (BER), and 

Jamaica (JAM), i s  r e l a t ive ly  weak i s  not surprising. 

seen from Figure ( I ) ,  the  tracking geometry i s  less favorable for  

these s ta t ions .  The d is t r ibu t ion  of observations for  t h i s  tracking 

geometry, as given i n  Table B , a lso  shows tha t  there  a re  less  

observations from these s ta t ions  i n  comparison t o  the other s ta t ions.  

It should be noted t h a t  a l l  e s t i m a t e d  corrections t o  the nominal 

values a re  within the corresponding expected errors .  While not 

l i s t e d ,  the same a lso  applies t o  a l l  other e r ro r  model parameters. 

As can be 

The above r e su l t s  compare v e r y  favorably wi th  previous r e su l t s  

obtained from opt ica l  trackers (reference [ 4 ]  ). 

essent ia l ly  the same tracking geometry, a t o t a l  of 4000, r i g h t  

ascension and decl inat ion,  observations were used .  The resul tant  

survey uncertaint ies  ranged from 2.5 t o  6.5 meters as compared with 

a range of only .2 t o  1.4 meters for  the case of AROD. Taking i n t o  

There, based on 
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account the conservatively low d a t a  rate of one observation every 

50 seconds, and the assumed v a l u e s  fo r  bias  and scale  errors  

u t i l i zed  i n  t h i s  simulation, there  seems t o  be no doubt t ha t  the 

AROD system should be capable of even be t t e r  performance under 

similar r e a l  tracking s i tuat ions.  
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5.1.3 Analysis  of Four Cuad Survey  Er ro r s  

The two s e p a r a t e  fou r  quad t r a c k i n g  c o n f i g u r a t i o n s  l abe led  

"Tracking Geometry B" and "Tracking Geometry C" are i l l u s t r a t e d  i n  

F igures  (2) and (3)  r e s p e c t i v e l y .  The former r e p r e s e n t s  a s u b s e t  

of n ine  s h o r t  arcs t y p i c a l  of t h e  GEOS-I s a t e l l i t e ,  whi le  t h e  l a t te r  

r e p r e s e n t s  a set of seven s h o r t  a r c s  t y p i c a l  of t h e  SECOR satell i te.  

The a c t u a l  d i s t r i b u t i o n  of t h e s e  obse rva t ions  a r e  given i n  Tables  

c and D . Use was aga in  made of t h e  s p e c i a l  s t a t i o n  s e l e c t i o n  

a lgor i thm f o r  choosing t h e  fou r  "best"  t r a c k e r s  on any given a r c ,  

and only  those  obse rva t ions  above t e n  degrees  i n  e l e v a t i o n  were 

u t i l i z e d .  The remarks made i n  t h e  previous s e c t i o n  wi th  regard  t o  

parameter s t a r t i n g  va lues  also apply  i n  these  c a s e s .  

The f i n a l  estimates, a f t e r  convergence, f o r  s t a t i o n  surveys  exer- 

c i s e d  i n  "Tracking Geometry B" (Case No. FQ-1), are l i s t e d  i n  Table 

J .  Based on an obse rva t ion  n o i s e  of .5 meters and a d a t a  rate of 

one obse rva t ion  eve ry  20 seconds,  t h e  r e s u l t a n t  s tandard  d e v i a t i o n s  

a s s o c i a t e d  with t h e  recovered s u r v e y s  range from .4 t o  1.4 meters. 

Again, a s  one would expec t ,  t h e r e  i s  a s t r o n g  c o r r e l a t i o n  between 

t h e s e  results and t h e  t r a c k i n g  geometry. For example, t h e  t r a c k e r  

l oca t ed  a t  the  s i t e  l abe led  ST9 provides  more obse rva t ions  and i s  

b e t t e r  s i t u a t e d  g e o m e t r i c a l l y ,  r e s u l t i n g  i n  a sha rpe r  de t e rmina t ion  

f o r  i t s  c o o r d i n a t e s  
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"Tracking Geometry C" was exercised i n  seven separate simulations 

i n  o rde r  t o  test such ef fec ts  as gravi ty  model, d a t a  rates, and 

parameter a p r i o r i  uncertaint ies  on the f i n a l  s u r v e y  e r ror  estimates, 

Final results for  Case N o .  FQ-2 are l i s t e d  i n  Table K , and may be 

considered as  the  nominal for  t h i s  subset of seven simulations. 

The r e su l t s  obtained i n  t h i s  case a re  not qu i te  as good as  the ones 

for  the previous case (FQ-I). There are two reasons f o r  t h i s  

behavior. 

denced when comparing Figures (2) and ( 3 ) .  The second reason is  due 

t o  the reduced number of observations for  Case FQ-2 re la t ive t o  

Case FQ-1. 

one observation every 50 seconds t o  one observation every 20 seconds, 

w e  would expect a reduction i n  the su rvey  uncertaint ies  by a factor  

The f i r s t  i s  simply d u e  t o  the  poorer geometry as evi -  

Were w e  t o  increase the data rate fo r  Case FQ-2 from 

of J20/50 a t  the most. Actually, i t  would not be qu i te  as good 

because of the existence of some constrained parameters such as 

bias  and scale .  Based on previous experience, w e  f e e l  it safe  t o  

say  t ha t  only about a 20% reduction i n  these survey  uncertaint ies  

could be expected t o  r e s u l t  from such an increase i n  the d a t a  rate. 

For Case FQ-3, w e  have made the assumption tha t  there  a r e  no 

uncertaint ies  associated with e i the r  the bias  o r  sca le  parameters e 

That i s ,  w e  know t h e i r  values perfect ly .  

(erroneous) assumption on f i n a l  s u r v e y  e r ror  estimates may be 

analyzed by comparing the corresponding en t r ies  i n  Tables K and L. 

We see t h a t  such an assumption leads t o  a reduction i n  s u r v e y  

uncertaint ies  by a factor  of 4 ,  

The ef fec t  of such an 
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To tes t  t h e  e f f e c t  o f  g r a v i t y  model e r r o r s ,  t h e  e s t ima t ion  

a lgo r i thm was provided wi th  a g r a v i t y  model d i f f e r e n t  from t h a t  

u sed  i n  gene ra t ing  t h e  obse rva t iona l  material. I n  Case FQ-4, a 

s p h e r i c a l  harmonic g r a v i t y  f i e l d  r e p r e s e n t a t i o n  through 15th  o r d e r  

and degree (SA0 15,15) was u t i l i z e d ,  whereas f o r  Case FQ-6, a f i e l d  

wi th  only one zonal  harmonic (52) was cons idered .  The model u t i l i z e d  

i n  genera t ing  t h e  data inc luded  s p h e r i c a l  harmonics through 7 t h  

degree  and o rde r  (NWL 7 , 7 ) .  

are g iven  i n  Tables  M and 0 . 
no d i f f e r e n c e s  (wi th in  two s i g n i f i c a n t  f i g u r e s )  i n  t h e  corresponding 

F i n a l  survey estimates f o r  t h e s e  cases  

It can  be seen  t h a t  wh i l e  t h e r e  are 

computed s u r v e y  u n c e r t a i n t i e s ,  t h e  d i f f e r e n c e s  i n  t h e  e s t i m a t e d  

coord ina te s  range wi th in  a few meters. The computed s u r v e y  uncer- 

t a i n t i e s ,  i t  should be r e c a l l e d ,  are a f u n c t i o n  of t h e  p a r t i a l  

d e r i v a t i v e s  of t h e  observa t ions  wi th  r e s p e c t  t o  t h e  parameters  and 

t h e s e  are very  weakly dependent of g r a v i t y  model p e r t u r b a t i o n s .  

This  exp la ins  why t h e  computed u n c e r t a i n t i e s  do not  change. Inasmuch 

as w e  s o l v e  f o r  a number of unknown parameters ,  t h e  e f f e c t  o f  e r r o r s  

i n  t h e  g r a v i t y  model i s  absorbed and d i s t r i b u t e d  among t h e s e  va r ious  

parameters .  Some of t h e  e r r o r s  appear  i n  t h e  recovered o r b i t s ,  

some i n  t h e  b i a s  and s c a l e  parameters ,  and some i n  our  s u r v e y  

coord ina te s .  For example, f o r  Case FQ-2, where t h e  c o r r e c t  g r a v i t y  

model was u t i l i z e d ,  t h e  t abu la t ed  c o r r e c t i o n  t o  t h e  h e i g h t  of t h e  

t r a c k e r  a t  Aus t in  (AUS V) i s  -5.0 meters. For  Case FQ-6, where t h e  

wrong'' g r a v i t y  model was u t i l i z e d ,  t h e  corresponding c o r r e c t i o n  i s  

4-3.8 meters .  The t o t a l  v a r i a t i o n  of 8.8 meters i s  much l a r g e r  than 

I ?  

expected from t h e  a s soc ia t ed  s tandard  d e v i a t i o n  of 3.2 meters. 
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These r e s u l t s  indicate  tha t ,  even fo r  r e l a t ive ly  short  arc  reduc- 

t ions ,  there  i s  a need t o  use more sophisticated gravity models. 

Otherwise, the e r rors  introduced may dominate and any improvement 

i n  the operational character is  t i c s  of the tracking instrument 

would not l e a d  t o  a corresponding increase i n  the  f i n a l  geodetic 

accuracy of the s y s t e m .  

To test the influence of the d a t a  rate on the f i n a l  s u r v e y  e r ro r  

estimates,  w e  repeated Case FQ-2 with a d a t a  rate of one observa- 

t ion  every  100 seconds and labeled it Case FQ-5. 

estimates are given i n  Table N . Comparing corresponding en t r ies  

i n  Tables K and N , it  appears t ha t  doubling the d a t a  r a t e  results 

i n  an improvement by a factor  of approximately 1.2. I n  Case FQ-7, 

t he  data r a t e  w a s  increased to one observation per second and a t  

the same t i m e ,  the  a p r i o r i  uncertaint ies  associated with bias  and 

scale  were doubled (see Table A ). 

f i n a l  s u r v e y  uncertaint ies  by a fac tor  of 2 (Table P ) *  I n  Case 

FQ-8, a data rate of one observation every 5 seconds was chosen. 

Bias a p r i o r i  uncertainty was increased t o  LOO meters effect ively 

removing any constraints  on t h i s  parameter. Survey  recovery i s  

comparable (Table Q ) t o  t ha t  fo r  Case FQ-2, where t i gh te r  a p r i o r i  

bias constraints  were enforced, Actual bias  recovery for  t h i s  case 

i s  on the order of 5 meters or  better. Thus, while meaningful bias  

recovery may not be possible ,  the overal l  e f fec t  of large a p r i o r i  

bias uncertainty on f i n a l  survey  uncertaint ies  i s  r e l a t ive ly  moder- 

a t e  and may be compensated for  by increasing the d a t a  r a t e s ,  

Final  e r ror  

This r e s u l t e d  i n  a reduction of 
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5.1.4 Analys is  of  Survey Errors for  a S i n g l e  Quad 

Tracking c o n f i g u r a t i o n s  €or s i n g l e  quad cases are i l l u s t r a t e d  

i n  F igures  ( 4 ) ,  (5), ( 6 ) ,  and (7).  The same set of s h o r t  arcs 

u t i l i z e d  i n  a l l  f o u r  quad s imula t ions  were also u t i l i z e d  for s i n g l e  

quad s imula t ions  except  t h a t  t h e r e  was no need t o  make u s e  of t h e  

s p e c i a l  s t a t i o n  s e l e c t i o n  a lgor i thm.  Tracking geometr ies  D (F igure  

( 4 ) )  and D . l  (F igure  (5) )  u t i l i z e  s i m u l a t e d  SECOR sa t e l l i t e  obser-  

v a t i o n s ,  whereas f o r  t r a c k i n g  geometr ies  E and F ,  s i m u l a t e d  GEOS-I 

d a t a  were u t i l i z e d .  

The d i s t r i b u t i o n  of obse rva t ions  €or  t h e  l a r g e  quad (Lo-1) and 

t h e  small quad (SQ-1) are t a b u l a t e d  i n  Tables  E and F r e s p e c t i v e l y .  

F i n a l  estimates f o r  s t a t i o n  surveys  appear  i n  Tables  R and S . 
R e s u l t s  fo r  t h e  small quad are somewhat b e t t e r  than  €or  t h e  l a r g e  

quad. This  can be e n t i r e l y  accounted f o r  by t h e  b e t t e r  geometry 

of t h e  former.  A-gain, as i n  cases of f o u r  quad s i m u l a t i o n s ,  t h e  

u n c e r t a i n t i e s  a s s o c i a t e d  wi th  t h e  recovery  of  s t a t i o n  h e i g h t s  are 

l a r g e s t  . 
The e f f e c t  of  t h e  total. number of p a r t i c i p a t i n g  arcs may be  

analyzed by  comparing r e s u l t s  f o r  Cases LQ-2 and LQ-5. Case LQ-5 

u t i l i z e s  a t o t a l  of n i n e  s h o r t  arcs whereas f o r  Case LQ-2, on ly  a 

s u b s e t  of f o u r  a r c s  was cons idered .  The d i s t r i b u t i o n  of obse rva t ions  

f o r  t h e s e  two c a s e s  are t abu la t ed  i n  Tables  G and H . 
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Examination of the f i n a l  r e s u l t s  i n  Tables T and W shows a 

r e l a t ive ly  small improvement i n  the s u r v e y  recovery when u t i l i z i n g  

the la rger  data set. Taking in to  consideration the costs  associated 

with the tracking and reduction of multiple arc  data, it would appear 

tha t  no more than four properly chosen arcs  should provide suf f i -  

c ien t ly  accurate estimates for  the unknown s t a t ion  coordinates. 

The e f f e c t  of doubling the a p r i o r i  uncertaint ies  for  bias and sca le  

i s  i l l u s t r a t e d  by means of Case LQ-6. Comparing the f i n a l  r e su l t s  

for  this case (Table X ) with those for  Case LQ-2 (Table T ) i n d i -  

cates  an increase of about 50% i n  survey uncertaint ies .  

Large quad simulation Cases LQ-3 and LQ-4, show the e f f ec t  of 

errors  i n  the fixed s t a t ion  coordinates on the f i n a l  recovery. The 

resu l t s  given i n  Table U show t h a t ,  as  expected, any uncertainty 

associated with the or igin and or ientat ion of the net  w i l l  be pro- 

pagated in to  a l l  other survey uncertaint ies .  W e  emphasize again, 

tha t  a l l  o u r  r e su l t s  yield estimates of survey uncertaint ies  r e l a t i v e  

to  some known (by def ini t ion)  or igin and or ientat ion.  
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Table I 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE No. NET-1 

* Estimated Ra t io  of Sigmas 
Cor rec t ion  t o  Between E s t i m a t e d  

S t a t i o n  Sominal Values Cor rec t ion  and 
Coordinate  In  Meters Observat ion Noise 

MOJ 
MOJ 
MOJ 
FTM 
FTM 
FTM 
JAM 
JAM 
JAM 
BER 
BER 
BER 
SEM 
SEM 
SEM 
ED1 
ED1 
ED1 
GFO 
GFO 
GFQ 
DEN 
DEN 
DEN 
PUR 
PUR 
PUR 
GSF 
GSF 
GSF 
ROS 

' ROS 
ROS 
BED 
BED 
BED 
SUD 
SUD 
SUD 
COL 
COL 
COL 

E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
v 
E 
N 
v 
E 
N 
V 
E 
N 
v 

-0.7 
-0.4 

C 
c 
C 

-0.7 
0.1 
0.1 
-0.3 
-0.2 

0.4 
0.11 
-0.1 
0.1 
-0.6 
0.1 
-0.1 
-0.4 
-0.6 
-0.0 
0.3 
-0.4 
-0.1 
0.1 
0.7 
-0.1 
-0.1 
0.0 
0.3 
-0.2 
0.1 
0.0 
-0.3 
-0 .4 
0.3 
0.1 

-0,7 
-0.3 
-0.3 
C 
C 
C 

1.2 
1.4 - 
.) - 
1.6 
1.0 
0,6 
2.2 
1.0 
1.2 
2.2 
0.6 
0.4 
1.0 
1.0 
0.6 
1.4 
0.8 
0.6 
1.2 
0,6 
0.6 
0.6 
1.6 
1.2 
2.8 
0.8 
0.6 
1.2 
0.6 
0.4 
1*0 
1.0 
1.0 
1.6 
0.8 
0.8 
1.2 

- 
* Based on obse rva t ion  n o i s e  sigma of .5 meters 

C - S t a t i o n  c o o r d i n a t e  cons t r a ined  
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Table J 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE NO. FQ-1 

Station 
Coordinate 

GFO E 
GFO N 
GFO v 
AUS E 
AUS N 
AUS V 
SAN E 
SAN N 
SAN V 
ST5 E 
ST5 N 
ST5 V 
ST6 E 
ST6 N 
ST6 v 
ST7 E 
ST7 N 
ST7 V 
ST8 E 
ST8 N 
ST8 v 
ST9 E 
ST9 N 
ST9 V 
LRS E 
LRS N 
LRS v 

* Sstimated 
Correction to 
Nominal Values 
In Meters 

1.3 
0.0 

-2.0 
C 
C 

-3.4 
-3 .4  
0.5 
C 
0.6 
0.1 
-0.1 
0.7 
0.1 
-1.8 
0.8 
0.0 

-2.3 
0.0 
0.3 

-1.4 
0.6 
0.3 

-1.4 
C 
C 
C 

* Based on observation noise sigma of .5 meters 

Ratio of Sigmas 
Between Estimated 
Correction and 
Observation Nois e 

2.0 
1.4 
2.2 - 
2.8 
2.2 
2.0 - 
1.8 
1.8 
1.2 
2.0 
1.2 
1.6 
1.2 
0.8 
2.2 
1.2 
1.2 
1.6 
1.2 
1.0 
1.2 - 

C - Station coordinate constratined 
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Table K 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE NO. FQ-2 

S t a t i o n  
Coordinate  

GFO E 
GFO N 

V 
AUS E 
AUS N 
AUS V 
SAN E 
SAN N 
SAN v 
ST5 E 
ST5 - N 
STS V 
ST6 E 
ST6 N 
ST6 V 
ST7 E 
ST7 N 
ST7 V 
ST8 E 
ST8 N 
ST8 V 
ST9 E 
ST9 N 
ST9 V 
L E  E 
LRS N 
LRS V 

* Estimated 
Cor rec t ion  t o  
Nominal Values 

I n  Meters 

0 . 3  
0 .4  

-5.0 
C 
C 

-5.1 
2.7 

-0.7 
C 

2.0 
-0.6 
-0.1 
-0.5 

0.6 
-2.3 

2.0 
-0.7 
- 3 . 4  
1.1 

-0 .3  
-2.2 
0.6 
0.3 

-1.7 
C 
C 
C 

R a t i o  of Sigmas 
Between E s t i m a t e d  
Cor rec t ion  and 

Observat ion Noise 

1 . 6  
1 . 8  
3 . 8  
* 

* 

5.8 
2.4 
1.0 - 
1 .2  
0.6 
0.8 
1.0 
0.8 
1 . 8  
2 . 2  
1.2 
5.2 
2.2 
1.0 
2.6 
I .4 
0.8 
2 e o  

* Based  on obse rva t ion  n o i s e  sigma of .85 meters 

C - S t a t i o n  Coordinate  Constrained 
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Table L 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE NO. FQ-3 

Station 
Coordinate 

GFO E 
GFO N 
GFO v 
AUS E 
AUS N 
AUS v 
SAN E 
SAN N 
SAN v 
S T5 E 
ST5 N 
ST5 v 
ST6 E 
ST6 N 
ST6 v 
ST7 E 
ST7 N 
ST7 v 
ST8 E 
ST8 N 
ST8 v 
ST9 E 
ST9 N 
ST9 V 
LRS E 
LRS N 
LRS v 

* Estimated Ratio of Sigmas 
Correction to Between Estimated 
Nominal Values Correction and 
In Meters Observation Noise 

0.0 
0.3 

-0.4 
C 
C 

-0.4 
-0.9 
0.0 
C 

0.2 
-0.2 
0.3 
-0.1 
-0.2 
-0.4 
-0.7 
-0.5 
-0.9 
-1.0 
-0.1 
-1.0 
-0.6 
-0.1 
-0.4 
C 
C 
C 

0.6 
0.4 
1.0 

1.4 
0.6 
0.4 

0.4 
0.2 
0.2 
0.4 
0.2 
0.4 
1.2 
0.4 
1.4 
0.6 
0.4 
0.6 
0.4 
0.2 
0.4 

- - 

- 

- - - 

* Based on observation noise sigma of .85 meters 

C - Station coordinate constrained 

5-47 



T a b l e  M 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE NO. FO-4 

S t a t i o n  
C o o r d i n a t e  

GFO E 
GFO N 
GFO V 
AUS E 
AUS N 
AUS v 
SAN E 
SAN N 
SAN v 
ST5 E 
ST5 N 
ST5 v 
ST6 E 
ST6 N 
ST6 V 

E 

ST8 ST7 E 
ST8 N 
ST8 v 
ST9 E 
ST9 N 
ST9 v 
LRS E 
LRS N 
LRS V 

ST7 N 
ST7 v 

* Es t ima ted  
Correction t o  
Nominal Values 

I n  Meters 

0.0 
0.4 

-2.7 
C 
C 

-4.2 
1.6 
-100 

C 
1.4 

-0.7 
-0.2 
-1.0 
0.8 

-1.3 
1 . 7  

-0.4 
-2.1 
0.1 

-0.3 
- 2 . 3  
-0.2 
0.5 

-1 - 4  
C 
c 
C 

Ratio of Sigmas 
Between Es t ima ted  
Correction and 

Observa t ion  Noise 

1.6 
1.8 
3.8 

5.8 
2.4 
1.0 

1 . 2  
0.6 
0.8 
1.0 
0.8 

- - 

- 

1.6 
2.2 
1 .2  
5.2 
2.2 
1 .0  
2 .6  
1.4 
0.8 
2.0 - 

* Based on o b s e r v a t i o n  noise sigma of .85 meters 

C - Sta t ion  c o o r d i n a t e  constrained 
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Table N 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE No. FQ-5 

S t a t i o n  
Coordinate  

GFO 
GFO 
GFO 
AUS 
AUS 
AUS 
SAN 
SAN 
SAN 
ST5 
ST5 
ST5 
ST6 
ST6 
ST6 
ST7 
ST7 
ST7 
ST8 
ST8 
ST8 
ST9 
ST9 
ST9 
LRS 
LRS 
LRS 

E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 

* E s t i m a t e d  
Cor rec t ion  t o  
Nominal Values 

I n  Meters 

1 .3  
0.4 

-4.7 
C 
C 

-6.1 
2.9 

-1.7 
C 

3 . 1  
-0.9 
-0.7 

0.3 
0.2 

-2.3 
3.6 
-0.7 
-2 .3 

2.8 
-0.4 
-2.4 

1 .5  
0.1 

-2.2 
C 
C 
C 

R a t i o  of Sigmas 
Between E s t i m a t e d  
Cor rec t ion  and 

Observat ion Noise 

2.0 
2.2 
4 .6  

6.8 
2.8 
1 .2  

1.6 
0.8 
1.0 
1 .2  
1 .0  
2.0 
2.6 
1.6 
6.0 
2.6 
1.2 
3.0 
1 . 8  
0.8 
2.2 

- 
” 

- 

- - - 

* Based on obse rva t ion  n o i s e  sigma of .85 meters 

C - S t a t i o n  c o o r d i n a t e  cons t r a ined  
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Table 0 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE NO. FQ-6 

S t a t i o n  
Coordinate  

GFO 
GFO 
GFO 
AUS 
AUS 
AUS 
SAN 
SAN 
SAN 
ST5 
ST5 
ST5 
ST6 
ST6 
ST6 
ST7 
ST7 
ST7 
ST8 
ST8 
ST8 
ST9 
S T9 
ST9 
LRS 
LRS 
LRS 

E 
N 
V 
E 
N 
v 
E 
N 
v 
E: 
N 
V 
E 
N 
v 
E 
N 
v 
E 
N 
v 
E 
N 
v 
E 
N 
V 

* E s t i m a t e d  
Cor rec t ion  t o  
Nominal Va lues  

I n  Meters 

-1.8 
-2.5 

0.3 
C 
C 

3 . 8  
1.7 
-1.5 

C 
1.2 

-1.2 
-0.2 
-1.4 
-0.2 
0.5 

-0.8 
-2.4 
2.6 
0.5 

-0.5 
0.9 

-0.7 
-0.3 

0.9 
C 
C 
C 

Rat io  of Sigmas 
Between Es t ima ted  
Cor rec t ion  and 

Observat ion Noise 

1 .6  
1.8 
3 . 8  

5.8 
2.4 
1.0 

1.2 
0.6 
0 .8  
1.0 
0.8 
1.6 
2.2 
1.2 
5.2 
2.2 
l e 0  
2.6 
1.4 
0.8  
2 , o  

- 

- 

- - - 

* Based on obse rva t ion  n o i s e  sigma of -85 meters 

C - S t a t i o n  coord ina te  cons t r a ined  
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Table P 

F I N A L  ESTIMATES OF TMCKING STATION COORDINATES 
CASE NO. FG-7 

S t a t i o n  
Coordinate 

GFO 
GFO 
GFO 
AUS 
AUS 
AUS 
SAN 
SAN 
SAN 
ST5 
ST5 
ST5 
ST6 
ST6 
ST6 
ST7 
ST7 
ST7 
ST8 
ST8 
ST8 
S T9 
ST9 
S T9 
LRS 
LRS 
LRS 

E 
N v 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 
E 
N 
V 

J; E s t i m a t e d  
Correc tion t o  
Nominal Values  

I n  Meters 

-0.6 
0.3 
0.0 

C 
C 

-1.7 
0.6 
0.1 

C 
0.1 
0.1 

-0.4 
0.1 
0.1 

+0,3 
0.3 
3-0.1 
-0.4 
0.1 
-0.0 
-1-0.2 
-0.0 
0.0 
-0.0 

C 
C 
C 

Ratio of Siemas 
Between E s t i m a t e d  
Correc t ion  and 

Observation Noise 

0.8 
0.8 
1.4 

2.4 
1.0 
0.6 

0 .4 
0.2 
0.6 
0.4 
0.4 
0.8 
0.6 
0.6 
2.0 
0.8 
0.4 
1.2 
0.4 
0.2 
1.0 

- - 

0 

- - - 

Ji Based on observat ion no i se  sigma of .5 meters 

C - Station coord ina te  cons t ra ined  
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Table Q 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE NO. FQ-8 

S t a t  i o n  
Coordinate  

GFO E 
GFO N 
GFO V 
AUS E 
AUS N 
AUS V 
SAN E 
SAN N 
SAN v 
ST5 E 
ST5 N 
ST5 V 
ST6 E 
ST6 N 
ST6 V 
ST7 E 
ST7 N 
ST7 V 
ST8 E 
ST8 N 
ST8 V 
ST9 E 
ST9 N 
ST9 V 
LRS E 
LRS N 
LRS V 

* Es t ima ted  
Cor rec t ion  to  
Nominal Values  

I n  Meters 

-1.8 
2.8 

-2.0 
C 
C 
0.2 
0.7 

-0.3 
C 

0.3 
-0,3 
-0.7 
0,l 
0.5 

-1.0 
0.5 
0.7 

-3.9 
0.7 

-0.0 
-0.6 
0.6 
0.3 

-0.6 
C 
C 
C 

R a t i o  of Sigmas 
Between Es t ima ted  
Cor rec t ion  and 

Observat ion Noise 

2 * 2  
2.0 
3.8 

6.4 
2.8 
1.2 

1 .2  
0.6 
1.4 
l , o  
0,8 
1.8 
1.6 
1.2 
5.2 
2.0 
0,8 
3.0 
1.2 
0.4 
2.4 

- 

- 

c n  - - 

* Based on obse rva t ion  n o i s e  sigma of .5 meters 

C - S t a t i o n  c o o r d i n a t e  c o n s t r a i n e d  
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Table R 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE NO. LQ-1 

S t a t i o n  
Coordinate  

GFO E 
GFO N 
GFO v 
AUS E 
AUS N 
AUS v 
SAN E 
SAN N 
SAN V 
LRS E 
LRS N 
LRS v 

* E s t i m a t e d  
C o r r e c t i o n  t o  
Nominal Values 

I n  Meters 

-0.2 
0.1 
-0.7 

C 
C 

0.2 
0.2 

-0.1 
C 
C 
C 
C 

R a t i o  of Sigma 
Between E s t i m a t e d  
Cor rec t ion  and 

Observat ion Nois e 

0.8 
0.8 
2.4 - 
3.6 
1.2 
0.8 - 

* Based on obse rva t ion  n o i s e  sigma of .85 meters 

C - S t a t i o n  c o o r d i n a t e  c o n s t r a i n e d  
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Table S 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE NO. SQ-1 

S t a t i o n  
Coordinate  

LRS E 
LRS N 
LRS v 
ST5 E 
ST5 N 
ST5 v 
ST6 E 
ST6 N 
ST6 V 
ST9 E 
ST9 N 
ST9 v 

* E s t i m a t e d  
Cor rec t ion  t o  
Nominal Values  

I n  Meters 

C 
C 
C 
0.5 

-0.4 
0.3 
-0.8 
0.3 
C 
C 
C 
0.0 

Rat io  of Sigmas 
Between E s t i m a t e d  
Cor rec t ion  and 

Observat ion Noise 

e 

0.8 
0.4 
0.8 
0.6 
0.4 

0 

0.1 

* Based on obse rva t ion  n o i s e  sigma of .85 meters 

C - S t a t i o n  c o o r d i n a t e  cons t r a ined  
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Table T 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE NO. LQ-2 

S t a t i o n  
Coordinates  

GFO E 
GFO N 
GFO v 
AUS E 

N 

SAN E 
SAN N 
SAN v 
LRS E 
LRS N 
LRS V 

Aus v 

* E s t i m a t e d  Ratio of Sigma 
C o r r e c t i o n  t o  Between E s t i m a t e d  
Nominal Values  Cor rec t ion  and 

I n  Meters Observat ion Noise 

-0.9 
0.9 
-0.9 

C 
C 

-0.5 
2.0 
-0.9 

C 
C 
C 
C 

1.1 
1.2 
1 . 3  

1.7 
1.6 
1.1 

- - 

- 

* Based on obse rva t ion  n o i s e  sigma of .85 meters 

C - ”  Station c o o r d i n a t e  c o n s t r a i n e d  
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Table U 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE NO. LQ-3 

Station 
Coordinate 

GFO E 
GFO N 
GFO V 
AUS E 
AUS N 
AUS v 
SAN E 
SAN N 
SAN V 
LRS E 
LRS N 
LRS v 

* Estimated Ratio of Sigmas 
Correction to Between Estimated 
Nominal Values Correction and 
In Meters Observation Noise 

-2.8 
1.1 
-3.0 
CA 
CA 

-1.4 
-0.1 
0.0 
CA 
CA 
CA 
CA 

* Based on observation noise sigma of .85 meters 

4.8 
4.8 
3.8 
5 , O  
4.9 
3.8 
5.2 
5.1 
3.8 
4.5 
5.1 
3.8 

CA - Station coordinate constrained with an a priori sigma of 
.5 meters 

5-56 



Table V 

FINAL ESTIMATES OF TMCKING STATION COORDINATES 
CASE NO. LQ-4 

Station 
Coordinate 

GFO E 
GFO N 
GFO v 
AUS E 
AUS N 
AUS v 
SAN E 
SAN N 
SAN v 
LRS E 
LRS N 
LRS v 

* Estimated 
Correction to 
Nominal Values 

In Meters 

0.7 
0.8 
-1.1 
CA 
CA 
0.4 
0.6 
1.0 
CA 
C 
C 
C 

Ratio of Sigmas 
Between Estimated 
Correction and 
Observation Noise 

1.1 
3 . 8  
1.2 
4.2 
4.2 
1.6 
3 . 8  
0.9 
1.0 - 

* Based on observation noise sigma of .85 meters 
CA - Station coordinate constrained with a priori sigma of 5 meters 
C - Station coordinate constrained 
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Table W 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE NO. LQ-5 

Station 
Coordinate 

GFO E 
GFO N 
GFO v 
AUS E 
AUS N 
AUS V 
SAN E 
SAN N 
SAN v 
LRS E 
LRS N 
LRS v 

* Estimated 
Correction to 
Nominal Values 

In Meters 

0.1 
-0.1 
-1.1 
C 
C 

-0.2 
-0.0 
0.7 
C 
C 
C 
C 

Ratio of Sigma 
Between Estimated 
Correction and 
Observation Noise 

0.7 
0.6 
1.0 

1.3 
1.0 
0.6 

- - 

.t 

* Based on observation noise sigma of .85 meters 
C - Station coordinate constrained 
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Table X 

FINAL ESTIMATES OF TRACKING STATION COORDINATES 
CASE NO. LQ-6 

Station 
Coordinate 

GFO E 
GFO N 
GFO v 
AUS E 
AUS N 
AUS v 
SAN E 
SAN N 
SAN V 
LRS E 
LRS N 
LRS v 

* Estimated 
Correction to 
Nominal Values 

In Meters 

-1.3 
0.7 
-1.1 
C 
C 

-0.1 
2.4 
-0.6 
C 
C 
C 
C 

Ratio of Sigmas 
Between Estimated 
Correction and 
Observation Noise 

1.6 
1.6 
1.6 - 
2 . 3  
2 .4 
1.5 

+t Based on observation noise sigma of .85 meters 

C - Station coordinate constrained 
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6.0 SUMhMRY OF AROD FOR GEODETIC SURVEY 

I n  t h e  previous s e c t i o n s ,  t h e  f o u r  p r i n c i p l e  sets of factors  

were s t u d i e d  which i n f l u e n c e  the c a p a b i l i t y  of AROD t o  provide 

h igh ly  a c c u r a t e  g e o d e t i c  survey.  These were equipment performance 

and propagat ion effects on range accuracy and geometr ica l  e f f e c t s  

and data process ing  upon t r a n s l a t i o n  of range inaccuracy t o  p o s i t i o n  

e r r o r .  

A l a r g e  number of p o t e n t i a l  range error sources  were eva lua ted .  

Of these, most were shown t o  be reduced t o  n e g l i g i b l e  magnitude by 

proper  r educ t ion  of a v a i l a b l e  data. In  these cases, t h e  r equ i r ed  data 

f o r  t h e  necessary  c o r r e c t i o n s  was determined and t h e  method of range 

data adjustment  ob ta ined .  

O t h e r  f a c t o r s ,  which have r e s u l t e d  i n  error i n  o t h e r  systems have 

been shown t o  have been reduced or e l imina ted  by t h e  AROD s y s t e m ,  

Advanced data process ing  of avai lable  propagat ion data p lus  t h e  

proper  cho ice  of carrier frequency reduced both t roposphe r i c  and 

ionospher ic  propagat ion e f f e c t s  t o  s m a l l  s ize .  Any r e s i d u a l s  can be 

lumped t o g e t h e r  a long  w i t h  c a l i b r a t i o n ,  s c a l i n g  errors, and a s m a l l  

r e s i d u a l  random error i n  a ve ry  s imple range error model, 

By c o n s t r a i n i n g  t h e  e r r o r  model of AROD somewhat less, t hen  s t r a i g h t  

a n a l y s i s  of AROD i n d i c a t e s  t h a t  a ve ry  s i m p l e  e r r o r  model encompassing 

a l l  r e s i d u a l  f a c t o r s  is poss ib l e .  T h i s  model is Y o  -t ‘*q R + V 

where ‘Yo is a bias c o n s t r a i n e d  t o  1 meter rms, ‘x 
he ld  t o  and V a random e r r o r  of ze ro  bias whose magnitude is 0.5 

meters r m s .  

is a s c a l i n g  e r r o r  

Using t h e  geometry of previous geode t i c  survey s y s t e m  s imula t ions  
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and used in actual field tests of optical systems and of SECOR, this 

error model was used to simulate the AROD performance. This was 

done by DBA Systems using the analytical methods developed for 

SECOR evaluations. 

Three things evolved out of this evaluation. The AROD performance 

together with proper raw data reduction reduce ranging errors to a 

subsidiary role in survey error. A more important source is the ade- 

quate definition of the orbital parameters when using short arc analysis. 

This would be increasingly true if long arcs were used. 

Secondly, the operational flexibility of AROD to rapidly inter- 

rogate a large number of stations greatly enhances its ability to 

provide both rapid and accurate geodetic survey. Positional accuracies 

of the order of 1 meter can be expected. 

Lastly, using a limited number of passes, of order 10, and reason- 

able strength of figure o r  geometry, a large area can be surveyed 

using the AROD system. 

The results of this AROD feasibility analysis study are sufficiently 

promising that a flight evaluation of AROD for geodetic survey is 

recommended. 
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APPENDIX A 

TYPICAL AROD ORBITAL PARAMETERS 

Table A - l  is a compi la t ion  of t y p i c a l  s i m p l i f i e d  o r b i t a l  

equat ions .  These are used only  t o  estimate g r o s s  system parameters 

used for e s t i m a t i n g  g e n e r a l  magnitudes of v e l o c i t i e s ,  ranges ,  range 

rates, a n g l e s ,  and s o  f o r t h  t o  bound some of t h e  f a c t o r s  t h a t  i n -  

f l u e n c e  system performance. 

Table A-2 is a list of r e l a t i v e l y  f i x e d  parameter v a l u e s  f o r  
i 

t h i s  g e n e r a l  problem. Only c i r c u l a r  passes  d i r e c t l y  over  a s t a t i o n  

are cons idered ,  

A-P 



TABLE A-l 

T y p i c a l  drbitaf. 2arameters: 

mhlk - mg 
2 a 

V 2 c a 2 g  

a + h  

2 2 s i n  + = h + 2ah - r 
2ar 

2(a +- h ) r  

= v c o s o c  

= v% , t referenced to z e n i t h  - 
a+h 
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TABLE A-2 

Orbital Values : 

a 55 6,367388 x I O 6  meters 

k 

If h = 1000 km 

v 7500 m/sec. 

r 9750 km max 
' r = 3500 m / s e c .  

n 
max 

i 
L 47 m/sec. 
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