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1.0 INTRODUCTION 

The purpose of this report is to document the cur- 
rent status of the Wallops Island AN/FPQ-6 radar calibra- 
tion effort in support of the GEOS-B (GEOS-11) C-Band 
Systems Project objectives. It presents the development 
and evolution of procedures in radar operation and data 
handling, representative results of data reductions and 
analyses, and the state of the radar calibration to date. 

Although procedures and results documented here 
are specific to the AN/FPQ-6 radar, they are also appli- 
cable to the Wallops AN/FPS-16 radar and quite possibly 
to any comparable C-Band radar system. 

The methods and procedures evolved and the results 
described were obtained from AN/FPQ-69 AN/FPS-16 and 
LASER tracking of the GEOS-I1 satellite from the period 
1 5  January 1968 t o  30 June 1968. The primary purpose of 
this effort is to calibrate C-Band radars in an attempt 
to fulfill some of the objectives of the National Geodetic 
Satellites Program (NGSP) and the GEOS-B C-Band Systems 
Pro j ect . 
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2.0 PROJECT OBJECTIVES 

The objectives of the GEOS-B C-Band Systems Pro- 
ject are to calibrate the C-Band radar systems to a 
degree which will qualify their use as geodetic data 
gathering systems and, if successful, t o  subsequently 
use the systems to provide geodetic data for use in the 
NGSP. Specifically, the project objectives are: 

a. to better determine the accuracy of C-Band 
radar systems, develop refined methods for 
calibrating the systems, and improve the 
techniques employed in processing the data 

b. to better determine the geodetic location 
of the C-Band radar sites and their inter- 
site distances 

c. t o  compare and correlate results obtained 
from the C-Band radars with emphasis on 
the evaluation of the possible contribution 
of C-Band data to the NGSP geodetic objec- 
tives 

d. to make generally available the results of 
both the C-Band system calibration and the 
geodetic endeavor. 
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3.0 EQUIPMENT DESCRIPTION 

AN/FPQ - 6 

3 . 1  Radar 

Wallops S t a t i o n  has  two C-Band r a d a r  sys t ems ,  t h e  
AN/FPQ-6 r a d a r  and t h e  AN/FPS-16 r a d a r .  The AN/FPQ-6 i s  
a pu l sed  r a d a r  capab le  of non-ambiguous range measurements 
of up t o  approximate ly  32,000 n a u t i c a l  miles (nm). I n  
a d d i t i o n  t o  range measurements, t h e  AN/FPQ-6 a l s o  p r o v i d e s  
azimuth and e l e v a t i o n  angle  measurements t o  t h e  t a r g e t .  
Using c o h e r e n t  s i g n a l  p r o c e s s i n g  (CSP), i t  p r o v i d e s  range 
r a t e  measurements. For t h i s  p r o j e c t ,  CSP can only be used 
i n  t h e  s k i n  t r a c k  mode s i n c e  a c o h e r e n t  beacon i s  n o t  a v a i l -  
a b l e  on GEOS-11. The AN/FPQ-6 p r o v i d e s :  

r 
Binary B i t s  Least Count 

R 25  - 1.95  ya rds  (yds)  

A , E  2 0  - 1 . 2 4  seconds of  a r c  

ri 2 9  -. 0 .00006  y d s / s e c  

The AN/FPS-16 i s  a pu l sed  r a d a r  capab le  of non- 
ambiguous range measurements of up t o  - 32,000 nm. I t  
a l s o  p r o v i d e s  azimuth and e l e v a t i o n  a n g l e  measurements 
t o  t h e  t a r g e t ;  however, it does n o t  have CSP c a p a b i l i t y .  
The AN/FPS-16 p r o v i d e s :  

1 .95  yds 

9.89 seconds o f  a r c  
AN/ F P S - 1 6 
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3 . 2  S a t e l l i t e  Systems ________. 

GEOS-11, t h e  second i n  a ser ies  of geode t i c  s a t e l -  
l i t e s ,  was launched i n  Janua ry  1968. I t  i s  equipped w i t h  
memory c o n t r o l l e d  o p t i c a l  beacons,  a U.S.  Army SECOR 
t r ansponder ,  a NASA Range and Range Rate t ransponder , ’  
NASA Min i t r ack  beacon, U.S. Navy Doppler beacons,  LASER 
c o r n e r  cube r e t r o d i r e c t i v e  r e f l e c t o r s ,  two non-coherent  
C-Band t r a n s p o n d e r s ,  and a r e t r o d i r e c t i v e  a r r a y  f o r  
p a s s i v e  C-Band t r a c k i n g .  This  combinat ion of g e o d e t i c  
i n s t r u m e n t a t i o n  on a s i n g l e  s p a c e c r a f t  p rov ides  a un ique .  
o p p o r t u n i t y  t o  c a l i b r a t e  t h e  C-Band systems and e v a l u a t e  
t h e i r  p o t e n t i a l  c o n t r i b u t i o n  t o  t h e  g e o d e t i c  s c i e n c e s  by 
comparing t h e i r  measurements w i t h  t h e  v a r i e t y  of o t h e r s  
a v a i l a b l e .  

C-Band S a t e l l i t e  Systems -___-.-- 3 . 3  

The d e s i g n  c r i t e r i a  f o r  t h e  GEOS-I1 s a t e l l i t e  
c a l l e d  f o r  C-Band t r ansponder s  (beacons) w i th  de l ays  
i d e n t i f i a b l e  t o  t h e  e x t e n t  t h a t  r e s i d u a l  v a r i a t i o n  and 
de lay  j i t t e r  would n o t  cause  a r a d a r  range  n o i s e  g r e a t e r  
t han  - + 1 . 5  yds RMS. To f u r t h e r  i n s u r e  t h i s  g o a l ,  t h e  
r :ass ive r e f l e c t o r  was des igned  s o  t h a t  bo th  s k i n  and 
beacon t r a c k s  might be performed and compared t o  remove 
range  b i a s  caused by t h e  beacon. The s a t e l l i t e  system 
a l s o  p rov ides  numerous beacon moni tor ing  dev ices  t h a t  
a r e  t e l eme te red  t o  suppor t ing  ground s t a t i o n s  f o r  ana ly -  
s i s .  

The beacon antenna p a i t e r n s  were a l s o  an item of 
concern s i n c e  any sharp  n u l l s  would be v e r y  d e t r i m e n t a l  
t o  t h e  ang le  t r a c k i n g  performance of ampl i tude  comparison 
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monopulse systems such as t h e  AN/FPQ-6 and AN/FPS-16 
r a d a r s .  These p a t t e r n s  were found t o  have a few unde- 
s i r a b l e  n u l l s ;  however, o v e r a l l  performance i s  c o n s i d e r e d  
a c c e p t a b l e .  

Two beacons were i n s t a l l e d  t o  i n s u r e  long l i f e .  
These were given d i f f e r e n t  f i x e d  nominal de lays  (Beacon 
#1, 0 . 7  vsec ;  Beacon # 2 ,  5 . 0  usec)  t o  e x p l o r e  t h e  
advantages of s h o r t  and long d e l a y s  i n  a c t u a l  o p e r a t i n g  
c o n d i t i o n s  and t o  i n s u r e  t h a t  no mix-up i n  i d e n t i f i c a t i o n  
cou ld  e x i s t .  The beacons were given wide r e c e i v e r  band- 
widths  t o  avoid p o s s i b l e  e r r o r s  caused by t h e  r a d a r  s y s -  
t e m  s h i f t i n g  frequency.  S o l i d  s t a t e  l o c a l  o s c i l l a t o r s  
were i n s t a l l e d  t o  i n c r e a s e  s t a b i l i t y  and o p e r a t i n g  l i f e .  

While the  beacon de lay  n o i s e  approached d e s i g n  
c r i t e r i a ,  t h e  a b s o l u t e  de l ay  b i a s ,  as de te rmined  from 
APL-VEGA c a l i b r a t i o n  c h a r t s  and t e s t  d a t a ,  cou ld  n o t  be 
e s t a b l i s h e d  b e t t e r  t h a n  - + 2 yds RMS. 

The p o s s i b i l i t y  s t i l l  e x i s t s ,  however, t h a t  t h i s  
e r r o r  may be c a l i b r a t e d  as a r e s u l t  of t h e  d a t a  a n a l y s i s  
now being performed s i n c e  i t  i s  g e n e r a l l y  b e l i e v e d  t o  be 
a pure b i a s  (not  s u b j e c t  t o  d i u r n a l  changes o r  s y s t e m a t i c  
d r i f t s ) .  

5 



4 . 0  METHODS AND PROCEDURES 

The pr imary o b j e c t i v e  i n  t h e  GEOS-B C-Band System 
P r o j e c t  be ing  c a l i b r a t i o n ,  t h e  methods and procedures  
fol lowed by Wallops were des igned  t o  most e f f i c i e n t l y  
accomplish t h i s  t a s k .  We have assembled a t a s k  group 
w i t h  knowledge o f  t h e  r a d a r  hardware and exper ience  i n  
t h e  a n a l y s i s  of  t r a c k i n g  d a t a .  The g e n e r a l  ph i losophy 
adopted by t h i s  group i s  a s  f o l l o w s :  

1. 

2 .  

3 .  

4 .  

5.  

P r i o r  t o  t h e  f i r s t  t r a c k i n g  miss ion ,  a s e t  
o f  p rocedures  f o r  r a d a r  c a l i b r a t i o n ,  opera-  
t i o n ,  and d a t a  hand l ing  was e s t a b l i s h e d  t o  
i n s u r e  t h a t  a l l  d a t a  would be ga the red  and 
reduced i n  a c o n s i s t e n t  manner. 

Tracking d a t a  ob ta ined  on GEOS-I1 was t o  be 
reduced and ana lyzed  t o  i d e n t i f y  s y s t e m a t i c  
t r e n d s  i n  t h e  r e s i d u a l s .  

The n a t u r e  of  t h e s e  e r r o r s  was t o  be i n v e s t i -  
g a t e d  t o  r e l a t e  them t o  hardware,  method of 
c a l i b r a t i o n ,  o r  human o r i g i n .  

I f  such an o r i g i n  could be i d e n t i f i e d ,  t h e  
a p p r o p r i a t e  ad jus tment  t o  t h e  hardware o r  
procedures  would be made. 

Data c o l l e c t e d  fo l lowing  t h e s e  changes would 
be eva lua ted  t o  e s t a b l i s h  t h e  e f f e c t i v e n e s s  of 
t h e  mod i f i ca t ion .  
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6.  Sys temat ic  e r r o r s  whose source  is  e x t e r n a l  
t o  t h e  r a d a r  hardware i t s e l f ,  such as r e f r a c -  
t i o n ,  t r ansponder  d e l a y ,  and t iming  c o r r e c -  
t i o n s  would a l s o  be e v a l u a t e d  t o  i n s u r e  t h e  ade-  
quacy of t h e i r  f u n c t i o n a l  form. 

7 .  Procedures  and r e s u l t s  would be documented i n  
d e t a i l  t o  a s s i s t  us i n  performing f u t u r e  
c a l i b r a t i o n s  and t o  p rov ide  g u i d e l i n e s  f o r  
t h e  c a l i b r a t i o n  of o t h e r  C-Band sys tems.  

S ince  t h e  measurement channels  a r e  r e l a t i v e l y  
independent ,  we have dec ided  t o  i n v e s t i g a t e  t h e  s y s t e m a t i c  
e r r o r s  i n  each  s e p a r a t e l y .  We have addressed  o u r s e l v e s  
i n i t i a l l y  t o  t h e  range  channel .  We now a r e  beginning  work 
on the ang le  measurements, and f i n a l l y  w i l l  a t t a c k  t h e  
r a n g e - r a t e  measurements which a r e  a v a i l a b l e  only i n  s k i n  
t r a c k  mode. When t h e  major e r r o r s  i n  each channel  have 
been i d e n t i f i e d  and removed, an i n v e s t i g a t i o n  w i l l  be 
conducted t o  de te rmine  whether any c r o s s  channel  e f f e c t s  
appea r .  

Sys temat ic  t r e n d s  i n  t h e  r e s i d u a l s  whose sou rce  
nay n o t  be t r a c e a b l e  t o  t h e  hardware o r  t o  known e x t e r n a l  
causes  a r e  a l s o  p o s s i b l e .  I f  such  should appea r ,  we 
i n t e n d  t o  s t u d y  t h e i r  s t a b i l i t y  and a t t empt  t o  e s t a b l i s h  
t h e i r  f u n c t i o n a l  form. If s t a b i l i t y  can be e s t a b l i s h e d ,  
t h e s e  errors w i l l  be removed i n  p o s t f l i g h t  p r o c e s s i n g .  
We hope t o  avo id ,  whenever p o s s i b l e ,  t h e  e s t i m a t i o n  of 
e r r o r  model terms i n  t h e  o r b i t  d e t e r m i n a t i o n  p r o c e s s .  
Although our  major a n a l y t i c a l  t o o l ,  t h e  NONAME o r b i t  
d e t e r m i n a t i o n  system [ l ]  has  t h i s  c a p a b i l i t y ,  we f e e l  
t h a t  any c a l i b r a t i o n  e f f o r t  should  u s e  t h i s  on ly  a s  a 
l a s t  r e s o r t .  
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The problem of  combina to r i a l  behavior  of s y s t e -  
matic e r r o r  must be  eva lua ted  from two p o i n t s  of view. 
From t h e  d a t a  r e d u c t i o n  p o i n t  of  view i t  i s  on ly  neces-  
s a r y  t o  e v a l u a t e  t h e  o v e r a l l  form and s t a b i l i t y  of t h o s e  
s y s t e m a t i c  e r r o r s  which a f f e c t  t h e  performance of t h e  
system. If a s imple  e r r o r  model p r o p e r l y  d e s c r i b e s  t h e  
form and f u n c t i o n  of the s y s t e m a t i c  e r r o r s  and it  can be 
shown t h a t  t h i s  model e x h i b i t s  t h e  necessa ry  s t a b i l i t y ,  
t hen  t h e  d a t a  r e d u c t i o n  problem can  be cons idered  so lved .  
From t h e  c a l i b r a t i o n  p o i n t  of view,  however, it i s  
impor tan t  t o  i d e n t i f y  t h e  v a r i o u s  sou rces  which c o n t r i -  
b u t e  t o  the t o t a l  e r r o r  i n  o r d e r  t o  de te rmine  whether 
hardwar'e m o d i f i c a t i o n  o r  changes i n  procedures  a r e  i n d i -  
c a t e d .  With t h i s  i n  mind, Wallops has  performed e x p e r i -  
ments and i s  p lanning  more i n  o r d e r  t o  i d e n t i f y  and v e r i f y  
the v a r i o u s  sou rces  which make up t h e  range b i a s  e r r o r .  

The r e s u l t s  of t h e  i n v e s t i g a t i o n s  t o  d a t e  a r e  
t a b u l a t e d  i n  Table  I V  S e c t i o n  5 . 5 .  From time t o  time 
t h e  r e s u l t s  of t h i s  e f f o r t  w i l l  be used i n  a p r e v i o u s l y  
determined s o l u t i o n  t o  v e r i f y  t h e  f a c t  t h a t  t h e  t o t a l  e r r o r  
t a b u l a t e d  does improve t h e  RMS of f i t  of t h e  d a t a .  This  
i n fo rma t ion  w i l l  i n  t u r n  be used  t o  e v a l u a t e  t h e  complete- 
nes s  and v a l i d i t y  of t h e  t a b u l a t e d  in fo rma t ion .  

4 . 1  Radar Set-Up .- 
A s  a p o i n t  of d e p a r t u r e  p r i o r  t o  any d a t a  a c q u i s i -  

t i o n  a r a d a r  s e t -up  was e s t a b l i s h e d  f o r  bo th  t h e  AN/FPQ-6 
and t h e  AN/FPS-16 r a d a r s  a t  Wallops S t a t i o n .  I n  t h e  case 
of t h e  AN/FPQ-6, two s e t - u p s  were i n i t i a l l y  e s t a b l i s h e d ,  
one f o r  beacon mode t r a c k i n g ,  t h e  second f o r  p a s s i v e  ( s k i n )  
t r a c k i n g .  This  o r i g i n a l  s e t - u p  i s  shown i n  Table  I .  
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ORIGINAL RADAR SETUP 
TABLE I 

Peak Power 

Tra k 
Term 

FPS- 16 

1.0 MW 

FPQ- 6 

2 . 0  MW 

I Transmitter Frequency I 5690 MHz 

FPQ- 6 

2 . 8  - 3 . 0  MW 

~~ 

Receiver Frequency 5765 MHz 5705 MHz 5690 MHz 

Pulse Width 

Pulse Code 

1.0 psec 

2 pulse 
8 usec 
spacing 

1.0 psec 

1 I 

I 1.0 or 2 . 4  psec 

Polarization 

160 

Yes 

0, 0.7 
or 5 
usec 

Linear 
Vertical 

160 or 640 

No 

0 

I--- -1 

Beacon Delay Compensation 

1 PRF 
0, 0.07 
or 5 
usec 

160 or 1 less 

I Beacon AFC I Yes 

5690 MHz I 5690 MHz I 

2 pulse 
8 psec 
spacing 

single pulse 

I 

C ircul ar Linear 
Vertical 

I I 
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Early results of operational performance and data 
analysis dictated modifications to the set-up procedures. 
Our present operational set-up, reflecting these changes, 
is shown in Table I1 and includes a third mode of opera- 
tion for beacon/skin tracking. This mode of tracking is 
used when both beacon and skin track data are to be 
gathered on a single pass of G E O S - 1 1 .  It should be 
emphasized that changes in the operational set-up are 
made only after a careful analysis of the data and the 
hardware system indicate that such a change will enhance 
the C-Band radar performance. We have been using the 
current set-up for several months now, and it will not 
be changed until we have strong evidence from the data 
or the hardware evaluation experiment that such changes 
are necessary. The rationale for the current G E O S - I 1  
tracking set-up is described in the following paragraphs. 

We selected a wide transmitter pulsewidth 
(2.4 usec) for skin tracking since it provides signal- 
to-noise enhancement and increases the reliability of 

CSP tracking. For the beacon portion of beacon/skin 
missions we reduced the pulsewidth to 1 usec since in 
the wider pulsewidth, the coding required would have 
caused the radar transmitter to approach its duty cycle. 
Switching from single to double pulse operation while the 
radar is in this condition often causes transmitter over- 
load. Therefore, the 1 usec pulsewidth makes the beacon- 
to-skin-to-beacon transition more reliable. The AN/FPQ-6 
has the capability of dual presentation of skin and beacon 
returns, This was omitted for all tracks and calibrations 
except the beacon-skin case where continuous mode was 
used to facilitate switching from beacon-to-skin-to-beacon. 
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POLARIZATION 

PRF 

BEACON AFC 

BEACON DELAY COMPENSATION 

SKIN AFC 

RANGE BANDWIDTH 

ANGLE BANDWIDTH 

DATA CORRECTOR BANDWIDTH 

DATA RATE 

RECEIVER BANDWIDTH 

BEACON GATE 

BEACON LO 

SKIN GATE 

SKIN LO 

DOPPLER SYSTEM BANDWIDTH 

DOPPLER LO LOOP BANDWIDTH 

POSITION TRACK 

DOPPLER SYSTEM 

-- 

j PULSE 

11 

VERTICAL VERTICAL VERTICAL VERTICAL 

160 1 6 0  640 160 

ON ON OFF ON 
809/123 yds 

as a m r o u r i a t e  809 y d s .  809 y d s  N/A 

4 cps 4 cps 4 cps 4 cps 

OFF OFF ON ON 

Pos . #9 Pos. # 9  Pos . # 9  
3.2 cps  3.2 cps 

2 cps 

3.2 cps 3.2 cps 

2 cps N/A 2 cps 

10 PPS 1 0  PPS 10 PPS 10 PPS 

1 . 8  MC 2.4 MC 0.6 MC 1.6 MC 

ON ON OFF ON 

ON ON OFF ON 

OFF OFF ON ON 

OFF OFF ON ON 

N/A N/A 160 cps 40 cps 

N/A N/A WIDE WIDE 

N/A N/A GROSS GROSS 

N/A N/A ON ON (SKIN) 

On 2 Pulse On 2 Pulse  OFF On 2 Pulse 

-- 

(COHERENT) (COHERENT) 

8 vsec 8 vsec 8 vsec(both) 



Since the parametric amplifier systems (paramps) 
at the Wallops AN/FPQ-6 and AN/FPS-16 can be pre-set and 
pre-phase delay corrected to provide instantaneous 
switching between two frequencies, they are used in all 
tracking applications to avoid the possibility of change 
in system alignment caused by by-passing the paramps. 

Atmospheric phenomena can often cause conflicting 
re-polarization (signal fading) when systems are operated 
with like polarizations. To avoid the possibility of 
these deep signal,fades, we operate the radar in linear- 
vertical although the transponder antenna polarization 
is circular. 

When tracking the transponder, the radar automatic 
frequency control (AFC) loop uses the transponder return 
frequency as its reference. In the skin portion of the 
beacon/skin mode, the AFC references the range rate from 
the range system until the CSP acquires track whereupon 
the pulse doppler controls the loop. 

The pulse repetition frequency (PRF) is held at 
160 for all tracks and calibrations except skin tracking. 
In skin track, we use the 640 rate, since it furnishes 
significantly better track at low signal to noise ratio 
(S/N) 

We set the range bandwidth at 4 cps for all tracks 
and calibrations. The 4 cps bandwidth is adequate for 
the dynamics of the GEOS-I1 satellite. 
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We have set the angle bandwidths at 5.2 cps to 
handle the dynamics expected from GEOS-I1 during 85' 

elevation tracks. We maintain this setting for all tracks 
to avoid the problem of having a large number of set-up 
variables. This makes the analysis of the tracking data 
somewhat easier . 

The rationale for selecting the bandwidths was 
based on the analysis of servo lag vs. lag correction 
calibration curve accuracies in the GEOS-I1 dynamic 
range. 

Throughout all operations, every effort has been 
made to maintain the radar set-up outlined. Any devia- 
tions from the recommended set-up in either track or 
calibration operations are documented so that the possible 
effect on the data can be evaluated and applied to the 
data if necessary. 

4 . 2  Pre- and Post-Mission Calibration 

Prior to the launch of GEOS-B, radar maintenance 
and alignment procedures were collected from all the 
ranges and studied to develop the best set possible for 
the Wallops AN/FPQ-6 radar. Many of the procedures were 
collected from all the ranges and studied to develop the 
best set possible for the Wallops AN/FPQ-6 radar. Many 
of the procedures already in use at Wallops were adopted, 
some from other ranges were chosen, and a few new ones 
were written. One of the chief weaknesses in our radar 
set-up procedures was in the collimation. The RCA radar 
manual [l] was used as a basis for writing a better defined 
procedure so that repeatability would be accomplished. 
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Also t h e  maintenance and o p e r a t i n g  procedures  were 
w r i t t e n  i n  s u f f i c i e n t  d e t a i l  t o  i n s u r e  day - to -day  and 
o p e r a t o r - t o - o p e r a t o r  r e p e a t a b i l i t y .  

I t  i s  unders tood  t h a t  t h e  p rocedures  t h u s  produced 
are  n o t  f i n a l  b u t  merely r e p r e s e n t  t h e  beginning  p o i n t  
€or  an i t e r a t i v e  p rocess  t o  be conducted i n  t h e  GEOS-I1 
P r o j e c t  . 

Review of a l l  a v a i l a b l e  r e p o r t s  and documents 
p e r t a i n i n g  t o  r a d a r  b o r e s i g h t i n g  f a i l e d  t o  y i e l d  s u f f i c i e n t  
h i s t o r i c a l  d a t a  on t h e  AN/FPQ-6 r a d a r .  The re fo re ,  
s imu l t aneous ly  w i t h  t h e  procedure  w r i t i n g  e f f o r t ,  a 
b o r e s i g h t i n g  r o u t i n e  was developed t h a t  could  be run on 
a l l  Wallops mis s ions  t o  p r o v i d e  t h i s  v i t a l  d a t a .  

Ana lys i s  of t h i s  d a t a  e s t a b l i s h e d  t h e  mean and 
d e v i a t i o n s  t h a t  might be expec ted  under  normal o p e r a t i o n .  
This  d a t a  w a s  ve ry  v a l u a b l e  i n  e d i t i n g  t h e  GEOS-I1 bo re -  
s i g h t  d a t a .  The most s i g n i f i c a n t  outcome of t h i s  p roce -  
du re  was t h e  d i scove ry  t h a t  t h e  b o r e s i g h t  t a r g e t  be ing  
used  t o  c a l i b r a t e  t h e  range system w a s  n o t  s u f f i c i e n t l y  
s t a b l e ,  and as a r e s u l t  new t a r g e t s  were s t u d i e d  and a 
rep lacement  was e v e n t u a l l y  s e l e c t e d .  

A s  t h e  GEOS-I1 t r ansponder  was being t e s t e d  f o r  
f l i g h t  q u a l i f i c a t i o n ,  it was dec ided  t h a t  a t e s t  of a 
sample u n i t  w i t h  t h e  AN/FPQ-6 r a d a r  a t  Wallops would be 
u s e f u l  t o  confirm systems c o m p a t i b i l i t y  and t r ansponder  
d e l a y .  These t e s t s  bo th  confirmed some c a l i b r a t i o n  
problems expec ted  and r e v e a l e d  some u n a n t i c i p a t e d  problems 
Pu l sewid th ,  bandwidth,  p u l s e  coding ,  PRF, s i g n a l  t o  n o i s e ,  
l o c a l  o s c i l l a t o r  mode, a l l  a f f e c t e d  t h e  range measurement. 
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4 . 3  Minimizaticm of H m a n  Error .- 
A system of site logs and reports is used to 

standardize set-up and calibration procedures and mini- 
mize the possibility of human error. Examples of some 
of these logs are shown in Figures 1-5. 

In addition, quickdook data reduction feedback 
is provided to site personnel. This feedback has helped 
to convert would-be errors into identifiable quantities 
and has, on occasion, resulted in operational improve- 
ments. A s  an example, the location of a pulsewidth 
error in the beacon portion of the beacon/skin track 
discussed in Section 5 . 0  resulted from the rapid feed- 
back of data reduction results to site personnel. 

4.4 Data Pre-Processing 

Data pre-processing is defined as all quality con- 
trol and data correction processes applied to the radar 
data postflight but prior to its inclusion in the data 
reduction process. 

Here again, we have followed the philosophy of 
establishing a consistent procedure, evaluating the 
efficiency and validity of this procedure through data 
reduction analysis and hardware evaluation experiments, 
and modifying the procedures as indicated. The initial 
procedure established to pre-process the AN/FPQ-6 data 
is described in the following paragraphs. 
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PRED. HOR. TIME MISSION NUMBER 

CIRC LIN -- REF- AZ- EL 
db 

CORRECTION 
-- SKIN BEACON CAEIBRATION Manual Locked-on 

POS 6 POS 7 POS 8 POS 9 POS 12 
TION - - - - -- 

1251 CALIBRATION SURVEY 
K7 Kd 

K1 Kab K 

ORIGINAL ON 2 OFF 2 ON 2 OFF 2 TRACKING TIMES 

Figure 1 
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-. 
CALIBRATION CODE SHEET 

ROUTINE CALIBRATIONS 
GENERAL - Record Minimum of 100 Samples f o r  Each Function, Use 100 Series 

ID 

101. 201. 
102. 202. 
103. 203. 
104. 204. 
105. 205. 
106, 206. 
107, 207. 
108, 208. 
109. 209. 
110. 210. 
111. 211. 
112. 212. 
113. 213. 
114. 214. 
115. 215. 
116. 216. 
117. 217. 
118. 218. 
119. 219. 
120. 220. 
121. 221. 
122. 222. 

o r  P r e - C a l i b t i o n s  1 

mTNCTION 
LOCK-ON-NOISE 
0 DB 
3 DB 

DB 
5 DB 
6 DB 

DB 
DB 
DB 

10  DB 
15 DB 
20 DB 
25 DB 
30 DB 
35 DB 
40 DB 
45 DB 
50 DB 
55 DB 
60 DB 
65 DB 
70 DB 

SPEC1 
RECEIVER GAIN - Bias antenna one 
mil right and above from boresight 
tower lock-on point. 
bration; recording AGC, azimuth 
error and elevation error. 

Run AGC Cali 

LD 

302. 
303. 
304. 
305. 
306. 
307. 
308. 
309. 
310. 
311 
312. 
313. 
314. 
315. 

m 

- 

FUNCTION 
0 DB 
5 DB 
10 DB 
15 DB 
20 DB 
25 DB 
30 DB 
35 DB 
40 DB 
45 DB 
50 DB 
55 DB 
60 DB 
65 DB 

d 
PBE 
123. 
124. 
125. 
126. 
127, 

129. 
130. 
131. 
132. 
133. 
134. 
135. 
136. 
137. 

139. 
140. 
141. 
142. 
143. 

128. 

138. 

w 
L 
PPST 
223 
224. 
225. 
226. 
227. 
228. 
229. 
230. 
231. 
232. 
233. 
234. 
235. 
236. 
237. 

239. 
240. 
241. 
242. 
243. 
244. 
BRAT' 

238. 

- 

I f o r  Poet - Calibrations 

BORESIGHT TOWER NORMAL 
BORESIGHT TOWER PLUNGED 
RANGE TARGET - SKIN GATE 
RANGE TARGET - BEACON GATE 
AZIMUTH - ONE MIL LEFT 
AZIMUTH - ONE MIL RIGHT 
ELEVATION - ONE MIL BELOW 
ELEVATION - ONE MIL ABOVE 
XMTR - ATTN OUT 

x PWR m R  - 
XMTR - % PWR 
RCVR - ATTN OUT 
- 

RCVR - DB ATTN IN 
RCVR - DB ATTN IN 
RCVR - DB ATTN IN 
TEST ROCKET 
SPHERE TRACK 

HANNEL LINEARITY - Maintain 
minimum of 50 DB signal from boresight 
tower. 
on in elevation. Perturb antenna in 
azimuth from minus 3 to pius 3 mils, 
stopping and recording each and every 
one half mil. Repeat above, substitut- 
ing azimuth for elevation and elevation 

Bias antenna one mil from lock- 

for azimu. 

h 

FUNCTION 
-3.0 mil 
-2.5 mil 
-2.0 mil 
-1.5 mil 
-1.0 mil 
-0.5 mil 

0.0 mil 
+0.5 mil 
+1.0 mil 
+1.5 mil 
+2.0 mil 
+2.5 mil 
+3.0 mil 

Figure L 
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VALLOPS ISLAND V I R G I N I A  

VALLOBS MODEL NO, 

WiICLE 

OTIXR MODEL NO./RF,V, 

PASS DATE 

HK-720 

GEOS-B 

D I  STRIBllTION 

PASS TIFE I Z I  

CLOUD COVER (BASES I N  HUNDREDS OF FEET) I 
VISIBILITY ( I N  STATUTE MILES) AND WEATHER I I 
SEA LEVEL BAROMETRIC PRESSUFlE II I m i l l i b a r s  

TEMPERATURE AND DJW POINT (DEGREES F,) 

SURFACE WIND (30 FEET ABOVE GROUND, BLDG. X - f i q )  

REXARKS : 
_.c_g_ 

Data i n  Support of Radar: 
(GEOS Designat iodDes igna t ions)  

Distance from Observation S i t e  
t o  Radar S i t e /S i t e s :  

Direct ion from Observation S i te  
t o  Radar S i t e /S i t e s :  

Height of Observation S i t e  
Rela t ive  t o  Radar S i t e /S i t e s :  

- 
I I Release I Termination j Termination I Reason f o r  I 

S * rPPOR T 
FAiiIOSONDE 

Other Data o r  Remarks: 

Figure 3 



DATA PROCESSING LOG 

GEOS SUPPORT 

List any bit weight corrections made to any parameter with a full 
explanation: 

List any bit count corrections made with full explanation: 

- _  ~~ 

List value of any timing bias applied to data: 

Describe the data source and the method used for any leveling correction 
applied : 

Other Comments: 

Figure 4 
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L E V E L I N G  F O R M A T  

DATE 

SUPPORT INFORMATION 

I ~ ~ T ~ ~ ~ T A T I O ~  NO. 
GEOS DESIGNATION 

T I M E  READINGS STATED Z ENDED 2 

WEATHER CONDITION A T  T I M E  OF READINGS (circle one) 

R A I N I N G  FOGGY HAZY OVERCAST PARTLY CLOUDY BRIGHT 

TEMPERATURE A T  TIME O F  READINGS deg. F. 

AVERAGE WIND AT T I M E  O F  READINGS K t s .  FROM deg . 
WIND CONDITION AT T I M E  O F  READINGS (circle one) STEADY GUSTY T O  K t s .  

OBSERVATION DATA 

Record values in seconds f o r  azimuth given in mils. 

AZIMUTH cw 

0000 

0400 

0800 

1200 

1600 

2000 

2400 

2800 

3200 

KEMARKS 

CCW AZIMUTH 

3600 

4000 

4400 

4800 

5200 

5600 

6000 

6400 

Figure 5 
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The on-site RCA 4101 computer program is used to 
apply the static corrections (pedestal mislevel, droop, 
non-orthogonality, encoder bias, encoder non-linearity, 
and skew) to the raw data. We have chosen not to apply 
the dynamic lag corrections to the data at this point. 
However, we record the corrections which are calculated 
by the 4101 program. The 4101 output tape is then pro- 
cessed through the PASS-1 program which applies a time 
tag correction to the data, converts the data from radar 
bits to range in feet, and azimuth and elevation in 
decimal degrees. The PASS-1 program also reformats the 
data from 4101 format to a G E - 6 2 5  compatible format. 
The PASS-1 output is then used to perform the following 
operations. First the R, A, E, R calibration (pre and 
post) are analyzed and calibration corrections are com- 
puted. The pre-processing program applies a transit 
time correction, nominal beacon delay correction, refrac- 
tion correction and range calibration correction to the 
data. 

The data used in obtaining the results reported 
here was pre-processed as described above. We have, 
however, designed a more sophisticated and automated 
pre-processing system during the course of our investiga- 
tion. This new system, currently being implemented, 
reflects the knowledge gained during the earlier stages 
of the project. Again, our analysis of data has indicated 
where changes to our original system should be made. 
This pre-processing system is designed to use as input, 
the output of the modified PASS-1 program, and performs 
the functions discussed below. 
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a .  P r e - C a l i b r a t i o n  

Computes p r e - c a l i b r a t i o n  in fo rma t ion  by com- 
p a r i n g  r a d a r  observed va lues  w i t h  survey  
v a l u e s .  Using 1 0 0  c a l i b r a t i o n  measurement 
samples ,  i t  computes t h e  mean d i f f e r e n c e  o f  
r a d a r  and survey  measurements and t h e  s t a n -  
dard  d e v i a t i o n  about  t h i s  mean. A 30 e d i t i n g  
r o u t i n e  i s  used t o  e l i m i n a t e  rogue p o i n t s  i n  
t h e  c a l i b r a t i o n .  

b .  Data Q u a l i t y  Cont ro l  Check 

I n  a d d i t i o n  t h e  program compares r a d a r  
o p e r a t i o n a l  modes w i t h  t h e  miss ion  r e q u i r e -  
ments .- The fo l lowing  comparisons are made 
and a l l  i n c o n s i s t e n c i e s  no ted :  

t h e  r a d a r  i s  i n  t r a c k  mode 
t h e  t a r g e t  i s  d e t e c t e d  
t h e  au tomat ic  g a i n  c o n t r o l  (AGC) i s  on 
t h e  r a d a r  i s  n o t  i n  c o a s t / r a t e  a i d  
t h e  r a d a r  i s  i n  o p e r a t e  s t a t u s  
t h e  range i s  v e r i f i e d  
t h e  r a d a r  i s  i n  a p p r o p r i a t e  t r a c k  mode 

s k i n  o r  beacon (miss icn  dependent) 
s i g n a l  above 12db. 

I t  compares t h e  r a d a r  o p e r a t i o n a l  mode wi th  
t h e  mis s ion  requi rements .  The fo l lowing  
comparisons a r e  made : 

range se rvo  BW 
azimuth se rvo  BW 
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elevation serYo BW 
azimuth data corrector BW 
elevation data corrector BW. 

When the radar is in skin track node, the 
program verifies the following for CSP track- 
ing : 

radar is in CSP track 
fine line lock-on 
central line lock-on. 

In addition, the AGC calibration function is 
computed and used to convert AGC voltage to 
S/’N ratio using linear interpolation. 

c. Post -.Calibration 

In post-calibration the same computations as 
in pre-calibration are performed and compared. 
If the difference in range calibration results 
exceeds a pre-set value, post-calibration data 
is used but is flagged as questionable. The 
post-calibration data is used since post- 
calibration is generally performed closer to 
the actual track time. This comparison is 
done with a statistical significance test. 

We compute the quantity 

- 
J mn/ (m + n) (3, - X 2 )  

1/2 z =  
2 2 (c(xli - Tl) + c(X,~ - Xz) ) (m + n-2) 
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where : 

m = the pre-calibration sample size 

n = the post-calibration sample size 

'2 i c -  - - - 
'2 n 

- - ith reading of the pre-calibration '1 i 

- - ith reading of the post-calibration. '2i 

Since m and n are usually large (approximately 
100 samples) the computed quantity Z is nor- 
mally distributed with zero mean and unit 
variance. Therefore, if Z is less than 
2.54, the means are judged to be not signifi- 
cantly different at the 95% confidence level 
and the pre- and post-calibration results are 
averaged. If Z is greater than 2.54, the post- 
calibration data is used but flagged as 
questionable. 

d. Data Correction 

The following corrections are applied to the 
data which has passed the quality control. 

Apply range bias correction obtained from 
pre- and post-calibration. 

Apply doppler bias correction obtained 
from CSP skin calibration. 

2 4  



Remove t h e  beacon d e l a y  i n s e r t e d  du r ing  
t h e  r a d a r  s e t - u p  and apply  nominal de l ays  
f o r  t h e  a p p r o p r i a t e  beacon. 

Apply t r a n s i t  time c o r r e c t i o n s  t o  t h e  
measurement t ime as w e l l  as p ropaga t ion  
d e l a y s  s o  t h a t  t i m e  i s  naval  obse rva to ry  
synchronized .  

Apply r e f r a c t i o n  c o r r e c t i o n s  t o  range 
and e l e v a t i o n  a n g l e s .  The ground l e v e l  
index of r e f r a c t i o n  is  computed from 
meteo ro log ica l  d a t a .  

Compute and apply  l a g  c o r r e c t i o n  i f  
r eques t ed .  The p r e - p r o c e s s o r  w i l l  
de te rmine  whether t h e  4 1 0 1  r a d a r  l a g  
c o r r e c t i o n s  a r e  i n  g e n e r a l  agreement 
w i t h  l a g  c a l c u l a t i o n s  based on a p r i o r i  
ang le  r a t e s  and a c c e l e r a t i o n s .  I f  t h i s  
agreement i s  a c c e p t a b l e ,  t h e  4 1 0 1  r a d a r  
c o r r e c t i o n s  w i l l  be a p p l i e d .  I f  n o t ,  
they  w i l l  be computed i n  t h e  p r e -  
p r o c e s s o r .  

Ccjmpute S/N r a t i o  f rom AGC v o l t a g e  
c a l i b r a t i o n .  

The thermal  n o i s e  equa t ions  [ 2 ]  a r e  
used t o  compute range ,  azimuth, e l e v a -  
t i o n ,  and r a n g e - r a t e  n o i s e  f o r  each d a t a  
p o i n t  f o r  u se  i n  t h e  weight ing  scheme. 
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Using the corrected data, we compute 
nominal elements (inertial rectangular) 
for use in our data reduction program, 
NONAME. 

Finally, we re-format all the data in 
the Geodetic Satellite Data Service 
format which is compatible with NONAME. 

Further, we do not preprocess every data point but 
select every nth point. Recently, we have been using a 
one per second sampling rate which is generously within 
the bandwidth constraints for independent measurements. 
The independent measurements sampling restraint is 
approximately the reciprocal of the servo bandwidth. 

The original pre-processor was not as sophisticated 
as the current system. However, each modification to the 
original system satisfied a particular requirement indi- 
cated by the data reduction results or hardware evaluation 
experiments. A continuing effort is in progress to analyze 
and evaluate all of the terms of the radar error model to 
determine which systematic errors exhibit characteristics 
which will allow for their correction in the pre-processing 
system. The system will be expanded and modified asreces- 
sary until we are satisfied that all major errors which 
can be successfully "pre-processed" from the data are 
handled by the system. 
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4.5 Data Reduction Procedure 

Another important aspect of the calibration effort 
is the method used to reduce the tracking data after it 
has been "pre-processed." Wallops uses the NONAME pro- 
gram as its primary GEOS-I1 satellite tracking data 
reduction computational tool. This program, written in 
FORTRAN IV for the GE-625 computer facility at Wallops, 
is a Bayesian least squares adjustment program. The pro- 
gram uses a loth order predictor-corrector integrator 
which operates on the Cowell formulation of the equations 
of motion. This same integrator is used to integrate 
the variational equations to obtain the necessary partial 
derivatives. The current version of the program accepts 
gravitational coefficients up to and including degree and 
order 20. We currently use the SAO-determined M-1 gravity 
model which includes all terms up to degree and order 8 
plus additional higher order terms including the GEOS-I 
and I1 resonant terms. The use of a comprehensive gravity 
model such as this allows us to perform "long arc" reduc- 
tions. The program is modular in design which allows the 
user to substitute or add individual terms as well as 
complete gravity models in a simple and efficient manner. 
The program accepts all classes of data obtained by the 
GEOS- I1 tracking sys tems . The capability of handling 
various data classes allows us to reduce and analyze the 
data on a quick "turnaround" basis. 

4.6 Use of GSFC Laser in C-Band Calibration 

The C-Band Calibration efforts have been enhanced 
by the presence of the GSFC LASER during the period 
1 April 1968 to 30 June 1968 as a participant in the 
Wallops Island Collocation Experiment. 
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The GSFC LASER has  undergone e x t e n s i v e  intercom- 
p a r i s o n  w i t h  bo th  o p t i c a l  and dopp le r  systems and was 
found t o  be an  a c c u r a t e  ranging  system. The p r e s e n t  b e s t  
estimate of i t s  accuracy  i s  t h a t  i t s  range  n o i s e  i s  on 
t h e  o r d e r  of 1.5 meters o r  Less and that  it has  an appa- 
r e n t  range b i a s  of 3 meters o r  less  [3,4]. I t  i s  f o r  t h i s  
r e a s o n  t h a t  t h i s  system has been chosen by t h e  g e o d e t i c  
community a s  a r ang ing  s t a n d a r d .  I n  t h e  GEOS-I1 program 
t h e  LASER system h a s  been r e s t r i c t e d  t o  t r a c k i n g  when t h e  
s t a t i o n  i s  i n  da rkness  and the s a t e l l i t e  i l l u m i n a t e d  by 
t h e  sun.  I n  a d d i t i o n ,  t h e  c o n f i g u r a t i o n  of t h e  LASER 
r e f l e c t o r s  on the s p a c e c r a f t  and t h e  geometry of t h e  o r b i t  
combine t o  l i m i t  the  t r a c k i n g  t o  e l e v a t i o n  ang le s  above 
30 ' .  

Approximately 30 p a s s e s  of LASER d a t a  were obta ined  
a t  Wallops. During most of t h e s e  p a s s e s ,  t h e  Wallops 
AN/FPQ-6 and AN/FPS-16 were a l s o  t r a c k i n g .  This  a f f o r d s  
u s  t h e  oppor tun i ty  t o  reduce AN/FPQ-6, AN/FPS-16 d a t a  and 
LASER d a t a  s imul t aneous ly  i n  bo th  s h o r t  and long a rc  
r e d u c t i o n s  and t o  ana lyze  and e v a l u a t e  t h e  sys t ema t i c  
e r r o r s  i n  t h e  r a d a r s  u s i n g  t h e  LASER d a t a  a s  a comparison 
s t a n d a r d .  S e c t i o n  5.0 c o n t a i n s  t h e  r e s u l t s  of some of 
t h e s e  comparisons.  
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5.0 DATA ANALYSIS RESULTS 

The data analysis was divided into five general 
categories. (1) The short arc analysis of AN/FPQ-6 data 
was performed to determine noise levels and their stabi- 
lity. ( 2 )  The short arc intercomparisons were done to 
ascertain the agreement and consistency between C-Band 
and LASER systems. ( 3 )  Long arc intercomparisons were 
conducted to investigate systematic trends. (4) To 
determine the validity of the orbital solutions long 
arc predictions were compared against actual tracks. 
(5) In addition to the above, radar systems experiments 
were carried out to determine how calibration methods 
affected range measurements. These five areas will be 
discussed in the following sections. 

5.1 Short Arc Analysis - AN/FPQ-6 Only 

The object of short arc single station solutions 
is to estimate the noise on a given measurement channel 
without influencing the estimate with systematic errors 
which may be present in this channel. 

A total of 36 passes of GEOS-I1 data have been 
analyzed in this manner. Table I11 summarizes the 
results of these short arc fits. These arcs represent a 
wide variety of types of passes with the maximum elevation 
angle ranging from 8 8 . 8 '  to 23.6'. Both daytime and 
nighttime passes are included as well as passes using 
both the long and short delay transponder. The data was 
used at a sampling rate of 0r.e sample per second. A s  can 
be seen from the table, a very small number (i.e., ~ 1 % )  
of the data points were edited out of the solutions. The 
only significant editing occurs in the azimuth data during 
high elevation passes (i.e., >65'). 
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Date 

4 - 1  

4 - 2  
4 - 3  
4 - 4  
4 - 5  

4 - 6  
4 - 9  
4 -  9 
4 - 1 0  
4 - 1 1  
4 -  1 2  
4 - 1 3  

4 - 1 5  
4 - 1 6  

4 - 1 7  
4 - 1 8  
4 -  1 9  
4 - 2 0  
4 - 2 1  
4 -  2 1  
4 -  22 
4 - 2 2  
4 -  23 
4 -  2 4  
4 -  2 4  - 

1 0 3 9  

1 0 4 4  
1 0 5 7  
1 0 7 0  
1 0 8 3  
1 0 9 6  
1 1 3 4  

1 1 4 2  
1 1 4 7  
1 1 6 0  
1 1 7 3  
1 1 8 6  

1 2 1 9  
1 2 2 4  

1 2 3 7  
1 2 5 0  
1 2 6 3  
1 2 7 5  
1 2 8 8  
1 2 9 6  
1 3 0 1  
1 3 0 9  
1 3 1 4  
1 3 2 7  
1 3 3 4  

Test 

1 
2 
3 
4 

5 
6 
7 
8 
9 

1 0  
11 
1 2  

13  
1 4  

1 3  
1 6  

1 7  
1 8  
1 9  
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  - 

Time 
Start 

1 6 h 2 2 m  

0 1  16  
0 1  3 5  
0 1  55  
0 2  1 4  
0 2  3 2  
0 1  40  
1 7  0 5  
0 1  5 9  
0 2  00 

0 2  3 7  
0 2  5 8  
1 7  1 2  
0 2  0 4  
0 2  2 3  
0 2  4 2  

0 3  0 3  
0 1  3 2  
0 1  5 2  
1 7  1 7  
0 2  1 0  
1 7  36 
0 2  3 0  
0 2  4 8  
1 6  2 4  

Max 
E l  e 

I_ 

4 6 "  
51" 
6 8 "  
8 8 0 8  

51" 
6 2 "  

32" 
8 2 "  
8 2 . 7  
5 6 "  
41:3 

34: 1 
7 7 "  
8 2 "  
6 1 "  
45:s 
41: 2 
54:l 
3 6 ? 9  
71:3 
2 9 0 7  
8 7 "  
67: 3 

76:2 - 

1W.S 
R 

0 . 7 0  
0 . 8 4  

1 . 5 8 5  

0 . 8 5  
1 . 3 3 0  

0 . 5 2  
0 . 7 7 0  
0 . 8 6 8  
1 . 2 8 0  
0 . 8 5 0  
1 . 4 3 2  

0 . 7 1 2  
1 . 4 0 4  

W S  
A 

2 5 . 8  
2 6 . 1  

2 2 . 8  

1 8 . 2  

2 0 . 1  

13 .6  

1 4 . 7  
2 6 . 1  
2 9 . 6  
3 0 . 9  
2 2 . 8  

2 7 . 6  
3 1 . 4  - 

ms 
E 

4 3 . 1  
3 2 . 7  

4 1 . 2 5  

1 6 . 6  

1 7 . 1  

13 .3  

1 9 . 1  
2 8 . 5  
2 0 . 8  
4 1 . 4  
1 7 . 0  

3 7 . 6  
3 3 . 7  

i\ro A Z  
YTD Out 

7 1  
1 3  

13  

2 

1 

0 
1 
1 

0 

2 4  
1 5  

2 
2 2  

No El 
NTD Out 

1 

0 

11 

2 

u 

0 

1 
1 
0 

1 
1 3  

2 
0 

No R 
WTD a u t  

3 

1 

7 

2 

1 

0 
1 
1 

0 
0 

1 4  

3 

0 

Vean R a n g e  
Di f fe re  e s  

AN/FPS- 1 6  ASER 

- 2  
+ 4  

- 2  

+ 9  
+ 6  
+ 7  

+ 8  

+ 7  
+ 1 0  

1 

1 

2 

SUMMARY OF COLLOCATION T E S T S  
TABLE I 1 1  



D a t e  - 
4- 2E 
4-26 
4- 2f 
4- 2f 
4- 2s 
5-1 
5- 2 
5-2 
5-3 
5-3 
5- 4 
5-6 
5- 7 
5- 8 
5-8 
5-9 
5-10 
5-13 
5- 16 
5-17 
5-18 
5- 21 
5- 21 
5- 22 - 

R e v  . 

1352 
1353 
1378 
1386 
1391 
1417 
1429 
1430 
1442 
1450 
1455 
1488 
1494 
1506 
1507 
1519 
1540 
1578 
1616 
1629 
1635 
1673 
16 74 
1686 - 

T e s t  

26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 

T i m e  
S t a r t  

Olh42' 
03 27 
02 17 
17 43 
02 33 
03 13 
01 43 
03 32 
02 01 
17 27 
02 20 
16 34 
03 17 
01 48 
03 37 
02 06 
17 49 
16 56 
16 04 
16 25 
03 06 
02 16 
04 10 
02 36 

Max. 
E l .  

3808 
3605 
6604 
3200 
86 " 
5501 
360 8 
4101 
4707 
4203 
6108 
8500 
60?4 
3501 
4504 
450 2 
3 7* 
73" 
56" 
7006 
87" 
40?9 
42" 
5202 - 

RMS 
R 

0.812 
0.79i 
0.94C 
1.075 

0.854 
0.73 
0.74 
0.74 
1.2 
1.05 
1.46 
0.83 
0.69 
0.70 
0.70 

1.4 

0.84 

0.80 

RV S 
A 

6. P 
14.7 
30.4 
19.6 

13. 7 
13.8 
11.8 
16.1 
33.6 
22.2 
27.4 
17.9 
8.6 

13.8 
15.3 

34.6 

11.9 

18.4 - 

RMS 
E 

10.0 
10.0 
31.2 
10.5 

18.8 
13.7 
16.1 
19.3 
28.7 
32.2 
49.4 
16.6 
8.9 
11.9 
17.7 

12.4 

9.3 

18.0 - 

:'do A z  
WTD O u t  

0 
1 
0 
0 

0 
0 
1 
0 
0 
9 
42 
1 
1 
0 
0 

59 

0 

0 

No E l  
WTD Out 

0 
1 
0 
0 

0 

0 
1 
0 
0 
6 
0 
0 
1 
0 
0 

3 

1 

0 

No R 
WTD O u t  

0 
1 
0 

0 

0 
0 
1 
0 
0 
7 
0 
0 
1 
0 
0 

0 

2 

1 

Mean R a n g e  
D i f f e i  

AN/- 

+12 
+8 
+7 
+7 

+ 1 0  
+6 
+9 
+7 
+3 
*+42 
+7 
+8 
+6 
+4 
+7 

+7 

+8 

nces 
L A S E R  

+2 
+3 

+ O  

*+34 

+3 

-2 

-1 

0 
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5-  22 
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Rev # 

1687 
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50 
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52 
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54 
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04h26m 
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04 46 
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R 
- 
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1.3 
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I .  82 
1.98 

RMS 
A 

11.5 
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12.7 
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E 
I_ 
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17.2 
1 1 . 9  

9.9 
1.6.7 

No Az 
WTD Out 

0 
0 
6 
0 
71 

So El 
WTD Out 

i4OTE: A p r i o r i  weights  
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= 2 m  

aA = 50m 

o . ~  = 50m 

O R  

ir 

SUMMARY OF COLLOCATION TESTS 
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No R 
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Mean Range 
Di f f e r  

ANIFPS - 16 

+ 5  

*+38 

ices 
LASER 

+6 

+6 

* - 1 Usec pu l sewid th  
used  by AN/FPQ-6 



Figures  6 th rough 14  show range ,  azimuth and 
e l e v a t i o n  r e s i d u a l s  f o r  t e s t s  38, 4 7  and 5 4 .  These 
t es t s  a r e  r e p r e s e n t a t i v e  of t h e  c l a s s  of geometr ies  
encountered  i n  t r a c k i n g  GEOS-11 .  The maximum e l e v a t i o n  
ang le s  du r ing  these  p a s s e s  were 60° ,  40"  and 84' r e s p e c -  
t i v e l y .  The range r e s i d u a l s  i n  each c a s e  have an RMS and 
a n o i s e  l e v e l  of approximate ly  1 mete r .  

The tendency f o r  t h e  azimuth r e s i d u a l s  t o  be l a r g e  
nea r  t h e  p o i n t  of c l o s e s t  approach (PCA) can be observed 
on t h e  p l o t s .  I t  can a l s o  be observed t h a t  t h i s  tendency 
i s  much more pronounced on t h e  h igh  e l e v a t i o n  p a s s e s .  
There a r e  s e v e r a l  p o s s i b l e  sou rces  of  e r r o r s  o f  t h i s  
type i n  t h e  azimuth d a t a .  I n d i c a t i o n s  a r e  t h a t  t h e  two 
l a r g e s t  c o n t r i b u t o r s  t o  t h i s  azimuth problem a r e  e r r o r s  
i n  t h e  l e v e l i n g  c o e f f i c i e n t s  and dynamic l a g .  Recent 
l e v e l i n g  t e s t s  have shown a peak- to -peak  v a r i a t i o n  i n  a 
s i n g l e  day of 7 seconds of a r c  i n  ampl i tude  and 8 degrees  
i n  phase i n  t h e  l e v e l i n g  c o r r e c t i o n  c o e f f i c i e n t s  (KZ, K3). 
This could  c o n t r i b u t e  a s  much a s  70 seconds i n  azimuth 
e r r o r  a t  an e l e v a t i o n  ang le  of  84'. Another p o s s i b l e  
sou rce  f o r  t h i s  e r r o r  was d i scove red  when it was found 
t h a t  t h e  g a i n  of t h e  azimuth se rvo  a m p l i f i e r  was below 
nominal due t o  a f a u l t y  tube .  This  problem was c o r r e c t e d  
a s  of 2 1  May 1968, and we a r e  s t u d y i n g  i t s  e f f e c t s  on t h e  
azimuth r e s i d u a l s .  

The r e s u l t s  of t h e s e  s h o r t  a r c  ana lyses  demonst ra te  
t h e  low n o i s e  and i n h e r e n t  s t a b i l i t y  of  t h e  AN/FPQ-6 
r a d a r .  Thus, i t  i s  c l e a r  t h a t  t h e  AN/FPQ-6 i s  a system 
of g e o d e t i c  p r e c i s i o n .  
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5 . 2  Short  Arc Intercomparison 

The GSFC LASER i s  t h e  accepted range s t a n d a r d  i n  
t h e  g e o d e t i c  community. For t h i s  reason we chose t o  use 
i t  f o r  our s h o r t  arc in te rcompar isons .  I n  our f i r s t  inves-  
t i g a t i o n  only t h e  LASER d a t a  w a s  used t o  g e n e r a t e  t h e  
r e f e r e n c e  o r b i t .  I t  i s  important  t o  mention i n  t h i s  
connect ion t h a t  t h e  o r b i t  der ived  from a s h o r t  arc of 
d a t a  i s  d e f i n i t i v e  only over t h e  d a t a  span. Consequently, 
one can only expect  t o  compare t h e  r a d a r  measurements w i t h  
t h e  LASER-determined s h o r t  a r c  over t h e  LASER d a t a  i n t e r v a l .  
The v a l i d  intercomparison i n t e r v a l  i s  a p p r o p r i a t e l y  marked 
i n  Figure 1 5 .  A s h o r t  a r c  s o l u t i o n  was determined using 
t h e  LASER d a t a  on 5 A p r i l  1968 where we chose t h e  epoch of 
t h e  elements t o  correspond t o  t h e  r a d a r  d a t a  a t  8.8' e l e v a -  
t i o n .  A s  can be seen t h e  r a d a r  and LASER r e s i d u a l s  agree  
extremely w e l l  over t h e  LASER d a t a  span,  and t h e  AN/FPQ-6 
r e s i d u a l s  d e t e r i o r a t e  where no LASER d a t a  e x i s t s .  This 
was a beacon only mission w i t h  t h e  r a d a r  s e t - u p  as  i n d i c a t e d  
i n  Table 11. Figure 15 is an example of t h e  agreement 
which we have c o n s i s t e n t l y  found between t h e s e  two s y s -  
tems. 

Having gained t h i s  conf idence ,  w e  chose t o  r e v e r s e  
t h e  r o l e  of t h e  r a d a r  and t h e  LASER d a t a  i n  t h e  s h o r t  
a r c  s o l u t i o n s ,  thus  ga in ing  t h e  added s t r e n g t h  of  o r b i t a l  
geometry obta ined  from the  r a d a r  system which can t r a c k  
from horizon t o  hor izon .  F igures  16-18 show such an 
intercomparison where r a d a r  d a t a  above 10 '  i n  e l e v a t i o n  
was used i n  t h e  s o l u t i o n .  This aga in  w a s  a beacon only 
mission.  I n  t h i s  case  t h e  LASER and t h e  AN/FPS-16 r e s i -  
dua ls  a r e  a l s o  shown but  n e i t h e r  of t h e s e  d a t a  s e t s  was 
weighted i n  t h e  s o l u t i o n .  The maximum e l e v a t i o n  angle  
during t h i s  pass  was 6004 .  
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Figures 19 through 24 show results from passes 
on 21 May 1968 and 24 May 1968, respectively. Again 
these represent solutions determined using AN/FPQ-6 data 
but include the LASER and/or AN/FPS-16 residuals from 
this solution. The maximum elevation angles in these 
passes are 40.9' and 84.3' respectively. Of particular 
interest in both cases is the agreement among the mea- 
sured ranges. 

We find this agreement very encouraging and we 
feel that the sources of the biases can be identified. 
Investigation of the pulse returned by the spacecraft 
beacon has uncovered a deviation in width from the 0.5 
microseconds previously assumed. Since the range error 
is determined from the time interval between the centroid 
of the transmitted pulse and the centroid of the received 
pulse a bias proportional to one half the difference in 
these pulsewidths will occur. In beacon mode we have 
determined that this is of the order of six meters. This 
is an example of a systematic error being identified which 
is uncorrectable in the hardware. We, consequently, can 
account for it in postflight processing or calibration. 
This bias, which is not taken into account in the results, 
is present in Figures 19-24 and is in part the cause of 
the systematic difference between the AN/FPQ-6 and the 
other instruments. 

Another systematic error source was discovered from 
the analysis of the AN/FPS-16 range residuals on test 
4 7 ,  Figure 19. The AN/FPS-16 range residuals show a 
sudden dip at approximately 02h21m30s; they remain at 

h m s  this lower level until 02  25 30 where they rise to this 
original level again. Investigation of the data revealed 
that an elevation bit drop-out in the AN/FPS-16 data occurred 
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during this period, causing the elevation angle to be in 
error by 22.5 degrees. Thus, since range is refraction 
corrected as a function of elevation angle, the range 
refraction corrections during this period were in error. 

The short arc intercomparisons pointed up some 
procedural difficulties in data taken during beacon/skin 
missions. Figures 25 and 26 show results obtained from 
beacon/skin missions of 16 April and 24 May 1968, (tests 
14 and 54) where only the An/FPQ-6 data yas used to deter- 
mine the short arc. As can be seen from Figure 25, the 
AN/FPS-16 , the LASER and skin track portion E of the ANjFPQ-6 
data agree extremely well, but appear to be biased by 
approximately 30 meters with respect to the AN/FPQ-6 bea- 
con data, entirely consistent with our explanation in 
Section 5.5 ( b ) .  This pulsewidth bias, dfscovered from 
the intercomparison, can be removed either in calibration . 

qr postflight processing. 

2 '  

* -  

- 
., 

The same type of residual pattern is evident in 
Figure 26 (Test 54). This test was originally scheduled - ~ 

as an AN/FPQ-6 beacon/skin mission, but the skin track 
attempt was unsuccessful (note the break in AN/FPQ-6 track ' .  

at approximately 3 20 30 ) .  A pulsewidth problem; described 
in Section 5.5 (b), is evidenced by comparing the AN/FPS-16 
and AN/FPQ-6 range residuals. 

h m s  

The intercomparison results to date indicate good 
agreement between the AN/FPQ-6, LASER and AN/FPS-16 s y s -  

tems. There do remain biases of a few meters between these 
instruments which we are continuing to investigate. A num- 
ber of error sources ,have been identified and are being 
evaluated for their stability and magnitude. 
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5 . 3  Long A r c  In t e rcompar i son  -- 

I n  any s h o r t  arc  r e d u c t i o n ,  t h e  o r b i t  i t s e l f  can 
a c t  a s  a f i l t e r  and abso rb  some of t h e  s y s t e m a t i c  e r r o r s  
i n  t h e  t r a c k i n g  sys tem.  A complete  c a l i b r a t i o n  p rocedure ,  
t h e r e f o r e ,  must i n c l u d e  t h e  r e d u c t i o n  and a n a l y s i s  of  long  
arc d a t a  where t h e  e f f e c t s  of major  s y s t e m a t i c  e r r o r s  can  
no l o n g e r  be masked. F i g u r e  2 7  shows t h e  r e s i d u a l s  from 
a t y p i c a l  long a r c  of AN/FPQ-6 GEOS-I1 t r a c k  t aken  a t  
Wallops.  The arc  cove r s  a p e r i o d  of approx ima te ly  26 
hour s  and c o n s i s t s  of  two c o n s e c u t i v e  r e v o l u t i o n s  on 
2 2  May 1968 and two c o n s e c u t i v e  r e v o l u t i o n s  on 23 May 
1968. F igu res  28 t o  31 show t h e  R ,  A 6 E r e s i d u a l s  f o r  
each  af t h e s e  p a s s e s  reduced i n d i v i d u a l l y  ( s h o r t  a r c ) .  
One can  r e a d i l y  see t h a t  t h e  s h o r t  a r c  r e s u l t s ,  wh i l e  
y i e l d i n g  good n o i s e  e s t i m a t e s ,  do n o t  g i v e  a c l e a r  i n d i c a -  
t i o n  of  t h e  p r e s e n c e  and n a t u r e  of s y s t e m a t i c  e r r o r s  i n  
any of t h e  c h a n n e l s .  The long  a r c  r e s u l t s ,  however, i n d i -  
ca t e  a p robab le  35 sec of a r c  b i a s  i n  t h e  Az  and E l  channe l s  
and i n d i c a t e  s y s t e m a t i c  t r e n d i n g  of t h e  range  r e s i d u a l s .  
These r e s u l t s  shou ld  n o t  be i n t e r p r e t e d  a s  meaning t h a t  
t h e  s y s t e m a t i c  e r r o r s  a r e  n e c e s s a r i l y  caused by t h e  
AN/FPQ-6. The t r e n d i n g  of t h e  r ange  r e s i d u a l s ,  f o r  
example,  cou ld  be caused  by t h e  u n c e r t a i n t y  i n  t h e  model 
of t h e  g e o p o t e n t i a l  o r  by o t h e r  model l ing  u n c e r t a i n t i e s .  
As a f u r t h e r  i n d i c a t i o n  t h a t  t h e  range  r e s i d u a l  t r e n d s  
may n o t  be caused by AN/FPQ-6 sys tem problems,  LASER 
o b s e r v a t i o n s  were t aken  on t e s t  49 and t e s t  5 2 ,  and t h e y  
were inc luded  i n  t h e  r e d u c t i o n  w i t h  "zero" weight  s o  as 
n o t  t o  a f f e c t  t h e  s o l u t i o n .  A p l o t  of  t h e s e  LASER r e s i -  
d u a l s  i n  F i g u r e  2 7  shows t h a t  t h e y  a r e  t r ended  i n  e x a c t l y  
t h e  same Banner as t h e  AN/FPQ-6 r e s i d u a l s  and a g r e e  t o  
- + 2 - 3  meters w i t h  t h e  AN/FPQ-6. 
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The r e s u l t s  of t h i s  and o t h e r  long  a r c  r e d u c t i o n s  
a r e  an  i n d i c a t i o n  t h a t  t h e r e  a re  no g r o s s  s y s t e m a t i c  
e r r o r s  i n  t h e  AN/FPQ-6.  We are  c o n t i n u i n g  our  i n v e s t i g a -  
t i o n  i n t o  t h e  p o s s i b l e  s o u r c e s  of  t h e  e x i s t i n g  s y s t e m a t i c  
e r r o r s ,  and w e  i n t e n d  t o  f u r t h e r  i n v e s t i g a t e  t h e  c o n t r i -  
b u t i o n  of g e o p o t e n t i a l  model u n c e r t a i n t i e s ,  su rvey  e r r o r ,  
e t c . ,  on t h e  R ,  A ,  and E measurements.  

5 . 4  Long Arc P r e d i c t i o n  C a p a b i l i t y  

One of t h e  most s e n s i t i v e  means of de t e rmin ing  t h e  
v a l i d i t y  of an  o r b i t a l  s o l u t i o n  i s  t o  compare t h e  p o s i -  
t i o n s  of t h e  s a t e l l i t e  p r e d i c t e d  by t h i s  s o l u t i o n  w i t h  
t h o s e  de te rmined  by a c t u a l  measurement.  I d e a l l y ,  one 
would l i k e  t o  have s a t e l l i t e  o b s e r v a t i o n s  t aken  from a 
network w e l l  d i s t r i b u t e d  g e o g r a p h i c a l l y  s o  t h a t  t h e  
q u a l i t y  of t h e  s o l u t i o n  ove r  a complete  o r b i t  can be 
judged.  A t  t h i s  w r i t i n g ,  however, wor ld  wide obse rva -  
t i o n s  from GEOS-I1 are  n o t  a v a i l a b l e .  T h e r e f o r e ,  we t u r n  
our  a t t e n t i o n  t o  a more r e s t r i c t e d  b u t  p e r t i n e n t  s t u d y ,  
t h e  s i n g l e  s t a t i o n  long  arc  p r e d i c t i o n .  

The i n t e r e s t  i n  t h i s  s p e c i a l  case i s  two- fo ld :  

a .  t o  show t h a t  some s y s t e m a t i c  e r r o r s  can be 
i d e n t i f i e d  i n  n e a r  r e a l - t i m e  w i t h o u t  a c t u a l l y  
r educ ing  t h e  d a t a  i n  an  o r b i t a l  s o l u t i o n ,  and 

b .  t o  show t h a t  t h e  AN/FPQ-6 i s  c a p a b l e  of p ro -  
v i d i n g  a c q u i s i t i o n  d a t a  o f  s u f f i c i e n t  accu racy  
t o  a l l o w  t h e  GSFC LASER t o  t r a c k  wi thou t  manual 
a i d .  

6 4  



Unaided LASER t r ack ing  i s  of i n t e r e s t  because it 
would l i f t  t h e  p re sen t  r e s t r i c t i o n s  r equ i r ing  the  LASER 
s t a t i o n  t o  be i n  darkness  and s a t e l l i t e  t o  be i l lumina ted  
by the  sun and even sugges ts  t he  p o s s i b i l i t y  of day l igh t  
t r ack ing .  Furthermore, a l though i t  has been demonstrated 
[4] t h a t  t h e  LASER i t s e l f  has the  c a p a b i l i t y  of providing 
i t s  a c q u i s i t i o n  d a t a  t o  ope ra t e  i n  t h e  mode, t h e r e  a r e  
l i k e l y  t o  be per iods  of s e v e r a l  days where weather w i l l  
make LASER t r ack ing  impossible .  The AN/FPQ-6 i s ,  o f  
course,  not  l imi t ed  i n  t h i s  r e spec t  and the re fo re  would 
be a b l e  t o  ob ta in  t h e  d a i l y  d a t a  necessary t o  update the  
o r b i t s .  

We a r e  ab le  t o  demonstrate these  c a p a b i l i t i e s  using 
t h e  experiment d i scussed  i n  Sec t ion  5.3,  Long Arc I n t e r -  
comparison. The long a r c  s o l u t i o n  f i t  t o  AN/FPQ-6 d a t a  
covering a twenty,dix hour per iod  i n  Tes ts  4 9 ,  5 0 ,  52 and . 

53 was used t o  p r e d i c t  t h e  range measurements expected 
from Test  5 4 ,  approximately 2 4  hours a f t e r  t e s t  52  o r  50 
hours f r o m  t h e  long a r c  s o l u t i o n  epoch, These computed 
range measurements were then  compared wi th  those obtained 
from t h e  AN/FPQ-6 and t h e  AN/FPS-16 r ada r  which t racked  
diiring Test  5 4 .  Figure 32 shows t h e  d i f f e r e n c e s  between 
the  r ada r  measured ranges and those  p red ic t ed  from the  
long a r c .  We see  t h a t  t h e  AN/FPS-16 r e s i d u a l s  a r e  always 
l e s s  than 2 0  meters and have an RMS of f i t  of  7 meters .  
The AN/FPQ-6 r e s i d u a l s  d i s p l a y  t h e  same t rend  as  t h e  
AN/FPS-16 d a t a  but  a r e  s i g n i f i c a n t l y  l a r g e r  i n  magnitude 
reaching a s  much a s  55 meters .  I n v e s t i g a t i o n  i n t o  the  
r ada r  s e t - u p  l eads  u s  t o  d i scover  t h a t  a one microsecond 
pulsewidth r a t h e r  than t h e  p re sc r ibed  0 . 5  microsecond 
width has been used. A s  mentioned previous ly  t h i s  causes 
a b i a s  i n  range.  Figure 33 shows the  same r e s i d u a l  p l o t s  
bu t  w i th  t h e  pulsewidth b i a s  removed from the  AN/FPQ-6. 
The agreement between t h e  instruments  i s  now e x c e l l e n t .  
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These r e s u l t s  d e m o n s t r a t e  b o t h  t h e  c a p a b i l i t y  f o r  
b i a s  i d e n t i f i c a t i o n  and adequacy of t h e  d a t a  t o  p r o v i d e  
a c c u r a t e  a c q u i s i t i o n  i n f o r m a t i o n .  

5 . 5  Ha r dw a r e Eva 1 u a t i on E xp e r i m  e n-t s 

S i n c e  a n  i m p o r t a n t  a s p e c t  of t h e  c a l i b r a t i o n  
m i s s i o n  i s  t h e  i d e n t i f i c a t i o n  of s o u r c e s  of s y s t e m a t i c  
e r r o r s ,  w e  are pe r fo rming  a s e r i e s  of  r a d a r  expe r imen t s  
des igned  t o  a s s i s t  us i n  d e t e r m i n i n g  t h e  magnitude and 
s i g n  of s y s t e m a t i c  e r r o r s  i n  t h e  r a n g e  d a t a .  The r e s u l t s  
of t h e s e  expe r imen t s  a re  d e s c r i b e d  below,  and a t a b u l a -  
t i o n  of t h e  e r r o r s  d e f i n e d  t o  d a t e  i s  g i v e n  i n  Table  I V .  
I t  shou ld  be n o t e d  t h a t  t h i s  t a b u l a t i o n  i s  by no means 
comprehensive o r  g e n e r a l  i n  n a t u r e .  I t  d e f i n e s  e r r o r s  
which w e  have d i s c o v e r e d  and measured a t  Wal lops .  Some 
of t h e  e r r o r s  a re  i n h e r e n t  i n  t h e  p r o c e d u r e s  used  t o  
g a t h e r  and p r o c e s s  t h e  d a t a .  We a r e  c o n t i n u i n g  t h e  e x p e r i -  
ments t o  f u r t h e r  d e f i n e  a d d i t i o n a l  s o u r c e s  and e x p e c t  t o  
u p d a t e  o u r  t a b u l a t i o n  as t h e  r e s u l t s  of  t h e s e  expe r imen t s  
become a v a i l a b l e  and a re  a n a l y z e d .  

Range- O s c i l l a t o r  D r i f t  __- -- a. 

The AN/FPQ-6 r ange  r e f e r e n c e  o s c i l l a t o r  i s  d e s i g n e d  
t o  p r o v i d e  2 0 0 0  I n t e r n a t i o n a l  y a r d s  p e r  c y c l e .  I n  o r d e r  
t o  a s c e r t a i n  t h e  a c t u a l  f r equency  of  t h e  o s c i l l a t o r s  i n  
t h e  AN/FPQ-6 and AN/FPS-16, t h e y  were compared t o  t h e  
Wallops cesium beam s t a n d a r d .  These measurements i n d i c a t e  
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TABLE I V  
SUMAFE OF MEE ERROl3 CORRECTIOB --- - COLWCATION TESTS 1-1W 

(Dependent on Wallops Calibration Methods) 
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+ 0.8 yd 
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+ 1 yd - 
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- + 3.5 Yda 
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(a) calculated e r ror  fron 
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t h a t  t h e  AN/FPQ-6 o s c i l l a t o r  r a t e  i s  81 ,964 .2x* c p s  and 
t h a t  of t h e  AN/FPS-16 i s  81 ,964 .29  c p s .  These measure-  
ments  a re  l i m i t e d  by t h e  r e s o l u t i o n  of  t h e  t ime i n t e r v a l  
c o u n t e r  a v a i l a b l e  a t  Wal lops .  We hope t o  make a d d i t i o n a l  
measurements i n  t h e  f u t u r e  u s i n g  a more p r e c i s e  c o u n t i n g  
t e c h n i q u e .  S i n c e  t h e  d e s i g n  f r equency  (based  on t h e  speed  

of l i g h t  i n  vacuo = 327,857,064 - + 4 3 7  y d s / s e c  [ 6 ] )  i s  
81 ,  964 .266  c p s ,  an  e r r o r  approx ima te ly  1 y a r d  i n  1 0 0 0  

n a u t i c a l  miles  i s  p o s s i b l e  w i t h  t h e  knowledge o f  t h e  
o s c i l l a t o r  f r e q u e n c y .  T h i s  r a n g e  i s  t y p i c a l  f o r  GEOS-I1 
p a s s e s .  

The e r r o r  i n  r a n g e  is  r e p r e s e n t e d  by:  

T a r g e t  Range (yds )  
2Fr 2 0 0 0  yds "I = 2000  yds  - 'R . [ 

where C = v e l o c i t y  of l i g h t  i n  vacuo ( y d s / s e c )  

f r  = Range Reference  O s c i l l a t o r  Frequency ( c p s ) .  

The AN/FPS-16 o s c i l l a t o r  i s  more s t a b l e  t h a n  t h a t  
of  t h e  AN/FPQ-6, and w e  t h e r e f o r e  a d j u s t  t h e  AN/FPQ-6 
o s c i l l a t o r  p r i o r  t o  each m i s s i o n  u n t i l  t h e  r ange  r a t e  
between t h e  AN/FPQ-6 and AN/FPS-16 i s  under  20 y a r d s / s e c .  
A t  1000 n a u t i c a l  m i l e s  (12 ,202psec)  r a n g e ,  t h e  r ange  e r r o r  
between t h e  two r a d a r s  i s  less t h a n  0 . 2 5  y d s .  

* The b a r  ove r  t h e  f i n a l  d i g i t ( s )  i n d i c a t e s  t h a t  t h i s  i s  
a n o n - s i g n i f i c a n t  number c a r r i e d  i n  t h e  c a l i b r a t i o n  
t o  p r e v e n t  rounding  e r r o r s .  
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Since this error is systematic and proportional 
to range, it could be further reduced if we were able 
to precisely measure the oscillator frequencies prior 
to, during, or after track. This is not possible with 
our present test equipment. Until better equipment is 
available for these measurements, the radars will be 
maintained to within 20 yds/sec of each other and the 
absolute oscillator frequencies assumed to be more pre- 
cise than our capability to measure them. 

b. Pulse Width Matching 

Since the AN/FPQ-6 and AN/FPS-16 radarsare 
centroid trackers, any difference in the pulsewidth used 
for calibration and the pulsewidth experienced in tracking 
will result in a range bias error. For example, for 
GEOS-I1 beacon/skin missions, the AN/FPQ-6 was calibrated 
using a lpsec pulsewidth; the beacon portion of the 
mission was tracked using lpsec pulsewidth while the actual 
transponder reply was 0.6psec. As shown below, the differ- 
ence between the two centroids is 0.2psec when the same 
leading edge is referenced . 

8 

0.6 ps 

The radar range system does reference the leading edge 
when establishing zero range with the transmitter trigger. 
The 0.2psec difference thus results in a range bias which, 
at the radar propagation velocity of 163.9 yards/psec, repre- 
sents 3 2 . 8  yards of range error which must be added to 
the data to maintain calibration. 
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When s u p p o r t i n g  pu re  beacon m i s s i o n s ,  t h e  AN/FPQ-6 
was c a l i b r a t e d  u s i n g  a 0 .5usec  p u l s e w i d t h ,  which when com- 
p a r e d  t o  t h e  t r ansponder  r e t u r n  of 0 .6vsec ,  r e s u l t s  i n  a 
range  b i a s  of - 8 . 2  y a r d s .  A f u r t h e r  e r r o r  of t h e  same 
n a t u r e  cou ld  deve lop  i f  t h e  a c t u a l  r a d a r  pu l sewid th  were 
d i f f e r e n t  from t h a t  i n d i c a t e d .  For example,  t h e  a c t u a l  
p u l s e w i d t h  c o u l d  be 0.98usec when t h e  mode s e l e c t o r  i n d i -  
cates 1 psec.  Th i s  p o s s i b l e  sou rce  i s  c u r r e n t l y  be ing  
i n v e s t i g a t e d .  

C .  R e f r a c t i o n  

The su rvey  d i s t a n c e  t o  t h e  range  t a r g e t  i s  2 6 , 8 8 0  f t .  
a t  an  e l e v a t i o n  of .3O. A t  t h i s  range  and e l e v a t i o n  t h e  
d i s t a n c e  t o  t h e  range  t a r g e t  shou ld  measure approximate ly  
3 meters - + .5 meters l o n g e r  t h a n  su rvey  because  of t h e  
e f f e c t  of a tmosphe r i c  r e f r a c t i o n .  Th i s  3 meter e r r o r  
was n o t  removed from any of t h e  39 n o i s e - o n l y  s h o r t  a r c  
d a t a  r e d u c t i o n  r u n s .  

The r e f r a c t i o n  c o r r e c t i o n s  t o  range  and e l e v a t i o n  
were :nade u s i n g  nominal v a l u e s  t o  c a l c u l a t e  t h e  r e f r a c t i v e  
index .  No a t t e m p t  was made t o  use  any m e t e o r o l o g i c a l  d a t a  
t o  c o r r e c t  f o r  r e f r a c t i o n  e r r o r s .  

d .  Range D r i f t  

We have compiled t h e  p r e -  and p o s t - m i s s i o n  range  
t a r g e t  c a l i b r a t i o n  d a t a  f o r  1 0 9  AN/FPQ-6 t r a c k s  t aken  
d u r i n g  t h e  c o u r s e  of t h e  c o l l o c a t i o n  exper iments  a t  
Wallops S t a t i o n .  I n v e s t i g a t i o n  of t h i s  d a t a  r e v e a l s  t h a t  
t h e  p r e - m i s s i o n  range  c a l i b r a t i o n s  ave rage  approximate ly  
2 y a r d s  l o n g e r  t h a n  t h e  p o s t - m i s s i o n  c a l i b r a t i o n s .  

7 2  



We assumed t h a t  t h i s  v a r i a t i o n  w a s  a t t r i b u t a b l e  t o  " w a r m  
up" of t h e  c i r c u i t r y  i n  t h e  range system. I n  o r d e r  t o  
v e r i f y  t h i s  assumption, an experiment was performed 
whereby apparent  t a r g e t  range v e r s u s  time w a s  monitored 
f o r  a per iod  of 1 9  hours on 16  J u l y  1968. The d a t a  from 
t h i s  experiment i s  p l o t t e d  i n  F igure  3 4 .  We d i d  n o t  use 
t h e  d a t a  obta ined  dur ing  t h e  f i r s t  two hours of t h e  
experiment s i n c e  t h e  r a d a r  is always warmed up f o r  a t  ' 

l e a s t  two hours p r i o r  t o  any t r a c k i n g  mission.  

The s i g n i f i c a n c e  of t h i s  p l o t  i s  t h e  magnitude.  
of t h e  d r i f t  which can occur dur ing  t h e  time i n t e r v a l  
(approximately 1 hour) between pre-  and p o s t - c a l i b r a t i o q s  
and not  t h e  t o t a l  d i u r n a l  v a r i a t i o n .  From t h e  curve we 
can s e e  t h a t  i n  t h e  worst  c a s e ,  a 3 yard change could 

' _ o c c u r .  Since we a r e  c u r r e n t l y  averaging p r e -  and p o s t -  
mission c a l i b r a t i o n  d a t a ,  t h e  peak e r r o r  w i l l  be 
approximately 1 . 5  yards .  

A r e f i n e d  technique f o r  weighting t h e  p r e -  and 
pos t -miss ion  c a l i b r a t i o n  d a t a  as a f u n c t i o n  of t h e i r  
proximity t o  the  t r a c k  t ime should reduce t h i s  e r r o r  t o  
l e s s  than  I + 0 . 5  yds.  

e .  Transponder Delay v s  I n t e r r o g a t i o n  S i g n a l  S t r e n g t h  

The C-Band t ransponders  aboard GEOS-I1 have de lays  
which vary  as  a f u n c t i o n  of t h e  s t r e n g t h  of the  i n t e r r o -  
g a t i o n  s i g n a l .  The nominal de lay  vs  s i g n a l  s t r e n g t h  curves 
f o r  each t ransponder  a r e  shown i n  Figure 35. I n  t h e  p r e -  
process ing  of the  r a d a r  d a t a  f o r  t h e  c o l l o c a t i o n  e x p e r i -  
ment, s u f f i c i e n t  information was n o t  a v a i l a b l e  t o  p r e d i c t  
t h i s  s i g n a l  s t r e n g t h  due t o  t h e  AN/FPQ-6 o r  AN/FPS-16 
systems. We t h e r e f o r e  chose nominal va lues  from t h e  curves 
t o  s e r v e  a s  f i r s t  approximations t o  t h e  t r u e  de lay  va lue .  
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The same delays were used f o r  both t h e  AN/FPQ-6 and AN/FPS-16, 
and they correspond t o  range c o r r e c t i o n s  o f  123 yds f o r  t h e  
s h o r t  delay t ransponder  and 809 yds f o r  t h e  long delay t r a n s -  
ponder. Since t h e  same t ransponder  antenna,  r ada r  antenna,  
and atmospheric l o s s e s  occur i n  both t h e  t ransmiss ion  and 
r ece iv ing  pa ths  of t he  radar  t r a c k ,  a -- b e t t e r  es t imate  of 
t h e  i n t e r r o g a t i o n  s i g n a l  s t r e n g t h  can be obtained by s tudying 
the  r ada r  rece ived  s i g n a l  s t r e n g t h .  We have performed t h i s  
s tudy ,  and t h e  c o r r e c t i o n s  ind ica t ed  on l i n e  5 of Table I V  
a r e  t h e  d i f f e r e n c e s  between t h e  o r i g i n a l  de lay  e s t ima tes  
and t h e  newly determined de lays .  

f .  Uncertainty i n  Delay Curve Or ig in  

Although the  shape of t he  delay curves i s  we l l  
def ined (+ - 1 yd) ,  t h e  t o t a l  de lay  with r e s p e c t  t o  t he  
lead ing  edge of t he  i n t e r r o g a t i o n  pulse  was not  wel l  
def ined .  Data taken during the  f l i g h t  q u a l i f i c a t i o n  of 
the  t ransponders  i n d i c a t e s  an u n c e r t a i n t y  of - + 2 yds i n  
the  Odbm delay p o i n t .  I t  has not  been determined whether 
t h i s  i s  a t ransponder  problem o r  a l i m i t a t i o n  i n  the  t e s t  
equipment used t o  measure the  t ransponder  c h a r a c t e r i s t i c s .  
We hope t o  reduce t h i s  e r r o r  through t h e  reduct ion  and 
ana lys i s  of a s u f f i c i e n t  number o f  AN/FPQ-6 beacon/skin 
AN/FPQ-6/LASER t r a c k s .  

g .  PRF Dependent E r r o r  

A c o n s i s t e n t  - 4 . 5  yd d i f f e r e n c e  i n  range between 
sk in  and beacon t r ack ing  is  a t t r i b u t a b l e  t o  the  f a c t  t h a t  
we c a l i b r a t e  a t  a Pulse Repe t i t i on  Frequency (PRF) of 160  
cps and t r a c k  a t  640 cps during s k i n  missions.  This depen- 
dence on PRF i s  probably caused by frequency s e n s i t i v i t y  
of  t h e  radar  c i r c u i t r y .  
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h.  Local O s c i l l a t o r  Mode Dependent Er ror  

The r a d a r  has  two independent l o c a l  o s c i l l a t o r s  (LO)  
and range t r a c k i n g  g a t e s  which can be e i t h e r  s imultaneously 
o r  independent ly  used f o r  s k i n  and beacon t r a c k i n g .  During 
t h e . p r e  and p o s t  mission c a l i b r a t i o n s  it i s  d e s i r a b l e  t o  
make measurements i n  both s k i n  and beacon; t h e r e f o r e  t h e  
"continuous" (both LO on) c o n d i t i o n  i s  used. During t h e  
t r a c k i n g  mission only one mode is  r e q u i r e d ;  t h e r e f o r e ,  
t h e  ' 'off ' '  (one LO on) c o n d i t i o n  i s  s e l e c t e d .  I n  t h i s  con- 
d i t i o n ,  t h e  s e l e c t i o n  of  the  t r a c k  mode chooses t h e  appro- 
p r i a t e  l o c a l  o s c i l l a t o r .  Measurements taken on t h e  range 
t a r g e t  i n d i c a t e  t h a t  t h i s  procedure produces,  under c e r t a i n  
c i rcumstances ,  a range e r r o r .  The cause and s t a b i l i t y  of 
t h i s  e r r o r  have not  been determined but  a r e  under s tudy 
a t  t h i s  t i m e .  

i t  ,Timing E r r o r s  

There i s  a s m a l l ,  v a r i a b l e  e r r o r  i n  t h e  t i m e  t a g  
of t h e  r a d a r  data  which has not  been accounted f o r  i n  our 
reduct ions  thus  f a r .  This  e r r o r  i s  due t o  t h e  f a c t  t h a t  
we do not  c o r r e c t  f o r  d i u r n a l  v a r i a t i o n s  i n  t h e  " t ime-of-  
day-generator"  (TODG) o s c i l l a t o r  a t  t h e  master t iming s i t e .  

The TODG uses  an u l t r a - s t a b l e  (1:lO-") q u a r t z  
c r y s t a l  o s c i l l a t o r  t o  genera te  coded time p u l s e s  which a r e  
t r a n s m i t t e d  by wire  t o  t h e  v a r i o u s  ins t rumenta t ion  s i t e s .  
The TODG i s  synchronized t o  UTC by comparing i t  d a i l y  wi th  
a cesium beam s tandard  which i n  t u r n  i s  compared q u a r t e r l y  
wi th  t h e  U.S. Naval Observatory Standard.  
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The received TODG pulse is used by the AN/FPQ-6 
4101 Hermes system to time tag the R,  A ,  E data at the 
site. The procedures and circuitry used in tagging the 
data bias the time tag by -5msec - + 5usec (see AN/FPQ-6 
Timing Diagram, Figure 3 6 ) .  The time is further biased 
by -0.9msec, the transmission delay between the TODG and 
the AN/FPQ-6 site. These two biases have been accurately 
determined and are properly accounted for in the PASS-1 
program. 

The uncorrected error is due to short period varia- 
tions of the TODG oscillator. These variations are mea- 
sured and recorded daily at the master site by direct com- 
parison of the TODG oscillator and the cesium beam stan- 
dard. The log indicates that this variation can range 
from 43 to 300psec (measurement accuracy - + 2-3vsec). At 
GEOS-I1 satellite ranges, this time tag error could cause 
up to -1 yd error in range. Since a log of these varia- 
tions has been kept, we can apply the proper correction 
to the time tag at some future date. 

j .  I_ Receiver Bandwidth Mismatch 

The receiver bandwidth was found to be mismatched 
in the beacon portion of  beacon/skin missions. The error 
caused by this mismatch has been investigated. This mis- 
match contributes less than 1 yd error to the beacon por- 
tion of the mission. 

We have tabulated in Table IV all of the errors 
investigated to date along with their sign and probable 
uncertainty. We must emphasize that this tabulation is 
not yet complete. We are continuing investigations into 
other probable sources of error, and we will continue to 
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1. S i n c e  a l l  encode r s  a r e  r e a d  a t  p re -knock  t ime a l l  2 .  Under r a r e  c o n d i t i o n s  where 4 1 0 1  Computer 
r e c o r d e d  time shou ld  be  c o r r e c t e d  t o  t h e  U T - C  Time- c o r r e c t i o n s  a r e  n o t  d e s i r e d  d a t a  may be  
o f - p r e - k n o c k ,  i . e . :  r e c o r d e d  w i t h o u t  p re -knock .  
RCA True  T i m e  = RCA Recorded T i m e  + 5 . 9  msec. 
Milgo True  Time = Milgo Recorded Time - 1 4 . 1  msec.  



update the table as our investigations indicate. From 
time-to-time we will evaluate the validity of the total 
correction by applying it to data which has already been 
processed and analyzed to see whether in fact the applica- 
tiou of  these corrections does improve the fit of  the data 
over short and long arc passes. 
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6.0 CONCLUSIONS 

The results of the investigations carried out thus 
far attest to the quality of  the AN/FPQ-6 radar as a 
satellite tracking system. The reliability, precision 
and overall accuracy of the radar have proven to be 
remarkably consistent, At this point in the calibration 
effort there are very strong indications that the AN/FPQ-6 
radar in particular, and C-Band Systems in general have 
the potential for providing significant contributions t o  

the scientific objectives of the National Geodetic Sarel- 
lites Program. 

6.1 Re1 iab il i tv 

The AN/FPQ-.6 and AN/FPS-16 radars have both proven 
to be extremely reliable systems. During the period covered 
by this report, not one track was missed due to equipment 
malfunction, weather or acquisition problems. The only 
GEOS-I1 missions scheduled but not tracked were cancelled 
due to conflicting schedule requirements or at the request 
of the project coordinator for project requirement purposes 
such as weather problems for other tracking systems pre- 
venting simultaneous tracking. Not only were the vast 
majority of scheduled missions tracked, but also the data 
obtained from the tracks were consistently of high quality. 

The reduction and analysis of over 35 passes of 
short arc data have proven that the precision of the 
AN/FPQ-6 range measurements is 1.5 yds or less, and that 
of the angle measurements is approximately 15 arc seconds. 
These precision figures are very close to the radar design 
specifications. In fact, the range noise level estimates 
approach the lower bounds for noise levels as determined 
by the granularity (quantizing error) of the range system. 
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6 . 2  Accuracy 

The r educ t ion  and a n a l y s i s  of short and long a r c  
intercomparison passes  of AN/FPQ-6, AN/FPS-16, and LASER 
t r ack ing  provide s t rong  evidence t h a t  t he  sys temat ic  e r r o r  
i n  t h e  AN/FPQ-6 range measurements i s  l e s s  than 1 0  meters .  
This i s  f u r t h e r  r e in fo rced  by t h e  r e s u l t s  obtained from 
an AN/FPQ-6 p r e d i c t i o n  r educ t ion ,  I n  a l l  passes  reduced 
and analyzed,  t he  agreement among AN/FPQ-6, AN/FPS-16, 
and LASER range measurements has been l e s s  than 1 0  meters .  
I n  t h e  cases  where apparent  d i sc repanc ie s  of more than 
1 0  meters  were i n d i c a t e d ,  t he  reason f o r  t h e  discrepancy 
can be accounted f o r  i n  t h e  hardware, r ada r  s e t - u p ,  o r  
d a t a  handl ing procedure.  

We a r e  cont inuing i n v e s t i g a t i o n s  i n t o  poss ib l e  
sources  of t h e  sys temat ic  e r r o r s  i n  range and have pre-  
l iminary  i n d i c a t i o n s  t h a t  t he  e r r o r s  can be reduced even 
f u r t h e r .  

6.3 Cons i s  tency 

The sys temat ic  e r r o r s  i n  range,  azimuth and e leva-  
t i o n  angle  have exh ib i t ed  c o n s i s t e n t  behaviora l  charac-  
t e r i s t i c s .  F o r  example, a dependency of  azimuth r e s i d u a l  
behavior upon pass  geometry i s  c l e a r l y  ev ident  f rom the  
r e s u l t s  of our ana lyses ,  We a r e  c u r r e n t l y  i n v e s t i g a t i n g  
l a g  e r r o r  c o r r e c t i o n  procedures ,  bores ight ing  procedures ,  
and pedes t a l  mis leve l  c o r r e c t i o n  procedures a s  probable 
sources  f o r  t hese  behavor ia l  p a t t e r n s .  The f a c t  t h a t  t h e  
sys temat ic  e r r o r s  a r e  s t a b l e  and e x h i b i t  c o n s i s t e n t  p a t -  
t e r n s  i s  encouraging s i n c e  t h i s  is an i n d i c a t i o n  t h a t  t he  
source of t hese  sys temat ic  e r r o r s  can be determined and 
co r rec t ed  without  r e s o r t  t o  ex tens ive  da t a  reduct ion  
e r r o r  modeling. 
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6 . 4  Summary 

Although t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  r e p o r t  are  
pre l iminary ,  they provide  s t r o n g  evidence t h a t  t h e  
AN/FPQ-6 r a d a r ,  p r o p e r l y  c a l i b r a t e d  and opera ted ,  is  a 
h i g h l y  p r e c i s e  and a c c u r a t e  t r a c k i n g  system. Fur ther  
work i s ’ i n  progress  t o  determine t h e  form and f u n c t i o n  
of angular  s y s t e m a t i c  e r r o r s ,  and we s h a l l  soon s t a r t  
i n v e s t i g a t i n g  t h e  AN/FPQ-6 range r a t e  c a p a b i l i t y .  We 
a r e  a l s o  planning t o  use o p t i c a l  d a t a  and o p t i c a l l y  
determined r e f e r e n c e  o r b i t s  t o  f u r t h e r  e v a l u a t e  t h e  
AN/FPQ-6 system. The r e s u l t s  of t h e s e  i n v e s t i g a t i o n s  
w i l l  be t h e  s u b j e c t  of a f u t u r e  r e p o r t .  

We b e l i e v e  t h a t  t h e  r e s u l t s  ob ta ined  a t  Wallops 
can be e x t r a p o l a t e d  t o  o t h e r  C-Band Systems. The methods 
and procedures  used f o r  c a l i b r a t i n g  t h e  AN/FPQ-6 a r e  
being used t o  e v a l u a t e  t h e  AN/FPS-16 a t  Wallops and p r e -  
l iminary  r e s u l t s  a r e  encouraging. We a r e  planning e x p e r i -  
ments f o r  t h e  near  f u t u r e  where a network of C-Band r a d a r s  
wi th  a good geographic d i s t r i b u t i o n  w i l l  r e g u l a r l y  t r a c k  
GEOS-I1 us ing  our methods and procedures .  We w i l l  reduce 
this d a t a ,  and a t tempt  c a l i b r a t i o n  and g e o d e t i c  miss ions  
using m u l t i p l e  s t a t i o n ,  m u l t i p l e  r e v o l u t i o n  s o l u t i o n s  t o  
f u r t h e r  q u a l i f y  t h e  C-Band systems as g e o d e t i c  instrumen- 
t a t i o n  systems. 
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