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SECTION 1 . 0  
I N T R O D U C T I O N  

1.1 PRE-PROCESSING 

The c a l i b r a t i o n  o f  t h e  Wallops S t a t i o n  AN/FPQ-6 
C-Band r a d a r  system i s  c u r r e n t l y  be ing  performed by two 
independent  methods ; hardware system and sub-sys tem 
t e s t i n g ,  and a n a l y s i s  of t h e  measurement r e s i d u a l s  from 
d a t a  r e d u c t i o n  of t h e  GEOS-11 s a t e l l i t e  t r a c k i n g  d a t a .  
Both methods have a s  t h e i r  o b j e c t i v e  t h e  e l i m i n a t i o n  o f  
a l l  s y s t e m a t i c  e r r o r s  d i scove red  du r ing  t h e  e v a l u a t i o n  
phase .  Hardware a n a l y s i s  b a s i c a l l y  compares t h e o r e t i c a l  
system parameters  w i th  t h e  a c t u a l  measured v a l u e s  and 
u s e s  t h i s  a s  a measure o f  system performance. Software 
a n a l y s i s  u t i l i z e s  s t a t i s t i c a l  t echn iques  i n  a d a t a  reduc-  
t i o n  p rocess  t o  compare t h e  computed r a d a r  measurements 
w i th  t h e  a c t u a l  measurements. 

Accurate  a n a l y s i s  of  r a d a r  t r a c k i n g  d a t a  by means 
of  d a t a  r e d u c t i o n  t echn iques  r e q u i r e s  t h e  p r e - p r o c e s s i n g  
of t h e  raw r a d a r  d a t a .  Radar d a t a  p r e - p r o c e s s i n g  i n  t h i s  
c o n t e x t  i n v o l v e s :  

a .  I d e n t i f y i n g  t h e  o p e r a t i n g  and d a t a  a c q u i s i t i o n  
c h a r a c t e r i s t i c s  o f  t h e  system hardware;  and 

b .  Q u a l i t y  c o n t r o l ,  s o f t w a r e  d a t a  c o r r e c t i o n s ,  
and assumptions p e r t i n e n t  t o  q u a l i f y i n g  t h e  
d a t a  f o r  a d a t a  r e d u c t i o n  p r o c e s s .  

Data q u a l i t y  c o n t r o l  checks a r e  necessa ry  f o r  comparisons 
of  a c t u a l  r a d a r  o p e r a t i o n a l  modes w i t h  mis s ion  r equ i r emen t s ,  
and t h e  v e r i f i c a t i o n  o f  t h e i r  s p e c i f i c  mode o f  o p e r a t i o n  
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(e.g. beacon track, skin mode, doppler tracking, etc.). 
Data correction is required to correct for known system- 
atic errors such as droop, non-orthogonality, mis-level, 
and encoder bias and effects of tropospheric refraction. 
Figure 1 presents a generalized flow chart for the 
AN/FPQ-6 data pre-processing used at Wallops Island. 

The on-site RCA 4101 computer program is used to 
apply the static corrections (pedestal mis-level, droop, 
non-orthogonality, encoder bias, encoder non-linearity, 
and skew) to the raw data. The dynamic lag corrections 
to the data are not applied at this point. However, 
these corrections which are calculated by the 4101 pro- 
gram are recorded. The 4 1 0 1  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 deci- 
mal degrees. The PASS 1 program also reformats the data 
from 4101 format to the GE-625 compatible format. The 
PASS 1 output is then used to perform the following 
operations. First the R, Az, El, R calibration (pre and 
post) are analyzed and calibration corrections are com- 
puted, The PASS 2 program applies a transit time correc- 
tion, nominal beacon delay correction, refraction cor- 
rection and range calibration correction to the data. 

1.2 WALLOPS STATION AN/FPQ-6 RADAR 

1.2.1 General Measurement Information 

The Wallops Station AN/FPQ-6 is a pulsed radar 
capable of non-ambiguous range measurements o f  up to 
'L 32,000 nautical miles. In addition to range measure- 
ments, the AN/FPQ-6 also provides azimuth and elevation 
angle measurements to the target. Using coherent signal 
processing (CSP) it provides range rate measurements. 

1-2 
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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 cohe ren 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 :  

Measurement Binary B i t s  Leas t  Count 

(Approx * 1 
Range Data 25 1 .95  ya rds  
Range Rate  Data 20 + s i g n  0 - 0 3 1 2 5  y d s / s e c .  
Azimuth/Elevat ion 20 1 . 2 4  a r c - s e c .  

Data 

1 . 2 . 2  S i t e  Survey Informat ion  

The AN/FPQ-6 s i t e  i s  l o c a t e d  w i t h i n  t h e  NASA 
Wallops complex i n  n o r t h e r n  Accomack County, V i r g i n i a  
( see  map, F igu re  2 ) .  

1 . 2 . 2 . 1  North American Datum 

1 . 2 . 2 . 1 . 1  Survey. The Wallops AN/FPQ-6 s i t e  was most  
r e c e n t l y  surveyed i n  March of  1968 by t h e  F i e l d  F a c i l i t i e s  
Branch, STADAN Opera t ions  D i v i s i o n ,  NASA - Goddard Space 
F l i g h t  Center .  The p o s i t i o n  and d e s c r i p t i o n  of  t h e  
AN/FPQ-6 s i t e  as determined by t h i s  survey  appears  i n  
F igu re  3 .  

Reference 1 s t a t e s  t h a t  t h e  survey  was performed 
a t  n i g h t  u s ing  Wild T-3 t h e o d o l i t e s  t o  measure t h e  h o r i -  
z o n t a l  ang le s  and an AGA Model 6 Geodimeter t o  measure t h e  
d i s t a n c e s  between t h e  s t a t i o n s .  

1- 4 
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POSITION AND DESCRIPTION OF SURVEY STATION 

I I T 0  OBTAIN GRID AZIMUTH,ADD 

I t ARBUCKLE I 159-56-42'.39' [ 339-56-36.39 I 696.220 I, 
I I I 

I I I I 
I I I, I ,  I 

I 

NASA/Wallope FPQ-6 Pulse Radar is located at the FPQ-6 facility of the 
NASA Wallops Island, Va. facility. The station is the centers of rotation 
of the azimuth and elevation axes of the antenna. 

To reach from the main gate of the Wallops Island facility proceed south- 
west 0.35 mile along blacktop road to the entrance to the FPQ-6 facility 
on the southeast side of the road, The antenna is located at the north- 
east end of the FPQ-6 operations building. 

FIGURE 3 
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The geodetic survey diagram is superimposed on 
the locale map, Figure 2. The survey was tied into 
USC I?, GS first-order triangulation stations EASY, 
TESTCELL, and ARBUCKLE, using Assateague Lighthouse as 
an azimuth check. Station BRIDGE was established during 
this latest survey to provide intervisibility between 
stations TESTCELL, EASY, and the AN/FPQ-6 site. The 
NASA-GSFC Field Facilities Branch's position and descrip- 
tion of station BRIDGE appears in Appendix A. The USC G 
GS positions, descriptions, and recovery notes for stations 
TESTCELL, EASY, and ARBUCKLE also are contained within 
Appendix A. 

For height determination at the intersection of 
the azimuth and elevation axes, level lines were carried 
from USC I?, GS benchmarks "G 421 1963", "A 299 1949", 
"NACA 3 2 1963" and "K 421 1963". Appendix A contains 
the heights and descriptions of these benchmarks. 

1.2.2.1.2 Positional Accuracy. Although survey stations 
EASY and TESTCELL were in very good agreement, closures 
at station ARBUCKLE were all in error approximately 11 
centimeters in latitude and 7 centimeters in longitude 
indicating that the station marker may have been dis- 
turbed. Consequently, the geodetic position for the 
AN/FPQ-6 site was obtained by traverse circuits from 
EASY and TESTCELL. The evaluation of the accuracies for 
this computation is as follows: 

Maximum adjustment to geodimeter 5.55 crns 

Average adjustment to geodimeter 1.45 crns 

Probable Error 1.45 crns 

distances 

distances 
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Maximum adjustment to angles 
Average adjustment to angles 
Probable Error 

2 . 5 0  sec 
0.90 sec 
0.80 sec 

1.2.2.1.3 Ellipsoidal Height. The geoid separation at 
this latitude and longitude is - 2 . 0  meters, interpolated 
from Fischer's (1967) geoid contour maps for the North 
American Datum (see reference 2 ) .  Therefore, the geodetic 
coordinates on the Clarke 1866 ellipsoid for the AN/FPQ-6 
radar at the intersection of the azimuth and elevation 
axes are: 

Latitude 37" 51' 36'1509 
Longitude (E) 284' 29' 25'.'236 
Height (meters) 12.95 

1.2.2.2 SA0 C-5 Datum 

For the purpose of long - and short-arc reduc- 
tion and data validation, the NAD position was trans- 
formed (see reference 3) to the SA0 C-5 datum: 

Latitude 37O 51' 36'1353 
Longitude (E) 284" 2 9 '  25'.'851 
He i gh t (me t er s -42.27 

1 e 2 2.3 Mercury Datum 

For completeness, the NAD position was transformed 
to the MERCURY datum: 

Latitude 37' 51' 36'1825 
Longitude (E) 284' 29' 26'.'481 
Height (meters) 16 e 40 
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1.2.3 General Radar Capabilities 

The AN/FPQ-6 radar was designed and built by RCA 
specifically for precision/long range tracking detection, 
acquisition and precise continuous non-ambiguous measure- 
ment of the position in space of missiles and space 
vehicles. The primary function of this instrumentation 
radar is to supply highly accurate spherical coordinate 
information on long range high velocity targets. 

This system is integrated with the Wallops range 
instrumentation complex and has the capability to 
reformat digital information to be transmitted via high 
and low speed teletype lines to a world wide tracking 
network. 

Data obtained from this installation is utilized 
at Wallops f o r  three main purposes. First for range 
safety target trajectory analysis, real-time impact pre- 
diction computations, and plotboard data display. Second 
for data acquisition as prescribed by the various range 
users. And third, for furnishing in-flight acquisition 
data to other Wallops instrumentation. 

The plan view of the AN/FPQ-6 radar main enclosure 
at Wallops Station is shown in Figure 4 .  

1-9 
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SECTION 2 . 0  
RADAR OPERATIONS 

2 . 1  AN/FPQ-6 TECHNICAL CHARACTERISTICS 

2 . 1 . 1  T ransmi t t i ng  System 

Frequency: 
Frequency Accuracy : 
Frequency Reso lu t ion :  
Peak Power Output:  
Output Power Tube: 
P u l s e  Width: 

P u l s e  Shape: 
PRF : 

Coding C a p a b i l i t y :  
Power Programmer: 
Line Loss:  
VSWR : 
Duty Cycle:  

2 . 1 . 2  Rece iv ine  System 

Frequency : 
I * F * :  
Bandwidth: 

Dynamic Ran 
Noise F igure :  

C-Band 5400 t o  5900 MHz 
1 P a r t  i n  1 0  P e r  Day 
243 KHz 
3 Megawatts 
SAC-225 Klys t ron  
0.25, 0 . 5 ,  1, and 2 . 4  
Microseconds 
Rectangular  
160 and 640 Normal Nth 
T i m e  Track 
1 4 2 ,  233, 285, 341, 366, 
1280, and 1 7 0 7  A v a i l a b l e  
1 t o  5 P u l s e s  
0 t o  30 db 
2 .6  db 
1 .25  
0.0018 Maximum 

9 

C-Band 5400 t o  5900 MHz 
30 MHz 
4.8, 2 . 4 ,  1 , 6 ,  0 . 5  
Automat ica l ly  S e l e c t e d  
as a Funct ion of PW o r  
Manually S e l e c t e d  
1 2 0  db 
4 db 
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S ens it ivi ty : 
Type: 
Low Noise Device: 
Image Rejection: 
Power Programmer: 
Line Loss: 
Tracking Gates: 

2.1.3 Antenna System 

Ref lector : 

Beamwidth: 
Focal Length: 
Beam Crossover: 
Gain: 
Capture Area: 
First Side Lobe Location: 
Second Side Lobe Location: 
First Side Lobe Height: 
Null Depth: 
Polarization: 
Antenna Temperature: 
Type Scan: 
Type Feed: 
Type Transmission Line: 

Azimuth Coverage: 
Elevation Coverage: 
Azimuth Tracking Rate: 
Elevation Tracking Rate: 
Azimuth Slew Rate: 
Elevation Slew Rate: 

-113 dbm 
Sup e r he t e r ody ne 
Parametric 
Yes (Mixer) 
0 to 50 db 
2 . 3  db 
0.75,  1, 1.7, 4.0 
Microseconds 

29-foot Cassegrainian 
Parabola 
0.4" (Half Power Points) 
8 Feet 
0 db 
51 db 
14.88 Square Meters 
11 Mils Approx. 
2 4  Mils Approx. 
16.5 db Down 
35 db (Minimum) 
Vertical or Circular 
26"  K (Dark Sky) 
Monopulse 
5 Horn 
Rectangular Waveguide 

360"  Continuous 
RG-49u 

-2" to +182" 
28"/Sec. 
28 " /Sec e 

28'/Sec. 
28'/Sec. 
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2.1.4 

Maximum Range : 

Minimum Range: 
Master Oscillator Frequency: 
Oscillator Stability: 
Tracking Gates : 

Range Tracking Rate: 
Range Slew Rate: 
Bandwidth: 
Acceleration: 
Range Tracking: 

2.1.5 Other System Facts 

Skin Track Range (1 Sq. 
Meter ) 
Range Precision: 
Angle Precision: 
Synchro Output (Angles) : 

Synchro Inputs (Angles) : 
Boresight System: 

Target Acquisition Systems: 

3 2  768 Nautical Miles 
(Nonamb iguous ) 
600 Yards 

1 Part in 107 
0.75,  1, 1.7, 4.0 
Microseconds 
20 K Yards/Sec. 
240 K Yards/Sec. 
16 Hz Maximum 
20 K Yards/Sec2 (Range) 
Manual, Automatic Rate 
Aided and Coast 

708 Naut Miles 

- + 3 Yards (RMS) 
- + 0.05  Mils (RMS) 
Size 23: 1:1, 1:1, 
1 ~ 1 6 ~  1:36 
Size 23: 1:l 
TV Camera with 40" or 
80" FL 
Open Sight (Mark 51), 
Digital Designate from 
other radar systems 
Milgo Analog Slaving 
from other radar systems 
Orbital Elements Designa 
tion from 4101 Computer 
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2.1,6 Data Svstems 

Digital Magnetic Tape Recorder 

Range (Digital) : 25-bits Binary 
Range Rate: 
Azimuth Encoder: 
Elevation Encoder: 
Timing : 

20-bits Binary 
20-bits Binary 
20-bits Binary 
Wallops Fast Time Code 
(36 -bit BCD) 

TTY Time, Range, El, Az, 10 Frames/Min. 
Events : 
High Speed Data: 
Sample Rate: 
Range Granularity: 

10 Frames/Sec. 
1, 10, and 20 pps 
1.953125 Yards 

Range Rate Granularity 0.03125 Yards/Sec. 
(Dopp 1 er ) : 
Angle Granularity : 0.006103515625 Mils 
AGC Voltage: 7 bits Binary Plus Sign 
Azimuth Error Voltage: 9 bits Binary Plus Sign 
Elevation Error Voltage: 9 bits Binary Plus Sign 
AGC Voltage Granularity: 0.061035472 Volts 
Azimuth Error Voltage 0.061037182 Volts 
Granularity : 
Elevation Error Voltage 0.061037182 Volts 
Granularity: 
Angle Error Voltage Gradient: 10 Volts per Mil 

Analog Sanborn StriD Chart 

AGC Voltage: (Gross) 0 db Signal/Noise Ratio 
to Saturation 

(Fine Line) -12 db to noise 
+1 Mil Full-scale Azimuth Error Voltage: 

Elevation Error Voltage: - +1 Mil Full-scale 
- 

2 - 4  



Analog 

Timing: 

Events  : 
Chart  Speed: 

Radar Mode: 

Sanborn S t r i D  Chart  

Wallops Slow T i m e  Code 
( 2 8 - b i t  BCD) 
24 Channels 
0 . 2 5  t o  1 0 0  mm/Sec. i n  
9 S t e p s  
Auto (Channel # 1 l )  
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2.2 TIMING 

2.2.1 Introduction 

The Wallops Station master clock system generates 
coded timing pulse trains which are transmitted by 
telephone lines to the AN/FPQ-6 and other Wallops Station 
sites, Figure 5 illustrates the timing flow from the 
master clock to the AN/FPQ-6 site. 

2.2.2 WalloDs Station Master Clock System 

The master clock system, also known as the Time-of- 
Day Code Generator, is physically located in building 
N-159 of Wallops Station. The generated time can be 
derived from either a cesium beam standard or an ultra- 
stable quartz crystal oscillator synchronized with WWV 
emitted (UTC) - 

The cesium beam standard clock has been initially 
synchronized with the U.S. Naval Observatory timing sys- 
tem and is within - + 50 microseconds of USNO time. It 
serves as the reference oscillator for the Wallops 
Time-of-Day system or it may also be transported to a 
remote site for timing purposes. The cesium beam stan- 
dard is transported to the U.S. Naval Observatory at 
approximately three-month intervals to insure that the 
oscillator drift has not been sufficient to cause 
significant biases in the Wallops timing system. Previous 
tests conducted with the USNO atomichron have indicated 
a drift of approximately 1 psec per month in the Wallops 
Station cesium beam standard. 
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The WWV - synchronized  o s c i l l a t o r  h a s  a nominal 
WWV p ropaga t ion  d e l a y  of  9 . 0  m i l l i s e c o n d s  a p p l i e d  t o  t h e  
gene ra t ed  time. Whenever t h i s  o s c i l l a t o r  i s  employed a s  
t h e  r e f e r e n c e  f o r  t h e  Time-of-Day Code Genera tor ,  t h e  
o f f s e t s  between i t  and t h e  cesium beam c lock  a r e  
recorded  d a i l y .  

These two r e f e r e n c e  o s c i l l a t o r s  a r e  capab le  o f  
g e n e r a t i n g  t h e  fo l lowing  two time codes t o  be t r a n s m i t t e d  
s e r i a l l y  t o  t h e  v a r i o u s  remote s i t e s :  

a .  F a s t  Code - 36 b i t  1 0 0  pps t ime o f  y e a r  
code (UTC) i n  seconds ,  minutes ,  h o u r s ,  and 
day of  y e a r .  

b .  S low Code - 2 8  b i t  2 pps t i m e  o f  y e a r  code 
(UTC) i n  minu tes ,  h o u r s ,  and day of y e a r .  

Both t h e  above codes a r e  on a modulated 1 0 0 0  Hz c a r r i e r  
u s i n g  3 : l  ampli tude-width modulat ion i n  b i n a r y  form. 
The t ime code formats  a r e  shown i n  F igu re  6 .  The t ime 
codes a r e  t r a n s m i t t e d  approximately n i n e  miles t o  t h e  
AN/FPQ-6 s i t e .  

2 .2 .3  Data T i m e  Tags 

A t  t h e  AN/FPQ-6 s i t e  (Bldg. U-70), t h e  Slow Code 
time p u l s e s  a r e  used i n  a u x i l i a r y  equipment,  such a s  t h e  
Sanborn s t r i p  c h a r t  r e c o r d e r  ( s e e  r e f e r e n c e  4 ) .  

The time t a g s  on t h e  d i g i t a l l y  recorded  r a d a r  d a t a  
measurements a r e  gene ra t ed  from t h e  F a s t  Code time p u l s e  
which have been a l t e r e d  by t h e  r a d a r  t iming  hardware.  The 
AN/FPQ-6 r a d a r  range ,  azimuth,  e l e v a t i o n ,  and r a n g e - r a t e  
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data are recorded on magnetic tape. This data is nor- 
mally sampled at 100 millisecond intervals and is corre- 
lated with concurrently recorded time information. There 
are two systems for recording the data, each with unique 
timing considerations. The preferred system employs the 
RCA recorder; and the alternate system utilizes the 
MILGO recorder. Only the RCA recorder system is discussed 
in this report. 

The received TOD pulse is used by the AN/FPQ-6, 
4101 Hermes system to time tag the R, Az, El data at the 
site. The procedures and circuitry used in tagging 
data biases the time tag by -5msec. - + Spsec. See 
AN/FPQ-6 Timing Diagram, Figure 7 .  The time is further 
biased by -0.9msec., the transmission delay between the 
TOD and the AN/FPQ-6 site. These two biases have been 
accurately determined and are properly accounted for in 
the PASS 1 program (see Section 3.2). 

Diurnal variations are measured and recorded daily 
at the master site by direct comparison o f  the TOD oscil- 
lator and the cesium beam standard. The log indicates 
that this variation can range from 43 to 300ps  (measure- 
ment accuracy - + 3 psec). At GEOS-I1 satellite ranges, 
this time tag error could cause up to 1 yd. error in 
range. The diurnal variations are not accounted for in 
the pre-processing. 

The known AN/FPQ-6 timing errors and their sources 
are presented in Table 1. 
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2 . 3  CALIBRATION PROCEDURES 

2,3.1 Mission Bv Mission Calibrations 

Static calibration of the AN/FPQ-6 radar is per- 
formed prior to, and immediately following each mission. 
Identical calibration procedures are followed in both 
pre- and post-mission calibration. A detailed descrip- 
tion of the mission calibration procedures is given in 
Reference 5 ,  

The 4101 Recorder is used during each pre- and 
post-mission calibration with a standard sampling rate 
of 10 pps. The 4101 Recorder records model number, 
ID word, time, range, azimuth, elevation, range rate, 
AGC Voltage, Va and Ve (lag error corrections). This 
4101 format is described in Appendix B. 

It is assumed that the antenna is properly aligned 
prior to mission setup. This means that the RF Axis is 
aligned parallel to the Optical Axis and the Optical Axis 
is aligned with the Mechanical Axis. The 4101 Recorder 
is run for approximately 10 seconds (100 data points) in 
each of the following positions: 

e Boresight Tower Normal - electrically locked 
to the boresight tower (BST) in azimuth 
and elevation. Static correctors are on. 

Boresight Tower Plunged - same set-up as for 
BST Normal except antenna in plunged mode. 
Static correctors are on. 

0 Range Target Skin Gate - lock onto the range 
target using the skin Leo. The skin gate range 
displays should indicate surveyed range. 
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Range Ta rge t  Beacon Gate - If a t r ansponder  
t r a c k  i s  p l anned ,  t h e  p r o p e r  d e l a y  compen- 
s a t i o n  i s  set  i n t o  the beacon g a t e  range  
system. The beacon g a t e  range d i s p l a y s  
shou ld  t h e n  r e a d  t h e  surveyed range minus 
t h e  beacon g a t e .  

The d i g i t a l  r e c o r d e r  code s h e e t ,  F igu re  8 ,  i d e n t i f i e s  t h e  
a p p r o p r i a t e  model numbers f o r  t h e  p r e / p o s t  c a l i b r a t i o n  
d a t a  t o  be used f o r  subsequent  d a t a  a n a l y s i s  and c o r r e c -  
t i o n .  

I n  con junc t ion  w i t h  t h e  normal range and ang le  
c a l i b r a t i o n  p rocedures ,  an AGC s t e p  c a l i b r a t i o n  i s  no r -  
mal ly  performed f o r  each p r e -  and pos t -mis s ion .  The 
c a l i b r a t i o n  is r e f e r e n c e d  t o  a zero  db s i g n a l  ( i . e . ,  one 
whose power i s  equa l  t o  t h a t  o f  t h e  n o i s e  power).  A l -  
though zero  db i s  determined u s i n g  a CW s i g n a l  from t h e  
s i g n a l  g e n e r a t o r ,  t h e  p u l s e  mode i s  used €or t h e  a c t u a l  
r e c o r d e r  s t e p - c a l i b r a t i o n ,  B a s i c a l l y ,  t h e  method employs 
a power meter  a s  an i n d i c a t o r ,  and a 3 db pad a s  t h e  
a c t u a l  c a l i b r a t i n g  dev ice .  A measurement i s  t aken  on 
t h e  power meter  of t h e  n o i s e  energy from t h e  r e c e i v e r  
w i thou t  any s i g n a l  a p p l i e d .  The 3 db pad i s  t h e n  added 
t o  t h e  i n p u t  t o  t h e  power me te r ,  and t h e  CW s i g n a l  
a p p l i e d  t o  t h e  r e c e i v e r .  A p r e c i s i o n  v a r i a b l e  a t t e n u -  
a t o r  a t  t h e  b o r e s i g h t  tower i s  a d j u s t e d  u n t i l  t h e  power 
meter  aga in  i n d i c a t e s  t h e  same l e v e l  measured on n o i s e  
a lone .  Next a r e f e r e n c e  r e a d i n g  i s  t aken  of  AGC v o l t a g e  
w i t h  t h e  console  d i g i t a l  v o l t m e t e r .  The b o r e s i g h t  
s i g n a l  g e n e r a t o r  i s  swi tched  t o  p u l s e  mode, and w i t h  t h e  
r a d a r  locked on t o  t h e  pu l sed  s i g n a l ,  t h e  a t t e n u a t o r  
a t  t h e  b o r e s i g h t  tower  i s  a d j u s t e d  t o  g ive  t h e  same 
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FIGURE 8 

DIGITAL RECORDER CODE SHEET 

RADAR MODEL # DATE 

1) R e c o r d  m i n i m u m  o f  1 0 0  s a m p l e s  f o r  each func t ion .  
2) P r i o r  t o  running each func t ion ,  s e t  Model n u m b e r  as per  code b e l o w .  
3) A f t e r  running each funct ion,  circle code n u m b e r  w i t h  pen o r  penc i l ,  
4) E n c l o s e  t h i s  sheet ,  i n s i d e  tape can, as p a r t  o f  mission data.  
5) A f t e r  each lock-on of  t o w e r ,  delay record ing  o f  da ta  f o r  5 seconds 

t o  a l l o w  f o r  the  servo t o  s e t t l e  out, 

ROUTINE CALIBRATIONS (PRE CAL - 1 0 0  SERIES/POST CAL 200 S E R I E S )  
PRE POST FUNCTION PRE POST FUNCTION 
1 0 1  2 0 1  
1 0 2  202 
1 0 3  203  
1 0 4  204 
1 0 5  205 
106 206 
1 0 7  207 
108 208 
1 0 9  209 
110  210 
111 2 1 1  
1 1 2  212 
113 2 1 3  
1 1 4  214 
1 1 5  215 
1 1 6  216 
1 1 7  217 
118 218 
119  219 
120  220 
1 2 1  2 2 1  
1 2 2  222 
EOF 
1 2 3  2 2 3  
1 2 4  224 
EOF 

LOCK-ON-NOISE 
0 DB 
3 DB 

DB 

6 DB 
DB 
llB 
DB 
DB 
DB 

1 5  DB 
20 DB 
25  DB 
30 DB 
35  DB 
40 DB 
45  DB 
5 0  DB 
5 5  DB 
60  DB 
6 5  DB 
70 DB 

BORESIGHT TOWER NORMAL 
BORESIGHT TOWER PLUNGED 

1 2 5  225 
1 2 6  226 
EOF 
1 2 7  227 
1 2 8  228 
1 2 9  229 
1 3 0  230 
EOF 
131 2 3 1  
1 3 2  232 
133 233 
EOF 
1 3 4  234 
1 3 5  235 
1 3 6  236 
1 3 7  237 
EOF 
138 238 
EOF 
1 3 9  239 
EOF 
1 4 0  240 
1 4 1  2 4 1  
1 4 2  242 
1 4 3  2 4 3  
1 4 4  244 

RANGE TARGET - SKIN GATE 
RANGE TARGET - BEACON GATE 

AZIMUTH - ONE MIL LEFT 
AZIMUTH - ONE MIL RIGHT 
ELEVATION - ONE M I L  BELOW 
ELEVATION - ONE MIL ABOVE 

XMTR - ATTN OUT 
XMTR - % PWR 
XMTR - % PWR 

RCVR - ATTN OUT 
RCVR - DB ATTN I N  
RCVR - DB ATTN I N  
RCVR - DB ATTN I N  

TEST ROCKET 

SPHERE TRACK 

CSP PLUS ONE LINE 
CSP MINUS ONE LINE 
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AGC v o l t a g e  a s  was ob ta ined  i n  CW mode. The r e s u l t a n t  
a t t e n u a t o r  s e t t i n g  r e p r e s e n t s  zero  db, o r  S/N = 1. The 
S/N i s  s tepped-up  t o  70  db ( see  F igu re  8) u s i n g  model 
numbers 1 0 1  - 1 2 2  f o r  p r e  miss ion  c a l i b r a t i o n .  The 
above procedures  a r e  r e p e a t e d  f o r  p o s t - m i s s i o n  c a l i b r a t i o n  
u s i n g  model numbers 2 0 1  - 2 2 2 .  

2 .3 .2  P e r i o d i c  C a l i b r a t i o n s  

The fo l lowing  c a l i b r a t i o n  procedures  a r e  p e r -  
formed on a p e r i o d i c  b a s i s :  

0 Receiver  g a i n  c a l i b r a t i o n  (monthly).  

0 Dynamic l a g  c a l i b r a t i o n  (monthly).  

0 Azimuth encoder  i s  checked f o r  p o s s i b l e  
b i a s  by obse rv ing  t h e  s t a r ,  P o l a r i s  ( y e a r l y ) .  

* P e d e s t a l  l e v e l i n g  (monthly).  

0 RF a x i s  c a l i b r a t i o n  ( y e a r l y ) .  

The c a l i b r a t i o n  procedures  p e r t i n e n t  t o  each c a l i b r a t i o n  
a r e  d e s c r i b e d  i n  more d e t a i l  i n  Reference 5 .  

2 . 4  RADAR OPERATING MODES 

2 . 4 . 1  Normal Radar Parameter  S e t t i n g s  

Our p r e s e n t  o p e r a t i o n a l  s e t - u p  i n c l u d e s  t h r e e  modes 
o f  o p e r a t i o n ,  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  t r a c k i n g  and t h e  t h i r d  t o  be used  when bo th  beacon 
and s k i n  t r a c k  d a t a  a r e  t o  be ga the red  on a s i n g l e  p a s s  of  
GEOS-11. I t  should  be emphasized t h a t  changes i n  t h e  
o p e r a t i o n a l  s e t - u p  a r e  made only a f t e r  a c a r e f u l  a n a l y s i s  
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of the data and the hardware system indicate that such a 
change will enhance the C-Band radar performance. The 
rationale for the current GEOS-I1 tracking set-up is 
described in the following paragraphs. 

We selected a wide transmitter pulsewidth 
( 2 . 4  psec) for skin tracking since it provides signal 
to noise enhancement and increases the reliability of 
CSP tracking. For the beacon portion of beaconJskin 
missions we reduced the pulsewidth to 1 psec since in 
the wider pulsewidth, the coding required would have 
caused the radar transmitter to approach its maximum 
duty cycle. Switching from single to double pulse 
operation while the radar is in this condition often 
causes transmitter overload. Therefore, the 1 psec 
pulsewidth makes the beacon-to-skin-to-beacon transition 
more reliable. The AN/FPQ-6 has the capability o f  
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. 

Since the parametric amplifier systems (paramps) 
at the Wallops AN/FPQ-6 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 changes in 
system alignment which may be caused by bypassing the 
paramps. 
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TABLE 2 
WALLOPS ISLAND ANIFPQ-6 PRESENT RADAR SETUP 
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Atmospheric phenomena can o f t e n  cause  c o n f l i c t i n g  
r e - p o l a r i z a t i o n  ( s i g n a l  f a d i n g )  when systems a r e  ope ra t ed  
wi th  l i k e  p o l a r i z a t i o n s .  To avoid  t h e  p o s s i b i l i t y  o f  
t h e s e  deep s i g n a l  f a d e s ,  t h e  r a d a r  i s  o p e r a t e d  i n  l i n e a r -  
v e r t i c a l  a l though  t h e  t r ansponder  an tenna  p o l a r i z a t i o n  
i s  c i r c u l a r .  

When t r a c k i n g  t h e  t r ansponder ,  t h e  r a d a r  au tomat i c  
f requency  c o n t r o l  (AFC) loop uses  t h e  t r ansponder  r e t u r n  
frequency a s  i t s  r e f e r e n c e .  I n  t h e  s k i n  p o r t i o n  o f  t h e  
beacon/sk in  mode, t h e  AFC r e f e r e n c e s  t h e  range  ra te  f rom 
t h e  range  system u n t i l  t h e  CSP a c q u i r e s  t r a c k  whereupon 
t h e  p u l s e  dopp le r  c o n t r o l s  t h e  loop .  

The p u l s e  r e p e t i t i o n  f requency  (PRF) i s  h e l d  a t  
1 6 0  f o r  a l l  t r a c k s  and c a l i b r a t i o n s  except  s k i n  t r a c k i n g .  
I n  s k i n  t r a c k ,  t h e  6 4 0  r a t e  i s  used ,  s i n c e  it f u r n i s h e s  
s i g n i f i c a n t l y  b e t t e r  t r a c k  a t  l o w  s i g n a l  t o  n o i s e  r a t i o  

( S / N  e 

The g e n e r a l  r eason ing  f o r  s e l e c t i n g  t h e  o p e r a t i n g  
s e r v o  bandwidths was based upon minimizing t h e  combined 
thermal  n o i s e  and dynamic l a g  e r rors  i n  each c o o r d i n a t e .  

The 4 Hz r ange - se rvo  bandwidth was s e l e c t e d  
a s  t h e  a v a i l a b l e  bandwidth most c l o s e l y  approaching 
t h e  optimum (minimum combined thermal  n o i s e  and dynamic 
l a g  e r r o r s )  range s e r v o  bandwidth f o r  bo th  t h e  s k i n  and 
beacon t r a c k s  modes o f  o p e r a t i o n .  Other  bandwidths would 
have provided  lower e r r o r s  on s p e c i f i c  p a s s e s  b u t  t h e  
s e l e c t e d  bandwidth p rov ides  t h e  b e s t  a v a i l a b l e  compromise 
f o r  a l l  expec ted  t r a c k i n g  c o n d i t i o n s .  The s e l e c t i o n  of  
a s i n g l e  range se rvo  bandwidth f o r  a l l  t r a c k s  was deemed 
d e s i r a b l e  from a d a t a  r e d u c t i o n  and a n a l y s i s  p o i n t  o f  
view e 
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The use  of s i n g l e  a n g l e  s e r v o  bandwidth was a l s o  
deemed d e s i r a b l e  from r a d a r  s e t - u p  and d a t a  r e d u c t i o n /  
a n a l y s i s  p o i n t s  of  view. S ince  t h e  pr imary t r a c k  mode 
was expected t o  be t h e  beacon t rack mode, t h e  beacon 
t r a c k  bandwidth requi rements  were f i r s t  i n v e s t i g a t e d .  I t  
was c a l c u l a t e d  t h a t  a minimum s i n g l e - h i t  I . F .  S/N r a t i o  
g r e a t e r  t h a n  3 0  db would e x i s t  on a l l  beacon t r a c k s  above 
20' e l e v a t i o n .  Under t h e s e  h igh  S/M c o n d i t i o n s  t h e  o p t i -  
mum ang le  s e r v o  bandwidth i s  merely t h a t  bandwidth ( se rvo  
p o s i t i o n  #9 o r  B.W. = 3 . 2  Hz) which minimizes t h e  dynamic 
l a g  e r r o r .  Next ,  t h e  optimum ang le  servG bandwidth 
f o r  t h e  s k i n  t r a c k  case w a s  i n v e s t i g a t e d  (only s k i n  
t r a c k s  above 60' e l e v a t i o n  were p o s s i b l e  f rom s i g n a l -  
t o - n o i s e  c o n s i d e r a t i o n s ) .  This  i n v e s t i g a t i o n  
i n d i c a t e d  t h a t  t h e  optimum a v a i l a b l e  s i n g l e  s e r v o  band- 
wid th  f o r  t h e  s k i n  t rack  mode would be 1 . 0  Hz (B.W. 
p o s i t i o n  # 6 ) .  The i n c r e a s e d  thermal  n o i s e  e r r o r  i n t r o -  
duced by u s i n g  t h e  h i g h e r  beacon t r a c k  bandwidth du r ing  
a r e l a t i v e l y  f e w  s k i n - t r a c k s  was deemed p r e f e r a b l e  t o  
a c c e p t i n g  an i n c r e a s e d  dynamic l a g  e r r o r  du r ing  beacon- 
t r a c k s .  This  d e c i s i o n  was c o n s i s t e n t  w i t h  t h e  d e c i s i o n  
t o  avoid  r e a l - t i m e  l a g - e r r o r  c o r r e c t i o n s .  Thus, t h e  
wide bandwidth was s e l e c t e d  f o r  use  on a l l  GEOS-B 
mis s ions .  

Throughout a l l  o p e r a t i o n s ,  every e f f o r t  has been 
made t o  ma in ta in  t h e  r a d a r  s e t - u p  o u t l i n e d .  Any d e v i a -  
t i o n s  from t h e  recommended s e t - u p  i n  e i t h e r  t r a c k  o r  
c a l i b r a t i o n  o p e r a t i o n s  is documented s o  t h a t  t h e  p o s s i b l e  
e f f e c t  on t h e  d a t a  can be e v a l u a t e d  and a p p l i e d  t o  t h e  
d a t a  a s  necessa ry .  
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2 . 4 . 2  Known Range E r r o r s  

2 . 4 . 2 . 1  Effects  o f  Parameter  S e t t i n g s  on Radar Track 

S ince  an impor t an t  a s p e c t  of t h e  c a l i b r a t i o n  
mis s ion  i s  t h e  i d e n t i f i c a t i o n  o f  s o u r c e s  o f  s y s t e m a t i c  
e r r o r s ,  we have performed a s e r i e s  o f  r a d a r  exper iments  
des igned  t o  a s s i s t  us i n  de te rmining  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  range  d a t a .  The 
r e s u l t s  o f  t h e s e  experiments  a r e  d e s c r i b e d  below, and 
a t a b u l a t i o n  o f  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 iven  i n  
Table  3 ( see  r e f  6 ) .  I t  should  be noted  t h a t  t h i s  t abu-  
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 we have d i scove red  and measured a t  
Wallops. Some o f  t h e  e r r o r s  a r e  i n h e r e n t  i n  t h e  p roce -  
dures  used t o  g a t h e r  and p rocess  t h e  d a t a .  We a r e  
con t inu ing  t h e  experiments  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  
sou rces  and expec t  t o  update  our  t a b u l a t i o n  a s  t h e  
r e s u l t s  o f  t h e s e  experiments  become a v a i l a b l e  and a r e  
analyzed.  

2 . 4 . 2 . 1 . 1  P u l s e  Width Matching. S ince  t h e  AN/FPQ-6 
r a d a r  i s  a c e n t r o i d  t r a c k e r ,  any d i f f e r e n c e  i n  t h e  
pu l sewid th  used  f o r  c a l i b r a t i o n  and t h e  pulsewidth  
exper ienced  i n  t r a c k i n g  w i l l  r e s u l t  i n  a range b i a s  
e r r o r .  F o r  example, f o r  G E O S - I 1  beacon/sk in  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 1 psec  pu l sewid th ;  
t h e  beacon p o r t i o n  o f  t h e  miss ion  was t r a c k e d  u s i n g  
1 psec pu l sewid th  wh i l e  t h e  a c t u a l  t r ansponder  r e p l y  
was 0.6 psec .  As shown below, t h e  d i f f e r e n c e  between 
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the two centroids is 0.2psec when the same leading edge 
is referenced e 

! !  

The radar range system references the leading edge 
when establishing zero range with the transmitter trigger; 
however, the centroid is referenced when establishing tar- 
get range. The O.2ysec difference thus results in a range 
bias which, at the radar propagation velocity of 327.8 yards/ 
usec2 represents 3 2 . 8  yards of range error (accounting for 
round-trip times) that must be added to the data to maintain 
calibration. 

When supporting pure beacon missions, the AN/FPQ-6 
was calibrated using a 0.5psec pulsewidth, which, when com- 
pared to the transponder return of 0.6usec, results in a 
range bias of -8.2 yards. A further error of the same 
nature could develop if the actual radar pulsewidth were 
different from that indicated. For example, the actual 
pulsewidth could be 0.98usec when the mode selector indicates 
1 usec. This possible source is currently being investigated. 

2.4.2,1.2 A consistent -4 .5  yard 
difference in and beacon tracking is 
attributable to the fact that we calibrate at a Pulse 
Repetition Frequency (PRF) of 1 6 0  cps and track at 640 cps 
during skin missions. This dependence on PRF is possibly 
caused by frequency sensitivity of the radar circuitry. 

- 2 3  



2.4,2,1.3 Local Oscillator Mode Dependent Error. The 
radar has two independent local oscillators (LO) and 
range tracking gates which can be either simultaneously 
or independently used for skin and beacon tracking. 
During the pre and post mission calibration it is 
desirable to make measurements in both skin and beacon; 
therefore, the "continuous" (both LO on) condition is 
used. During the tracking mission only one LO is 
required; therefore, the ''off" (one LO on) condition 
is selected. In this condition, the selection of the 
track mode chooses the appropriate local oscillator. 
Measurements taken on the range target indicate that 
this procedure produces, under certain circumstances, 
a range error. The cause and stability of  this error 
have not been determined but are under study at this 
time. 

2.4.2.1.4 Receiver Bandwidth Mismatch. The receiver 
bandwidth is known to be mismatched in the beacon por- 
tion of beacon/skin missions. The error caused by this 
mismatch has been investigated. Although detailed 
measurements have not been carried out, preliminary 
analysis has indicated that this mismatch contributes 
less than 1 yd. error to the beacon portion of the mission. 

We have tabulated in Table 3 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 update the table as our investigations indicate. 
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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 application of these corrections does improve 
the fit o f  the data over short and long arc passes. 

2 . 4 . 2 . 2  Effects of Other Range Errors 

2,4.2,2.1 Timing Errors. There is a small, variable 
error in the time lag of the radar data which has not 
been accounted for in our reductions thus far. This 
error is due to the fact that we do not correct for 
diurnal variations in the "time-of-day-generator" 
(TODG) oscillator at the master timing site. 

2 . 4 . 2 . 2 . 2  Transponder Delay vs Interrogation Signal 
Strength. The C-Band transponders aboard GEOS-I1 have 
delays which vary as a function of the strength of the 
interrogation signal. The nominal delay vs signal 
strength curves for each transponder are shown in 
Figure 9. In the pre-processing of the radar data to 
date we chose nominal values from the smoothed beacon 
curves to serve as first approximations to the true 
delay value. These nominal values correspond to range 
corrections of 123 yds. and 809 yards. The same delays 
were used for the AN/FPQ-6 and they correspond to range 
corrections of 123 yds. for the short delay transponder 
and 809 yds. for the long delay transponder. These de- 
lays are within the uncertainty in the shape of the de- 
lay curves (+ - 1 yd.). 

Since the same transponder, transponder anten 
radar antenna, and atmospheric losses occur in both the 
transmission and receiving paths of the radar track, a 
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b e t t e r  e s t i m a t e  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 ob ta ined  by s t u d y i n g  t h e  r a d a r  r e c e i v e d  s i g n a l  s t r e n g t h ,  
assuming t h a t  t h e  t r ansponder  power o u t p u t  i s  known. We 
have performed t h i s  s t u d y ,  and t h e  c o r r e c t i o n s  i n d i c a t e d  
on Line 5 o f  Table  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  d e l a y  e s t i m a t e s  and t h e  newly determined d e l a y s .  Only 
t h e  o r i g i n a l l y  determined d e l a y  e s t i m a t e s  have been used  
t o  d a t e .  

2 . 4 . 2 . 2 . 3  U n c e r t a i n t y  i n  Delay Curve Or ig in .  Although 
t h e  shape of  t h e  d e l a y  curves  a r e  w e l l  d e f i n e d  (+ - 1 y d . ) ,  
t h e  t o t a l  d e l a y  wi th  r e s p e c t  t o  t h e  l e a d i n g  edge of t h e  
i n t e r r o g a t i o n  p u l s e  was n o t  w e l l  d e f i n e d .  Data t a k e n  
du r ing  t h e  f l i g h t  q u a l i f i c a t i o n  o f  t h e  t r ansponder s  i n d i c a -  
t e s  an u n c e r t a i n t y  o f  - + 2 yds .  i n  t h e  Odbm d e l a y  p o i n t .  
I t  has  no t  been determined whether t h i s  i s  a t r ansponder  
problem o r  a l i m i t a t i o n  i n  t h e  t e s t  equipment used t o  
measure t h e  t r ansponder  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  r e d u c t i o n  and a n a l y s i s  o f  
a s u f f i c i e n t  number of  AN/FPQ-6 beacon/sk in  t r a c k s .  

2 . 4 . 2 . 2 . 4  R e f r a c t i o n .  The survey  d i s t a n c e  t o  t h e  range 
t a r g e t  i s  26 ,880  f t .  a t  an e l e v a t i o n  of . 3 O .  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  
should  measure approximately 3 meters - + . 5  meters  l o n g e r  
t h a n  survey  because of t h e  e f f e c t  o f  a tmospher ic  r e f r a c t -  
i o n .  No a t t empt  has  been made t o  c o r r e c t  f o r  t h e  e r r o r .  

I n  a d d i t i o n  t o  t h i s  e r r o r ,  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 made u s i n g  on ly  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  i n d  x. No a t tempt  has  been 
made t o  u se  any a c t u a l  me teo ro log ica 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 .  
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2 . 4 , 2 . 2 . 5  Range D r i f t ,  We have compiled t h e  p r e -  and 
pos t -mis s ion  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  du r ing  t h e  cour se  o f  t h e  c o l l o c a t i o n  
experiments  a t  Wallops S t a t i o n .  I n v e s t i g a t i o n  o f  t h i s  
d a t a  r e v e a l s  t h a t  t h e  p re -mis s ion  range c a l i b r a t i o n s  
average 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 .  We assumed t h a t  t h i s  v a r i a t i o n  was a t t -  
r i b u t a b l e  t o  "warm-up" o f  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 e x p e r i -  
ment was performed whereby appa ren t  t a r g e t  range v e r s u s  
t ime was monitored f o r  a p e r i o d  of 1 9  hours  on 1 6  J u l y  
1 9 6 8 .  The d a t a  from t h i s  experiment i s  p l o t t e d  i n  
F igure  1 0 .  We d i d  n o t  use  t h e  d a t a  ob ta ined  d u r i n g  t h e  
f i rs t  two hours  o f  t h e  experiment  s i n c e  t h e  r a d a r  i s  
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  miss ion .  

This  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  magni- 
tude  of  t h e  d r i f t  which can occur  du r ing  t h e  t ime i n t e r -  
v a l  (approximately 1 hour)  between p r e -  and p o s t - c a l i -  
b r a t i o n s .  From t h e  curve  we can s e e  t h a t  i n  t h e  wors t  
c a s e ,  a 3 yard  change could  occur .  S ince  we a r e  c u r r e n t l y  
averaging  p r e -  and pos t -mis s ion  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  y a r d s .  

A r e f i n e d  technique  f o r  weight ing  t h e  p r e -  
and p o s t - m i s s i o n  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  p rox imi ty  t o  t h e  t r a c k  t ime should reduce t h i s  
e r r o r  t o  less  t h a n  - + 0 . 5  yds .  

2 . 4 . 2 . 2 . 6  Range O s c i l l a t o r  D r i f t ,  The AN/FPQ-6 range 
r e f e r e n c e  o s c i l l a t o r  i s  designed t o  p rov ide  2000  
I n t e r n a t i o n a l  ya rds  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 requency o f  t h e  o s c i l l a t o r  i n  t h e  AN/FPQ-6, 
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it  was 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  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  81,964.28 cps  e These measurements a r e  
l i m i t e d  by t h e  r e s o l u t i o n  o f  t h e  time i n t e r v a l  
a v a i l a b l e  a t  Wallops. We hope t o  make a d d i t i o n a l  mea- 
surements 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  coun t ing  
t echn ique .  S ince  t h e  d e s i g n  f requency  (based on t h e  
speed o f  l i g h t  i n  vacuo = 327,857,Om - + 4 3 7  y d s / s e c  
( s e e  r e f e r e n c e  7) i s  8 1 , 9 6 4 . 2 E  c p s 9  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  mi l e s  i s  p o s s i b l e  w i t h  
t h e  knowledge of  t h e  o s c i l l a t o r  f requency.  This  range 
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  range i s  r e p r e s e n t e d  by: 

1 C Ta rge t  Range (yds) 
2000  yds E R  = 2000 yds - E 

where 

C = v e l o c i t y  o f  l i g h t  i n  vacuo (yds /sec)  

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

The Wallops S t a t i o n  AN/FPS-16 r a d a r  o s c i l l a t o r  
i s  more s t a b l e  than  t h a t  o f  t h e  AN/FPQ-6, and we 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 mission 
u n t i l  t h e  range  r a t e  between t h e  AN/FPQ-6 and AN/FPS-16 

- ~ 

*The b a r  over  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 c u l a t i o n  
t o  p reven t  rounding e r r o r s .  
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i s  under 20  y a r d s / s e c .  A t  1 0 0 0  n a u t i c a l  m i l e s  (12,202 
psec)  r ange ,  t h e  range  e r r o r  between t h e  two r a d a r s  i s  
l e s s  t h a n  0 . 2 5  yds .  

S ince  t h i s  e r r o r  i s  s y s t e m a t i c  and p r o p o r t i o n a l  
t o  r ange ,  i t  ccu ld  be f u r t h e r  reduced i f  we were a b l e  
t o  p r e c i s e l y  measure t h e  o s c i l l a t o r  f r e q u e n c i e s  p r i o r  
t o ,  d u r i n g ,  o r  a f t e r  t r a c k .  Th i s  i s  n o t  p o s s i b l e  wi th  
our  p r e s e n t  t e s t  equipment. U n t i l  b e t t e r  equipment i s  
a v a i l a b l e  f o r  t h e s e  measurements, t h e  r a d a r s  w i l l  be 
main ta ined  t o  w i t h i n  20 vds / sec  o f  each o t h e r  and t h e  
a b s o l u t e  o s c i l l a t o r  f r e q u e n c i e s  w i l l  be assumed more 
p r e c i s e  t h a n  o u r  c a p a b i l i t y  t o  measure them. 

2.4.3 Angle Tracking Loop 

The AN/FFQ-6 ang le  t r a c k i n g  loop ,  a s  d e p i c t e d  i n  
F igure  11, i l l u s t r a t e s  t h e  r e a l - t i m e  sequence from t h e  
i n s t a n t  of r e c e i v i n g  a C-Band p u l s e  a t  t h e  an tenna ,  t o  
t h e  d r i v i n g  o f  t h e  an tenna  d i s h  t o  fo l low t h e  t a r g e t ,  
and t h e  d a t a  r e c o r d i n g  ( see  r e f e r e n c e  8 ) .  
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SECTION 3.0 
DATA PREPROCESSING 

3.1 DATA HANDLING AT AN/FPQ-6 SITE 

3.1.1 Data Correction and Recording 

3.1.1.1 General 

The AN/FPQ-6 instrumentation includes an RCA 4101 
general purpose computer which permits radar system 
maintenance, calibration, and operational testing indepen- 
dent of other external systems. The computer is adaptable 
t o  user requirements, such as data correction and real- 
time data recording on magnetic tape in 4101 format 
(Appendix B) at a 10 or 20 sample per second rate. 

3.1.1.2 Data Correcting 

The nature and the forms o f  the error corrections 
within the 4101 program are shown in Figure 12. As indi- 
cated, the elevation and azimuth measurements are corrected 
for: 

a. Servo Lag (optional) 

b .  RF Axis Shift 

c ,  Encoder Bias 

d. Droop (applied to elevation only) 
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e.  Secant  E r r o r  ( a p p l i e d  t o  azimuth only)  

f .  Non-Orthogonal i ty  

g. P e d e s t a l  Mis l eve l  

I t  i s  noteworthy t h a t  no c o r r e c t i o n s  t o  range  a r e  made 
w i t h i n  t h e  4 1 0 1  program, and t h a t  no miss ion-by-miss ion  
c a l i b r a t i o n  c o r r e c t i o n s  a r e  a p p l i e d  a t  t h e  r a d a r  s i t e .  
Appendix C d e s c r i b e s  t h e  Wallops I s l a n d  AN/FPQ-6 
i n s t r u m e n t a t i o n  r a d a r  system e r r o r  model f o r  t h e  G E O S - I 1  
program, 

3.1.1.3 Data Recording 

The c a l i b r a t i o n  and t r a c k  d a t a ,  a f t e r  p rocess ing  
by t h e  4 1 0 1  E r r o r  Cor rec to r  Program, is  recorded  on 
magnetic t a p e  i n  t h e  4 1 0 1  format .  This  format  i s  d e s c r i b e d  
i n  Appendix B.  

3 . 1 . 2  Data T r a n s m i t t a l  

A s t a n d a r d  d a t a  package i s  s e n t  from t h e  r a d a r  s i t e  
t o  t h e  Wallops Computing Center .  This  package c o n s i s t s  o f :  

a .  Magnetic t a p e ,  d e s c r i b e d  i n  3 .1 .1 .3 above. 

b e  Radar Log. 

c.  C a l i b r a t i o n  Code Shee t .  

d. Meteoro logica l  Data Log. 
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3 . 1 . 2 , l  Radar Log 

A sample Radar Log i s  shown i n  F igu re  1 3 .  This  
l o g  i s  r e q u i r e d  
GEOS-B s u p p o r t .  
Radar Log shown 

Item 1. 

Item 2 .  

Item 3 .  

Item 4 .  

Item 5 .  

Item 6 .  

Item 7 .  

I tem 8 .  

Item 9 ,  

f o r  each r a d a r  t h a t  i s  scheduled  f o r  
A d e s c r i p t i o n  o f  t h e  e n t r i e s  o f  t h e  

i n  F igu re  1 3  i s  g iven  below: 

En te r  Zulu d a t e  of p a s s  a t  ho r i zon  
t ime.  

En te r  expected a c q u i r i n g  ho r i zon  t ime 
i n  Zulu t o  n e a r e s t  minute ,  t aken  f r o m  
p r e d i c t i o n  d a t a .  

En te r  l o c a l  s i t e  name o r  number, p l u s  
GEOS S i t e  I D  number. 

En te r  l o c a l  mi s s ion ,  t e s t ,  o r  model 
number. 

C i r c l e  o r  e n t e r  a l l  p u l s e  wid ths  used 
du r ing  miss ion .  

C i r c l e  o r  e n t e r  a l l  PRF ' s  used du r ing  
miss ion .  

C i r c l e  o r  e n t e r  a l l  r e c e i v e r b a n d w i d t h s  
used du r ing  miss ion .  

En te r  t h e  t r a n s m i t t e r  f requency  measured 
nea r  miss ion  t ime.  

En te r  t h e  beacon r e c e i v e r  f reqvency as  r e a d  
from t h e  beacon L . O .  du r ing  o r  a f t e r  t h e  
miss ion  and b e f o r e  i t  i s  r e a d j u s t e d .  
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Item 1 0 .  Ci rc le  o r  e n t e r  t h e  t r a n s m i t t e r  power 
used ,  normally 1 0 0 % .  

Item 11, C i r c l e  o r  e n t e r  t h e  measured t r a n s m i t t e r  
power. Measurement should  be a s  c lose  
t o  mis s ion  t ime a s  p o s s i b l e .  

I tem 1 2 .  C i r c l e  t h e  p o l a r i z a t i o n  used.  

I tem 13. En te r  t h e  r e c e i v e r  n o i s e  f i g u r e  t aken  
f rom a l l  t h r e e  t r a c k i n g  r e c e i v e r s .  

I tem 1 4 .  If  beacon d e l a y  compensation has  t o  be 
used,  t h e  d i g i t a l  recorded  r ange ,  i n  
y a r d s ,  i s  e n t e r e d  h e r e .  

I tem 1 5 .  En te r  t h e  number o f  p u l s e s  used  for 
p u l s e  coding ,  p l u s  t h e  measured 
spac ing ,  i n  microseconds.  

Item 1 6 .  En te r  t h e  measured system K, i f  a v a i l a b l e .  

I tem 1 7 .  C i r c l e  whether t h e  s e c a n t  c o r r e c t i o n  
was I N  o r  OUT. 

Item 1 8 .  C i r c l e  e i t h e r  o r  b o t h  Skin o r  Beacon 
t r a c k i n g  g a t e s  used.  

Item 19 .  I f  t r ansponder  w a s  t r a c k e d ,  c i r c l e  
whether Shor t  o r  Long Delay. 

Item 20.  En te r  d a t e  of l a s t  l a g  e r r o r  c o r r e c t i o n  
c a l i b r a t i o n .  
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Item 21. 

Item 2 2 ,  

Item 2 3 .  

Item 2 4 .  

Item 2 5 .  

During pre- and post-calibration, 
circle indicating that elevation was 
locked-on o r  manually (optically) 
positioned to boresight tower track 
point 

Enter actual measured error gradient 
used for mission, nominally 10 volt per 
mil e 

Enter, from latest periodic check, the 
measured bandwidths for azimuth, eleva- 
tion, and range over the switch posi- 
tions listed. 

Record the Track Kv value for both 
azimuth and elevation. 

F o r  FPQ-6 type radars, list the static 
correction values used: 

Droop 

Orthogonality 

Level Error 

Level Error 

Azimuth Bias 

Elevation Bias 

Null Shift Corrections 

- Az (Skin) Kas 

Kes El (Skin) 
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- Az (Beacon) Kab 

Keb E l  (Beacon) 

Item 26.  En te r  t h e  l a t e s t  su rvey  p o s i t i o n  t o  t h e  
r a d a r s  r e f e r e n c e  t a r g e t s ,  i n  m i l s  and 
ya rds .  

Item 2 7 .  En te r  commutation f requency .  

Item 28. En te r  d a t a  c o r r e c t i o n  bandwidth. 

Item 29.  E n t e r  a c q u i s i t i o n  s o u r c e  used  t o  a c q u i r e  
t r a c k .  

Item 30. En te r  i n fo rma t ion  t aken  f rom t r a c k  d a t a ,  
i f  p o s s i b l e .  

Item 31. C i r c l e  whether t a r g e t  s i g n a l  was s t e a d y  
o r  l ob ing .  If  l o b i n g ,  i n d i c a t e  lobe  n u l l  
depth .  En te r  p e r t i n e n t  remarks on s i g n a l  
c h a r a c t e r i s t i c s .  

Item 32. L i s t  a l l  On and O f f  t r a c k  t ime (up t o  
number of  spaces  g i v e n ) ,  t o  t h e  n e a r e s t  
second. 

Item 33. A l l  p e r t i n e n t  remarks.  

3 .1 .2 .2  C a l i b r a t i o n  Code Shee t  

A sample C a l i b r a t i o n  Code Shee t  i s  shown i n  F igu re  
8 ,  page 2 - 1 5 .  The d i g i t a l  codes are  d i v i d e d  i n t o  two s e c t i o n s .  
The f i r s t  s e c t i o n  cove r s  Rout ine C a l i b r a t i o n s  such a s  normal 
P r e - C a l i b r a t i o n  (100 S e r i e s )  and Pos t  C a l i b r a t i o n  ( 2 0 0  S e r i e s )  
r e c o r d i n g s ,  
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The i n t e n t  i s  t h a t  each  c a l i b r a t i o n  s t e p  w i l l  be  
keyed w i t h  t h e  code (from t h e  s h e e t )  a p p l i c a b l e  t o  it 
by i n s e r t i n g  t h e  code i n t o  t h e  d i g i t a l  word. This  code 
i s  added, e i t h e r  a t  t h e  r a d a r  s i t e  o r  by p o s t - r e d u c t i o n  
p r o c e s s e s  e 

For qu ick - look  in fo rma t ion ,  each t i m e  t h e  codes 
a r e  added, a copy of  t h e  code s h e e t  i s  marked by c i r c l i n g  
each e v e n t  recorded .  The code s h e e t  t hen  becomes a p a r t  
o f  t h e  d a t a  package. 

Codes 1 0 1  through 1 2 2  and 2 0 1  through 2 2 2  apply  
t o  AGC c a l i b r a t i o n .  The db v a l u e  r e f e r s  t o  a s i g n a l  
l e v e l  above 0 db. Codes 1 0 4 ,  2 0 4 ,  1 0 7 ,  2 0 7 ,  108, 208, 
1 0 9 ,  and 209 can be used f o r  any a d d i t i o n a l  l e v e l s  
recorded  t h a t  a r e  n o t  no ted  e l sewhere .  

Codes 123 through 1 2 6  and 223 through 2 2 6  a r e  
used when locked-on t o  t h e  b o r e s i g h t  tower and range 
t a r g e t  t o  r e c o r d  t h e i r  su rvey  b e a r i n g  and/or  range.  

Codes 1 2 7  through 130 and 2 2 7  through 230 show 
c a l i b r a t i o n  v a l u e s  when e r r o r  v o l t a g e s  (azimuth and 
e l e v a t i o n )  a r e  recorded .  The ampli tudes recorded  
correspond t o  t h e  e r r o r  gene ra t ed  by d i s p l a c i n g  t h e  
an tenna  1 m i l  i n  t h e  d i r e c t i o n  shown. 

Codes 131 through 133 and 231 through 233 a r e  
f o r  r eco rd ing  c a l i b r a t i o n  o f  t h e  t r a n s m i t t e r  a t t e n u a t o r  
w i th  t h e  r a d a r  lock-on  t o  a s t a b l e  s k i n  r e t u r n ;  131 and 
231 w i l l  show t h e  AGC v o l t a g e  w i t h  t h e  a t t e n u a t o r  f u l l y  
o u t  (100% power). Codes 132, 133, 232, and 233 can b e  
used f o r  any va lues  of  a t t e n u a t i o n  expected t o  be used. 

The code s h e e t  should b e  marked wi th  t h e  a p p l i c a b l e  v a l u e s .  
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Codes 134 through 137 and 234 through 237 are for 
recording calibration of the receiver attenuator. With 
the attenuator fully out, codes 134 and 234 show the AGC 
level when locked-on to a stable return. The remaining 
codes can be used for any value of receiver attenuation 
expected to be used during pre-calibration (135, 136, 137) 
or during post-calibration (235, 236, 237). The Code Sheet 
should be marked with the applicable attenuation values. 

Codes 1 3 8  and 238 are used to record the track o f  
system evaluation test rockets. 

Codes 139 and 239 are used t o  record the track o f  
a pre- or post-mission calibration sphere. 

The second section (300 Series) calibrations are 
used to obtain information that, in conjunction with 
mission-recorded AGC and raw azimuth and elevation servo 
errors, may be used to determine antenna position lag. 
The lag error is then added to the antenna position 
recorded during the mission. Also these 300 Series Cali- 
brations are used to record how well the three receiver 
channels track together (the error channel amplitudes 
are monitored as a function of AGC) and the actual error 
amplitude, as generated by the receiver as a function o f  
physical antenna displacement from a zero error condition. 

3.1.2.3 Meteorological Data Log 

A sample Meteorological Data Log is shown in 
Figure 15. This log is required on all tests in which 
either optical or radar data is taken. 
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ZERO TIME WEATHER OBSERVATION 
WALLOPS ISLAND,  VIRGINIA 

?IEHICI& 

OTHER MODEL NO,hEV, 

P A S S  DA'PE 

PASS TIME 

-720 

GEOS-B 

D I  STRIBUTI OH 
I I I 

I I 

CLOUD COVER (BASES I N  HUNDREDS OF FEET) 

VISIBILITJe ( I N  STATUTE MILES) AND WEATHER 

SEA LEVEL BAROMETRIC PRESSURE 

TEMPERATURE AND DEW POINT (DEGREES F.) 

SURFACE WIND (30 FEET ABOVE GROUND, BLDG, X-85) MPH 

REMARKS : 

Data i n  Support of Radar: 
(GEOS DesignatiodDesignations) 

Distance fran Observation S i t e  
t o  Radar Site/Sites: 

Direction fran Observation S i t e  
t o  Radar Sitehitest 

Height of Observation S i t e  
Relative t o  Radar Site/Sites : 

SUPPORT 
RAD1 OSONRE 

Other Data or Remarks: 

F ' I G W  14 
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3 . 2  PASS 1 "RAW DATA" PROGRAM 

3 . 2 . 1  Program Descr iDt ion  

The purpose o f  t h i s  program i s  t o :  

a .  Apply a p p r o p r i a t e  b i t  weights  t o  t h e  i n f o r -  
mat ion on t h e  d a t a  t a p e s  r e c e i v e d  from t h e  
r a d a r  s i t e .  

SR = SR x K 1  
AZ = AZ x K 2  
EL = EL x K 3  
RDOT = RDOT x K 4  

b .  Compute f i r s t  d i f f e r e n c e s  o f  t h e  raw d a t a .  

DR = SRi - SRi-l  

DA = AZi - AZiml 

DE = DEi - DEiq l  

c .  Cor rec t  r a d a r  d a t a  t ime t a g s  by adding + 5 . 9  
msec a s  p e r  t iming  d i s c u s s i o n  i n  S e c t i o n  2 . 2 .  

d .  Output t h e  d a t a  i n  a s t a n d a r d  format s u i t a b l e  
f o r  f u r t h e r  computer p r o c e s s i n g .  This  format 
i s  o u t l i n e d  below. 

e .  Perform d a t a  a n a l y s i s .  Th i s  a n a l y s i s  i n c l u d e s  
t ime i n t e r v a l s  o f  t r a c k  d a t a ;  and t i m e s ,  v a r i a t e  
d i f f e r e n c e s  and measurements where "bad" d a t a  
occur s  
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3.2.2 Program Flow Char t  

A g e n e r a l i z e d  PASS 1 program f low c h a r t  comprises 
F igure  1 5 .  

3 .2 .3  PASS 1 Output 

An o u t p u t  t a p e  i s  gene ra t ed  w i t h  t h e  d a t a  i n  t h e  
format p r e s e n t e d  i n  Table  4 .  

Pre -  and p o s t - m i s s i o n  c a l i b r a t i o n  measurements 
a r e  p r i n t e d  a s  a p a r t  o f  t h e  o u t p u t  (sample o u t p u t ,  
F igure  1 6 ) .  A summary is  a l s o  p r i n t e d  (F igu re  1 7 ) .  

3 .3  PASS 2 PROGRAM 

3 . 3 . 1  Purpose 

The 
These a r e :  

a .  

b .  

PASS 2 Program has f i v e  i n t e r r e l a t e d  f u n c t i o n s .  

Range measurements a r e  c o r r e c t e d  f o r  nominal 
s a t e l l i t e  t r ansponder  d e l a y s ,  i f  a p p l i c a b l e ,  
and c o r r e c t e d  f o r  range b i a s ,  a s  i n d i c a t e d  
by t h e  p r e -  and p o s t - m i s s i o n  c a l i b r a t i o n s .  

Every nth r e c o r d  i s  s e l e c t e d  from t h e  PASS 1 
ou tpu t  t a p e  f o r  p r o c e s s i n g  and l a t e r  r e d u c t i o n ,  
where n i s  a f u n c t i o n  o f  t h e  r a d a r  sampling r a t e  
and t h e  d e s i r e d  d a t a  r a t e  f o r  r e d u c t i o n .  
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BIT WEIGHTS NEW FOR MAY 

START- TIME 

FIGURE 1 5  

PASS 1 PROGRAM FLOW CHART 
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TABLE 4 

Mode o f  Wr i t ing :  Binary  

Exp lana t ion  o f  Record: 
Words/Record: 34 

Each word c o n s i s t s  o f  36 b i t s :  

1 
2 
3 
4 

5 6  6 

7 6  8 
9 6 1 0  

11 g 1 2  
13  6 1 4  
1 5  6 1 6  
1 7  6 18 

1 9  
20 
2 1  
2 2  
23 
2 4  
25 
26 
2 7  
2 8  

29 6 30 
31 
32 

33 
34 

I 
A 

A 
A 
DP 
DP 
DP 
DP 
DP 
DP 
DP 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
DP 
0 
0 

A 
A 

Dens i ty :  800  BPI  

Run Number 
Radar Number (0-11) ; Model Number (12-35) 

00 

Radar Mode (0-5) 
Con t ro l  Mode 
Time (hours )  
Azimuth (degrees)  
E l e v a t i o n  (degrees)  
S l a n t  Range ( f e e t )  
D e l t a  Azimuth (degrees)  
D e l t a  E l e v a t i o n  (degrees)  
D e l t a  S l a n t  Range ( f e e t )  
Azimuth E r r o r  ( b i z s )  
E l e v a t i o n  E r r o r  ( b i t s )  
Range Rate ( f e e t  p e r  s e c  x 1 
V e l o c i t y  o f  Propagat ion  ( f e e t  p e r  s e c )  
Doppler Freq Counter (megahertz) 
T r a n s m i t t e r  Freq (Hertz)  
Blank 
Blank 
Blank 
AGC ( b i t s )  
Elapsed Time (hours)  
k B i t s  (33-35) 
FPQ-6 S t a t u s  B i t s  ( 0 -20 ) ;  Milgo Aux B i t s  
Recorded and Transmi t ted  B i t s  (31-35) 
Azimuth Lag C o r r e c t i o n  B i t  ( b i t  5)  
E l e v a t i o n  Lag C o r r e c t i o n  B i t  ( b i t  5 )  

I = I n t e g e r  
A = Alphanumeric 
DP = Double P r e c i s i o n  
0 = Octal 
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PRE - FLIGHT ROUTINE CALIBRATIONS 

AGC CALIBRATIONS 

NOISE 
0 DB 
5 DB 
10 DB 
1 5  DB 
20 DB 
25 DB 
30 DB 
3 5  DB 
40 DB 
4 5  DB 
50 DB 
55  DB 

4 BITS 
0 BITS 

- 4  BITS 
- 7  BITS 

-11 BITS 
- 1 4  BITS 
-18 BITS 
- 2 1  BITS 
- 2 4  BITS 
- 2 7  BITS 
-30 BITS 
- 3 3  BITS 
- 3 7  BITS 

BORESIGHT TOWER NORMAL AVG AZ 24 .2827  DEG AVG EL 3 . 4 1 6 9  DEG 

BORESIGHT TOWER PLUNGED AVG AZ 204 .2746  DEG AVG EL 1 7 6 . 5 9 1 1  DEG 

RANGE TARGET - SKIN GATE AVG SR 26882 .  FEET 

RANGE TARGET - BEACON GATE AVG SR 24452 .  FEET 

Figure 1 6  
SAMPLE LISTING OF PRE-FLIGHT CALIBRATION DATA 
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RADAR NUMBER 05 
MODEL NUMBER 0720 

FIRST TIME ON MODEL 
FIRST AUTO MODE ON MODEL 
LAST TIME ON MODEL 

TOTAL NUMBER OF RECORDS 
PERCENTAGE OF RECORDS IN AUTO MODE 
PERCENTAGE OF AUTO WITH S/N GREATER THAN 10 DB 
NUMBER OF TIMES RADAR ACQUIRED TRACK 
NUMBER OF TIMES RADAR LOST TRACK 
NUMBER OF TIME DISCREPANCIES 
NUMBER OF RANGE VARIATE DIFFERENCES GREATER THAN THRESHOLD 
NUMBER OF AZ VARIATE DIFFERENCES GREATER THAN THRESHOLD 
NUMBER OF EL VARIATE DIFFERENCES GREATER THAN THRESHOLD 

0 6 - 0 6 - 5 5 . 7 4  

0 6 - 0 7 - 0 2 . 3 4  

06 -  25 -07  $ 9 4  

1 0 9 2 3  
9 8  

9 8  
1 

1 
0 

74  
10 

27 

Figure 17 
DATA SUMMARY SHEET 
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c. Radar range and elevation measurements are 
refraction corrected. 

d. Measurement time tags are corrected for the 
pulse transit time from the satellite to 
the radar site. 

e. Thermal noise equations are used to compute 
- a priori uncertainties f o r  each measurement. 

3.3.2 Method 

3 .3 .2 .1  Selection of Every nth Record 

A variable which is called IPICK is input to the 
program for the selection of data records to be processed. 
An internal counter is incremented until the number of 
records equals IPICK. The data on the selected record 
is then pre-processed; the counter is set back to zero, 
and the process continues. However, a record does not 

6 increment the counter unless the range exceeds 2 x 10 
feet (to eliminate the calibration data), the elevation 
angle exceeds a variable input value, and the observation 
is in the auto-track mode. 

3.3.2.2 Refraction Corrections 

The tropospheric refraction correction applied to 
Wallops radar data during preprocessing uses a measured 
surface index of refraction and a cosecant dependence upon 
elevation angle. A refraction correction based upon the 
ray path integration using a measured vertical refractive index 
profile has an expected error on the order o f  2 - 4 % .  The use 

3-18 



of  a c o r r e c t i o n  procedure  based upon a s u r f a c e  index on ly  
should  i n t r o d u c e  a few p e r c e n t  a d d i t i o n a l  e r r o r ,  a s  should  
t h e  f l a t  e a r t h  approximation ( i e e a ,  t h e  c s c  E dependence) .  
Taking i n t o  account  t h e  f a c t  t h a t  t h e  l o c a t i o n  o f  t h e  r a d a r  
n e a r  t h e  l a n d - s e a  boundry where atmospheric  c o n d i t i o n s  a r e  
q u i t e  d i f f i c u l t  t o  p r e d i c t ,  a r e s i d u a l  r e f r a c t i o n  e r r o r  of  
1 0 %  i s  an approximate upper  l i m i t  t o  t h e  e r r o r  which could  
be expec ted .  

The r e f r a c t i v e  index ,  p, f o r  r a d a r  i s  computed a s  
fo l lows  ( see  r e f  9 ) :  

p - 1  = [103.4, (P-e)  + 8 6 . 2 6  (I+ T)e 5748 ] x l o m 6 ,  

where 

P = t o t a l  a tmospheric  p r e s s u r e  (mm Hg), 

e = p a r t i a l  p r e s s u r e  of  water  vapor (mm Hg), 

and 

T = a b s o l u t e  ( C )  t empera ture  

I f  t empera tu re ,  p r e s s u r e ,  and r e l a t i v e  humidi ty  a r e  no t  
known, a nominal v a l u e  o f  0 . 2 9 1 9  x l o v 3  ( see  r e f e r e n c e  
1 0  and 11)  f o r  v - 1  i s  p r e - s e t  i n  t h e  program. 

The r e f r a c t i o n  c o r r e c t e d  e l e v a t i o n  ang le s  and ranges  
a r e  computed by: 
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Ec = Eo - Cot Eo (11-1) 

Rc = Ro - [ ( p - 1 )  (s)/sin Ec] 

where 

Ec = corrected elevation angle measurement 

Eo = observed elevation angle measurement 

Rc = corrected range measurement 

Ro = observed range measurement 

s = scale height of  the atmospheric refractive 
index, 1-1, approximately 7 . 6  km (see ref 9 )  

3 . 3 . 2 . 3  Time Tag Correction 

The measurement time tags are corrected to the 
time the radar pulse left the satellite by 

Tc = To - Rc/C 

where 

Tc = corrected observation time (seconds) 

To = sampled time at radar 

C = velocity o f  light = 2 9 9 7 9 2 , S  km/sec 
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3.3.2.4 Range Measurement Corrections 

3.3.2.4.1 Range Calibration Corrections. Using the 
approximately 100 range gre-mission calibration measure- 
ments (10 seconds of radar Range Target data taken at 10 p.p.s) 
the mean difference of radar and survey measurements and the 
standard deviation about this mean are computed. A 3a 
editing routine is used to eliminate rogue data points 
in the calibration. 

A mean difference between the radar post-mission 
range and survey measurements, and the standard deviation 
about this mean, are then computed. 

If the difference in pre- and post-mission range 
calibrations exceeds a pre-set value, post-calibration 
data is used and data 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 Z statistic 
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where 

m = t h e  p r e - c a l i b r a t i o n  sample s i z e  

n = t h e  p o s t - c a l i b r a t i o n  sample s i z e  

L m 

- 
'li - ith read ing  o f  t h e  p r e - c a l i b r a t i o n  

= ith read ing  of  t h e  p o s t - c a l i b r a t i o n  ' 2 i  

S ince  m and n a r e  u s u a l l y  l a r g e  (approximate ly  
1 0 0  samples) t h e  computed q u a n t i t y  Z i s  normally d i s t r i -  
bu ted  w i t h  zero  mean and u n i t  v a r i a n c e .  The re fo re ,  i f  Z 
i s  less  than  2 . 5 4 ,  t h e  means a r e  judged t o  be  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  9 5 %  conf idence  l e v e l  and 
t h e  p r e -  and p o s t - c a l i b r a t i o n  r e s u l t s  a r e  averaged.  I f  
Z i s  g r e a t e r  t h a n  2 .54 ,  t h e  p o s t - c a l i b r a t i o n  d a t a  i s  
used a s  d e s c r i b e d  above and t h e  d a t a  f l agged  a s  
q u e s t i o n a b l e  e 

3 . 3 . 2 . 4 . 2  S a t e l l i t e  Transponder Delays.  Nominal s a t e l -  
l i t e  t ransponder  de l ays  a r e  converted t o  e q u i v a l e n t  range 
c o r r e c t i o n s  f o r  beacon- t r ack  d a t a .  The range c o r r e c t i o n  
va lues  f o r  t h e  GEOS-B s a t e l l i t e  a r e  p r e s e n t e d  and d i scussed  
i n  S e c t i o n  2 . 4 . 2 . 2  o f  t h i s  document. 
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3.3 .2 .4 .3  Combined Range C o r r e c t i o n s .  The t o t a l  
ATU/FPQ-6 range c o r r e c t i o n  i s  c a l c u l a t e d  a l g e b r a i c a l l y  
as fo l lows :  

= Rs - Rc - RT - RR RTC 

where 

= t o t a l  range c o r r e c t i o n  RTC 

RS = surveyed range t o  c a l i b r a t i o n  t a r g e t  

Rc = measured range t o  c a l i b r a t i o n  t a r g e t  

RT = nominal t r ansponder  de l ay  

RR = r e f r a c t i o n  c o r r e c t i o n  (Sec t ion  3.2.2.2 above) 

3 .3 .2 .5  Data Unce r t a in ty  Computations 

The thermal  n o i s e  equa t ions  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  u n c e r t a i n t i e s  
f o r  each d a t a  p o i n t  f o r  use i n  t h e  weight ing  scheme. 

3 -23  



THERMAL NOISE EQUATIONS 

Azimuth 

8 sec (EL) 8 = r a d a r  h a l f  beam- 
o =  width  ( r a d i a n s )  
A {-- 

fr = r e p e t i t i o n  r a t e  (pps) 

en = servo bandwidth (Hz) 

- s i g n a l  t o  n o i s e  power w -  
r a t i o  

E l e v a t  i o n  

8 

Range 

T 
T = pu l sewid th  ( l p s e c  = 500 f t . )  

3 - 2 4  



Range Rate 

- x BfL 
0; - 

4 .0  i-z 
C 
T x =  

C = speed of light 

f = frequency of trans- 
6 mission (5690x10 ) 

BfL = fine line bandwidth 
(1601 

The computed uncertainties for the range and angle 
measurements are plotted in Figures 1 8  and 19 as a func- 
tion of the signal-to-noise ratio in db. 

3 . 3 . 3  PASS 2 Output 

The pre-processed data is output on (optional) 
data cards or magnetic tape. The output format (Appendix 
DO is suitable for further data reduction and is compatible 
with the format prescribed for data submission to the data 
bank of the National Geodetic Satellite Program. 
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FIGURE 1 8  
1 0 0  

ESTIMATED N O I S E  OF FPQ-6 RANGE SYSTEM 

BEACON/BEACON-SKIN 

+30 +20 + 1 0  0 - 1 0  - 2 0  
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FIGURE 1 9  
1 0 0 0  
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1 

BEACON 

ESTIMATED NOISE OF FPQ-6 ANGLE SYSTEMS 
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APPENDIX A 
SURVEY INFORMATION 



POSITION AND DESCRIPTION OF SURVEY STATION 

Station Bridge is located on the highest part of the bridge over Cat 
Creek leading to Wallops Island, Va. The station is a brass tablet 
grouted into the walkway on the north side of the bridge. The center 
is marked by a punch hole at the intersection of an etched cross.  

To reach station from the cafeteria at Wallops Island (Bldg. 5005) 
proceed northwest along blacktop road 0 .9  mile to high point in bridge 
and station. 

Savage Bridge was used as a reference mark and is a 1/2-inch metal 
plug in the eastbound lane of road. 

A- 1 



DESCRIPTION OF BENCH MARK 

Des igna t ion:  NACA NO. 3 2 1963 

Neares t  town: Wallops I s l a n d  

Dis tance  and d i r e c t i o n  from n e a r e s t  town: On Wallops I s l a n d  

Charac te r  o f  mark: A s t a n d a r d  t r a v e r s e - s t a t i o n  d i s k  

E s t a b l i s h e d  by: USC GS 

S t a t e :  V i r g i n i a  

County: Accomack 

Chief  of  p a r t y :  R. G e r r i s h  

Level ing  d a t e :  2-5-63 

Stamping: NACA NO. 3 2 1963 

D e t a i l e d  d e s c r i p t i o n :  

On Wallops I s l a n d ,  Accomack County, w i t h i n  t h e  
Na t iona l  Advisory Counci l  on Aeronaut ics  Area,  30.9 f e e t  
n o r t h e a s t  of s t a t i o n  NACA NO.  3 1 9 5 1 ,  1 7  f e e t  southwest  
of a p o s t  w i t h  e l e c t r i c a l  o u t l e t ,  4 f e e t  nor thwes t  of  t h e  
edge o f  c o n c r e t e  apron ,  and s e t  i n  t h e  t o p  o f  a c o n c r e t e  
monument about 1 f o o t  i n  d i ame te r ,  f l u s h  w i t h  t h e  ground. 

B.M. D e s c r i n t i o n  

NACA N O ,  3 2 1963 

A d  j us t e d  E l e v a t  i o n  
(Meters) (Fee t )  

2.618 8 . 5 9 0  



DESCRIPTION OF BENCH MARK 

Des igna t ion:  G 4 2 1  

Nea res t  town: Wallops I s l a n d  

Di s t ance  and d i r e c t i o n  from n e a r e s t  town: 2 . 0 5  mi l e s  nor thwes t  

Charac t e r  of  mark: C 6 GS Bench Mark D i s k  

S ta te : .  V i r g i n i a  

County: Accomack 

Chief of p a r t y :  R. Ge r r i sh  

Level ing  d a t e :  7-63 

Stamping: G 4 2 1  1963 

D e t a i l e d  d e s c r i p t i o n :  

About 2 . 0 5  miles nor thwes t  a long  a b l a c k  t o p  road from 
t h e  c a f e t e r i a  (Bldg. 5005) w i t h i n  t h e  Na t iona l  Aeronaut ics  
and Space Admin i s t r a t ion  p r o p e r t y  a t  Wallops I s l a n d ,  a t  t h e  
s e n t r y  house (Bldg. F 10) a t  t h e  main e n t r a n c e  t o  p r o p e r t y ,  
37 f ee t  southwest  of  c e n t e r  l i n e  of  road  j u n c t i o n  l ead ing  
southwes t ,  7 . 5  f e e t  s o u t h e a s t  o f  cyclone fence  l i n e ,  6 1 / 2  
f e e t  southwest  o f  a power p o l e ,  1 1 / 2  f e e t  above l e v e l  of  
road ,  and s e t  i n  t h e  top  o f  a conc re t e  p o s t  p r o j e c t i n g  
3 inches .  

Note:  Mark may a l s o  be reached by going 2 . 1  mi l e s  southwest  
a long Secondary S t a t e  Highway 679 from t h e  i n t e r s e c -  
t i o n  of  Secondary S t a t e  Highway 7 - 2  a t  A t l a n t i c ,  
thence 1 . 0  m i l e  s o u t h e a s t  a long Secondary S t a t e  
Highway 803. 

B.M. Descr iDt ion  
Adjus ted  E l e v a t i o n  
(Meters ) (Fee t )  

G 4 2 1  

- 3  

5.319 17.451 



DESCRIPTION OF BENCH MARK 

Des igna t ion:  K 4 2 1  

Neares t  town: Wallops I s l a n d  

Dis tance  and d i r e c t i o n  from n e a r e s t  town: A t  Wallops I s l a n d  

Charac te r  of mark: C 6 GS Bench Mark D i s k  

E s t a b l i s h e d  by: C 6 GS 

S t a t e :  V i r g i n i a  

County: Accomack 

Chief  o f  p a r t y :  R .  G e r r i s h  

Level ing  d a t e :  7-63 

Stamping: K 4 2 1  1963 

D e t a i l e d  d e s c r i p t i o n :  

A t  Wallops I s l a n d ,  about  1 . 9  miles n o r t h e a s t  a long a 
b l ack  top  road from t h e  c a f e t e r i a  (Bldg. SOOS), w i t h i n  t h e  
N a t i o n a l  Aeronaut ics  and Space Admin i s t r a t ion  p r o p e r t y ,  
18 .5  f e e t  nor thwes t  of  c e n t e r  l i n e  o f  road ,  93 f e e t  sou th -  
e a s t  of  e a s t  co rne r  of  e x p l o s i v e  s t o r a g e  b u i l d i n g  W - 2 2 4 ,  
3 f e e t  southwest  of a power p o l e ,  1 . 8  f e e t  n o r t h e a s t  of 
a s t e e l  w i t n e s s  p o s t ,  1 / 2  f o o t  above l e v e l  of road ,  and 
s e t  i n  t h e  t o p  of a c o n c r e t e  p o s t  p r o j e c t i n g  3 i n c h e s .  

Note :  Mark may a l s o  be going 1.15 miles southwest  a long  
a b l ack  t o p  road from the  U.S. Coast  Guard lookout  
tower on Wallops I s l a n d .  

B.M. D e s c r i p t i o n  

K 4 2 1  

Adjus ted  E l e v a t i o n  
(Meters) (Fee t )  

1 . 8 5 4  6.083 

A -  4 



RECOVERY NOTE, BENCH MARK 

Des igna t ion:  A 299 

Neares t  town: Wallops I s l a n d  

Di s t ance  and d i r e c t i o n  from n e a r e s t  town: A t  Wallops I s l a n d  

Charac te r  o f  mark: C 6 GS Bench Mark Disk 

E s t a b l i s h e d  by: C t; GS 

P r e s e n t  c o n d i t i o n :  Good 

S t a t e :  V i r g i n i a  

County: Accomack 

Chief o f  p a r t y :  R.  G e r r i s h  

Level ing d a t e :  5 - 6 3  

Stamping: A 299 1949  

D e t a i l e d  d e s c r i p t i o n :  

A t  Wallops I s l a n d ,  w i t h i n  t h e  Na t iona l  Aeronaut ics  
and Space Admin i s t r a t ion  p r o p e r t y ,  a t  t h e  c a f e t e r i a  (Bldg. 
SOOS), s e t  on top  of  t o p  s t e p  a t  nor thwes t  (main) e n t r a n c e  
t o  c a f e t e r i a ,  2 f e e t  nor thwes t  w a l l  o f  b u i l d i n g ,  1 2  f e e t  
s o u t h  o f  power p o l e  I, 0 . 3  f o o t  n o r t h e a s t  o f  southwest  w a l l  
of  s t e p s ,  and 1 1 / 2  f e e t  above l e v e l  of ground. 

B.M. D e s c r i p t i o n  

A 299 

Ad j us t e d  E l e v a t  i o n  
(Meters) (Fee t )  

3.095 1 0 . 1 5 4  

A- 5 



APPENDIX B 
4 1 0 1  DATA FORMAT 



4 1 0 1  
Word 1 

B I T  

0 0  
1 
2 
3 
4 
5 
6 
7 
8 

9 
1 0  
11 

1 2  
13 
1 4  
1 5  
1 6  
1 7  

18  
1 9  
20 
2 1  
22  
2 3  
2 4  
2 5  
26  
2 7  
28 
29 

30 
31 
32  
33 
3 4  
35 

M I S S I L E  I D E N T I F I C A T I O N  

B i t  V a l u e  

A l l  Zeroes 

2 *  
21 
20 

A l l  Zeroes 

211 
21°  
2 9  

27 

2 5  
2 4  
23 

z 8  
z 6  

z2 
21 
20 

A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 

B - 1  



TIME 

4 1 0 1  
Word 2 

B I T  

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
13 
1 4  
1 5  
1 6  
1 7  
1 8  
19  
2 0  
2 1  
2 2  
23  
2 4  
25  
2 6  
2 7  
2 8  
2 9  

3 0  
31 
3 2  
33 
3 4  
35 

Function 

A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
Tens o f  Hours 
Tens o f  Hours 
A l w a y s  Zero 
A l w a y s  Zero 
Un i t s  of Hours 
Uni t s  o f  Hours 
Un i t s  o f  Hours 
Un i t s  of  Hours 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
Tens o f  Minutes 
Tens o f  Minutes 
Tens o f  Minutes 
A l w a y s  Zero 
A l w a y s  Zero 
Uni t s  o f  Minutes 
Uni t s  o f  Minutes 
Un i t s  of Minutes 
Uni t s  o f  Minutes 

A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 

BCD Represen ta t ion  
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TIME - 

4101  
Word 3 

B I T  

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
13 
1 4  
1 5  
1 6  
1 7  
18  
1 9  
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
2 7  
2 8  
2 9  

30 
31 
3 2  
33 
3 4  
35 

Funct ion 

A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
Tens o f  Seconds 
Tens o f  Seconds 
Tend o f  Seconds 
A l w a y s  Zero 
A l w a y s  Zero 
Un i t s  o f  Seconds 
Un i t s  o f  Seconds 
Un i t s  o f  Seconds 
Uni t s  o f  Seconds 
A l w a y s  Zero 
A l w a y s  Zero 
Tenths of  Seconds 
Tenths o f  Seconds 
Tenths of Seconds 
Tenths  o f  Seconds 
A l w a y s  Zero 
A l w a y s  Zero 
Hundredths of Seconds 
Hundredths o f  Seconds 
Hundredths of Seconds 
Hundredths o f  Seconds 

A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 
A l w a y s  Zero 

BCD Represent  at i on 
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RANGE 

4 1 0 1  
Word 4 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
13  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
20 
2 1  
2 2  
23 
24 
25 
26 
27 
28 
29 

30 
31 
32 
3 3  
34  
35  

Bit Value (Yards) 

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

8 , 1 9 2 , 0 0 0  
4 , 0 9 6 , 0 0 0  
2 , 0 4 8 , 0 0 0  
1 , 0 2 4 , 0 0 0  

5 1 2 , 0 0 0  
2 5 6 , 0 0 0  
1 2 8 , 0 0 0  

6 4 , 0 0 0  
3 2 , 0 0 0  
1 6 , 0 0 0  

8 , 0 0 0  
4 , 0 0 0  
2 , 0 0 0  
1 , 0 0 0  

500  
250 
1 2 5  

6 2 . 5  
31.25 
1 5 . 6 2 5  

7 , 8 1 2 5  
3 .90625  
1 , 9 5 3 1 2 5  
0 
0 
0 
0 
0 

Always Z e r o  
Always Z e r o  
Always Zero 
Always Z e r o  
Always Z e r o  
Always Z e r o  

B - 4  



AZIMUTH 

4 1 0 1  
Word 5 B i t  0 - 1 9  Value (MILS) 

B I T  

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
20 
2 1  
2 2  
2 3  
24 
25 
26 
27 
28 
29 

30 
31 
3 2  
3 3  
34 
35  

3200 
1 6 0 0  

800 
400 
200 
1 0 0  

50 
25 
1 2 . 5  

6 .25  
3 . 1 2 5  
1 . 5 6 2 5  

e 78125  
. 3 9 0 6 2 5  
. 1 9 5 3 1 2 5  
. 0 9 7 6 5 6 2 5  
, 0 4 8 8 2 8 1 2 5  
, 0 2 4 4 1 4 0 6 2 5  
e 01220703125  
.006103515625  

1 = l a g  c o r r e c t e d ,  0 = no l a g  c o r r e c t i o n  
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 

Always Zero 
Always Zero 
Always Zero 
Always Zero 
Always Zero 
Always Zero 
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ELEVATION. AUTOMATIC GAIN CONTROL 

4 1 0 1  
Word 6 

B I T  

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
20 
2 1  
2 2  
2 3  
24 
25 
26 
2 7  
28 
29 

30 
31 
32 
33 
34 
35 

B i t  0 = 1 9  Value (MILS) B i t  2 3  - 29 Value ( V o l t s )  

3 2 0 0  
1 6 0 0  

800  
400 
20 0 
1 0 0  

50  
25 
1 2 . 5  

6 . 2 5  
3 . 1 2 5  
1 . 5 6 2 5  

, 7 8 1 2 5  
. 3 9 0 6 2 5  

1 9 5 3 1 2 5  
. 0 9 7 6 5 6 2 5  
, 0 4 8 8 2 8 1 2 5  
.0244140625  
. 0 1 2 2 0 7 0 3 1 2 5  
. 0 0 6 1 0 3 5 1 5 6 2 5  

1 = l a g  c o r r e c t e d ,  0 = n o  l a g  c o r r e c t i o n  
Z e r o  
S i g n  B i t  ( o = P o s i t i v e  V o l t a g e ,  l = N e g a t i v e  V o l t a g e )  
3 . 9 0 6 2 5  
1 . 9 5 3 1 2 5  
0 . 9 7 6 5 6 2 5  
0 .48828125  
0 . 2 4 4 1 4 0 6 2 5  
0 . 1 2 2 0 7 0 3 1 2 5  
0 . 0 6 1 0 3 5 1 5 6 2 5  

Always Z e r o  
Always Z e r o  
Always  Z e r o  
Always Z e r o  
Always Z e r o  
Always Z e r o  

ELEVATION 

AGC VOLTS 
( 7  B i t s  + S i g n )  
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RADAR STATUS IDENTIFICATION 

Word 7 

B I T  

0 
1 
2 
3 
4 

5 
6 

7 
8 

9 
1 0  

11 
1 2  
13  
1 4  
15 
1 6  
1 7  
18 
19  
20 
2 1  
2 2  
23 
2 4  
2 5  
26 
2 7  
28 
29 

30 
31 
32 
33 
34 
35 

1 = Recorder On 0 = Recorder Off 
1 = Track Mode 0 = Non-track 
1 = Acqu i s i t i on  Mode 0 = Non-acquis i t ion 
1 = Designat ion Mode 0 = Non-designation 
1 = Target  Detected 0 = Targe t  no t  de t ec t ed  

= 160  PRF = 640 PRF = Other PRF 0 

0 - B.W. 0 - - B.W. 1 - - B.W. - 1 - B.W. 
1 0 . 6  MC. 1 1 . 6  MC. 0 2 . 4  MC.  0 4 . 8  MC. 

- 

1 - P.W. 0 - - P.W. - 0 - P.W. - 1 - P.W. 
1 0 . 2 5  1 0 . 5  0 1 . 0  0 2 . 4  

- 

1 = AGC 0 = Not i n  AGC 
1 = Angle Coast 0 = Not i n  Angle Coast 
1 = Operate S t a t u s  0 = Test  S t a t u s  
1 = Circle Scan 0 = Not Circle  Scan 
1 = S p i r a l  Scan 0 = Not S p i r a l  Scan 
1 = Rectangular Scan 0 = Not Rectangular Scan 
1 = Raster  Scan 0 = Not Ras te r  Scan 
1 = Angle Displays - Degrees 0 = Angle Displays - M i l s  

1 = Azimuth 2 KC BW Scan 
1 = Elevat ion  2 KC BW Scan 
1 = A z .  Data Lag Corrected 
1 = E l .  Data Lag Corrected 
1 = Range Display - Yards 
1 = Skin Track 
1 = D i g i t a l  Designate Mode 
1 = O r b i t a l  Elements Mode 
1 = On Track Elements Mode 
1 = Angle Designate 

Always Zero 
Always Zero 
Always Zero 
Always Zero 
Always Zero 
Always Zero 

0 = Not Azimuth 2 KC BW Scan 
0 = Not Eleva t ion  2 KC BW Scan 
0 = A z .  Data no t  Lag Corrected 
0 = E l .  Data n o t  Lag Corrected 
0 = Range Display i n  1 0 0 ' s  o f  Yds 
0 = Beacon Track 
0 = Not i n  D i g i t a l  Designate Mode 
0 = Not i n  O r b i t a l  Elements Mode 
0 = Not i n  On Track Elements Mode 
0 = Not i n  Angle Designate 

B - 7  



AZIMUTH ERROR CORRECTION AND ELEVATION ERROR CORRECTION 

Word 8 

BIT Bits 3 - 11 Value (Mils), Bits 21 - 29 Value (Mils) 

0 Zero 
1 Zero 

Azimuth Correction 
(Track Mode) 

Azimuth Correction 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

12 
13 
14 
15 
16 
17 
18 
19 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

Sign Bit (O=Positive Quantity, l=r\legative Quantity) 
1.5625 100 
0.78125 59 
0.390625 25 
0.1953125 12.5 
0.09765625 6.25 
0.048828125 3.125 
0.0244140625 1 e 5625 
0 e 0 12 20 703125 
0.006103515625 390625 

.78125 

Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 

Elevation Correction Elevation Correction 
(Track Mode) (Designate or Acquire Mode) 

Sign Bit (O=Positive Quantity, l=Negative Quantity) 
1.5625 100  
0.78125 
0.390625 
0.1953125 
0.09765625 
0,048828125 
0.0244140625 
0.01220703125 
0,006103515625 

50 
25 
12.5 
6.25 
3.125 
1.5625 

78125 
.390625 
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Word 8 (continued) 

30 Always Zero 
31 
32 Always Zero 
33 Always Zero 
34 Always Zero 
35 Always Zero 

NOTE 1: If s i g n  b i t  i s  a l o g i c a l  "1" ( n e g a t i v e )  
d a t a  w i l l  be i n  "one 's"  complement form.  

NOTE 2: During t h e  t r a c k  mode t h e  az and e l  c o r r e c -  
t i o n  r e p r e s e n t s  t h e  amount of l e a d  o r  l a g  
c o r r e c t i o n ;  du r ing  t h e  d e s i g n a t e  o r  
a c q u i r e  mode t h e  c o r r e c t i o n  r e p r e s e n t s  
t h e  d i f f e r e n c e  between t h e  d e s i g n a t e d  pedes-  
t a l  p o s i t i o n  and t h e  a c t u a l  p e d e s t a l  
p o s i t i o n .  
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VELOCITY OF PROPAGATION AND CSP STATUS IDENTIFICATION 

Word 9 

B I T  

0 
1 
2 
3 

4 
5 
6 
7 

8 
9 

1 0  
11 

l 2  
1 3  
1 4  
15 
16 
1 7  
18 
1 9  
20 
2 1  
2 2  
23 
2 4  
25 
26 
2 7  
2 8  
29 

30 
31  
33 
33 
3 
35 

10,000 Yds/Sec, D i g i t  
10,000 Yds/Sec. D i g i t  
10,000 Yds/Sec. D i g i t  
10,000 Yds/Sec. D i g i t  

%,OOO Yds/Sec. D i g i t  
l , O O O  Yds/Sec, D i g i t  
1 ,000 Yds/Sec. D i g i t  
1,000 Yds/Sec. D i g i t  

1 0 0  Yds/Sec. D i g i t  
100 Yds/Sec. D i g i t  
1 0 0  Yds/Sec. D i g i t  
100 Yds/Sec. D i g i t  

BCD Rep. 

NOTE: The a c t u a l  Ve loc i ty  o f  Propagat ion  Constant  
equals  t h e  above number p l u s  327,800,000 
Yds/Sec. when i n s e r t e d  manually a t  t h e  
console .  

1 = V e l .  o f  Prop.-Console 0 = V e l .  o f  Prop.-Program 
1 = Simula t ion  Ready 0 = Not S imula t ion  Ready 
1 = Simula t ion  S t a r t  0 = Not S imula t ion  S t a r t  
1 = Coherent P o s i t i o n  Track 0 = Gross P o s i t i o n  Track 
1 = Fine Line Lock-On 0 = Not F ine  Line Lock-pn 
1 = C e n t r a l  Line Lock-On 0 = Not C e n t r a l  Line Lock-On 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 

Always Zero 
Always Zero 

Always Zero 
Always Zero 
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Word 10  

B I T  

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13  
1 4  
15  
16  
1 7  
1 8  
19  
20 

2 1  
2 2  
2 3  
24 
25 
26 
2 7  
28 
29 

30 
31 
32  
33 
34 
35 

1,048,576 
524,288 
262 144 
131,072 

65 , 536 
32,768 
16,384 

8,192 
4,096 
2,048 
1,024 

512 
256 
128 

64 
32  
16 

8 
4 
2 
1 

Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 

Always Zero 
Always Zero 
Always Zero 
Always Zero 
Always Zero 
Always Zero 

CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 
CPS 

NOTE - 
Doppler S h i f t  = 1 Megacycle 
- + 800 KC 

( h i g h e s t  1 .8  MC) 
( lowest  200 KC) 
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TRANSMITTER FREOUENCY 

Word 11 

B I T  

8 
9 

1 0  
11 

1 2  
1 3  
1 4  
15 

16 
1 7  
1 8  
19 

20 
2 1  
2 2  
23 
2 4  
25 
26 
2 7  
28 
29 

30 
31  
33 
33 
34 
35 

10+000,000 CPS D i g i t  
10,000,000 CPS D i g i t  
10,000,000 CPS D i g i t  
10,000,000 CPS D i g i t  

1,000,000 CPS D i g i t  
1,000,000 CPS D i g i t  
1,000,000 CPS D i g i t  
1,000,000 CPS D i g i t  

100,000 CPS D i g i t  
100,000 CPS D i g i t  
100,000 CPS D i g i t  
1 0 0 , 0 0 0  CPS D i g i t  

10,000 CPS D i g i t  
10,000 CPS D i g i t  
10,000 CPS D i g i t  
10,000 CPS D i g i t  

1 ,000 CPS D i g i t  
1 , 0 0 0  CPS D i g i t  
1,000 CPS D i g i t  
1,000 CPS D i g i t  

Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 
Zero 

BCD Rep. 

NOTE: Actual T r a n s m i t t e r  f requency i s  equa l  t o  the  
above number m u l t i p l i e d  by  128 p l u s  426 MCS. 

Always Zero 
Always Zero 

Always Zero 
Always Zero 
Always Zero 
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RANGE RATE 

Word 1 2  

BIT 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  
1 4  
15  
16 
17  
1 8  
19 
20 

2 1  
22 
2 3  
24 
25 
26 
27 
28 
29 

30 
31 
33  
33 
34 
35 

S ign  B i t  (O=Posi t ive  Quan t i ty ,  l=Negat ive  Quan t i ty )  
16,384,O Yds/Sec. 

8,192,O Yds/Sec a 

4,096.0 Yds/Sec. 
2,048.0 Yds/Sec. 
1,024,o Yds/Sec. 

512.0 Yds/Sec. 
256.0 Y d s  / Sec. 
128.0 Y d s  /S ec . 

64.0 Yds/Sec. 
32.0 Yds/Sec. 
16.0 Yds/Sec. 

8.0 Y ds  /Se c . 
4.0 Yds/Sec. 
2.0 Yds/Sec. 
1.0 Y ds /Sec . 
0.5  Yds/Sec. 
0.25 Yds/Sec 
0.125 Yds/Sec. 
0.0625 Yds /S  ec . 
0.03125 Yds/Sec. 

NOTE: If t h e  s i g n  b i t  i s  a l o g i c a l  "1" ( n e g a t i v e ) ,  
the  d a t a  w i l l  b e  i n  2 complement form. 

0.0156250 
0.00781250 
0.003906250 
0.0019531250 
0.00097656250 
0.000488281250 
0.0002441406250 
0 e 00012207031250 
0.000061035156250 

Always Zero 
Always Zero 
Always Pero 
Always Zero 
Always Zero 
Always Zero 
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APPENDIX C 
WALLOPS ISLAND AN/FPQ-6 INSTRUMENTATION 

RADAR SYSTEM ERROR MODEL FOR THE 
GEOS-I1 PROGRAM 



I NTRODUCT I O N  

Th i s  document c o n t a i n s  a n  e r r o r  model f o r  t h e  Wallops 
I s l a n d  AN/FPQ-6 I n s t r u m e n t a t i o n  Radar System when i t  i s  s e t  
up as d i r e c t e d  i n  t h e  GEOS-B Program's o p e r a t i n g  i n s t r u c -  
t i o n s .  While t h e  e r r o r  terms p r e s e n t e d  h e r e i n  a r e  v a l i d  
f o r  a l l  AN/FPQ-6 r a d a r s ( w i t h  t h e  excep t ion  of t h e  Radia l  
Range Rate e r r o r s  which on ly  apply  t o  r a d a r s  equipped w i t h  
t h e  RCA Coherent S i g n a l  P r o c e s s o r ) ,  t h e  magnitude of  t h e  
e r r o r  terms have been s p e c i f i c a l l y  c a l c u l a t e d  f o r  t h e  
Wallops I s l a n d  AN/FPQ-6 r a d a r .  I n  a d d i t i o n ,  t h e  e r r o r s  
p r e s e n t e d  h e r e i n  assume t h a t  t h e  Wallops I s l a n d  r a d a r  i s  
involved  only  i n  t r a c k i n g  t h e  GEOS-B s a t e l l i t e .  F i n a l l y ,  
i t  should be noted t h a t  on ly  t h e  r a d a r  dependent e r r o r s  
a r e  p r e s e n t e d  and i t  i s  assumed t h a t  non-radar  e r r o r s  such 
a s  s i t e  survey  e r r o r s ,  p ropaga t ion  e r r o r s ,  and beacon 
dependent e r r o r s  w i l l  be  combined w i t h  t h e  r a d a r  model terms 
p r i o r  t o  p o s t - m i s s i o n  d a t a  r e d u c t i o n .  

SECTION C 1  

WALLOPS ISLAND AN/FPQ-6 RADAR ERROR MODEL 

Tables  1 through 8 p rov ide  a l i s t i n g  of a l l  a p p l i -  
c a b l e  r a d a r  e r r o r  terms i n c l u d i n g  t h e  f u n c t i o n a l  form of 
t h e  s y s t e m a t i c  e r r o r  t e rms ;  t h e  sou rce  of t h e  e r r o r s ;  and 
t h e  s t a n d a r d  d e v i a t i o n  of t h e  e r r o r s  which w i l l  e x i s t  i n  
t h e  ou tpu t  d a t a  from t h e  r a d a r .  
t o r y  n o t e s  have been inc luded  t o  supplement t h e  t a b u l a r  
d a t a  and suppor t ing  c a l c u l a t i o n s  have been p l aced  a t  t h e  
end of t h i s  r e p o r t i  

Qua l i fy ing  and/or  explana-  

( s e e  S e c t i o n  C Z )  
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General  Comments 

An a t t empt  has  been made i n  t h e  accompanying t a b l e s  
t o  s e p a r a t e  t h e  r a d a r  dependent e r r o r s  by c o o r d i n a t e  
(Azimuth, E l e v a t i o n ,  Range and Radia l  Range R a t e ) ,  by t h e i r  
f requency  c h a r a c t e r i s t i c s ,  and by t h e i r  t r a c k  mode depend- 
ency. For example, Table  1 l i s t s  t h o s e  pu re  b i a s  ( z e r o  
frequency)  and s y s t e m a t i c  (low frequency)  e r r o r  terms which 
must be cons ide red  du r ing  b o t h  beacon and s k i n  t r a c k i n g  
mis s ions .  Tab le  2 prov ides  a s e p a r a t e  b reakou t  o f  t h e  
Azimuth s y s t e m a t i c  e r r o r  terms which a r e  t r a c k  mode (beacon/ 
s k i n )  dependent .  Table  3 c o n t a i n s  a l i s t i n g  of  t h e  Azimuth 
random e r r o r s .  These l a t t e r  e r r o r s  a r e  assumed t o  t a k e  t h e  
form of band- l imi t ed  (by servo  f requency  response  c h a r a c t e r i s -  
t i c s  and/or  by t h e  e f f e c t  of t h e  d i s c r e t e  sampling frequency)  
random n o i s e ,  

A comparison of t h e  t a b l e s  c o n t a i n i n g  t h e  s y s t e m a t i c  
and b i a s  e r r o r  terms p o i n t s  o u t  t h a t  s e v e r a l  s i m i l a r  e r r o r  
terms ( e . g . ,  ze ro  s e t  b i a s ,  dynamic l a g  e r r o r ,  e t c . )  appear  
i n  t h e  t a b l e s  f o r  each r a d a r  c o o r d i n a t e .  Having noted  t h e  
s i m i l a r i t y  o f  t h e  e r r o r  terms i n  each c o o r d i n a t e ,  i t  becomes 
q u i t e  easy t o  s w i t c h  between t a b l e s  s i n c e  r e l a t i v e l y  few 
unique e r r o r  terms appear  i n  any p a r t i c u l a r  t a b l e .  

Real-Time Data C o r r e c t i o n  

I t  w i l l  b e  noted t h a t  t h e  magnitudes of c e r t a i n  e r r o r  
terms a r e  a s s o c i a t e d  w i t h  t h e  comment; "Data c o r r e c t i o n  i s  
assumed." Th i s  comment r e f e r s  t o  t h e  r e a l - t i m e  d a t a  c o r -  
r e c t i o n  c a p a b i l i t y  which has  been programmed i n t o  t h e  RCA 
4 1 0 1  computers which form an  i n t e g r a l  p a r t  of t h e  AN/FPQ-6 
and AN/TPQ-18 I n s t r u m e n t a t i o n  Radar systems.  Th i s  r e a l - t i m e  
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d a t a  c o r r e c t i o n  c a p a b i l i t y  i s  r e s t r i c t e d  t o  t h e  c o r r e c t i o n  
of c e r t a i n  s y s t e m a t i c  angu la r  e r r o r s .  C o r r e c t i o n s  can  be  
a p p l i e d  i n  r e a l - t i m e  f o r  each of t h e  fo l lowing  s y s t e m a t i c  
e r r o r s  : 

Azimuth Errcrs E l e v a t i o n  E r r o r s  

Zero S e t  Bias  Zero S e t  Bias  
Dynamic Lag Dynamic Lag 
Non-Orthogonal i ty  Droop 
P e d e s t a l  Level ing  P e d e s t a l  Level ing  
Skin/Beacon Co l l ima t ion  S kin/B eacon Co 1 1 ima t i o  n 
Encoder Non-Linear i ty  Encoder Non-Linear i ty  

The mathematical  e r r o r  models used  w i t h i n  t h e  computer 
program a r e  i d e n t i c a l  t o  t h e  models p r e s e n t e d  i n  Tables  1 
through 6 .  A s  s t a t e d  above, no r e a l - t i m e  c o r r e c t i o n s  a r e  
a p p l i e d  t o  e i t h e r  t h e  range o r  r a n g e - r a t e  d a t a .  

The r e a l - t i m e  d a t a  c o r r e c t i o n  program assumes t h a t  
a c c u r a t e  c a l i b r a t i o n s  a r e  c a r r i e d  o u t  t o  de te rmine  t h e  
magnitudes o f  t h e  e r ror  c o e f f i c i e n t s  f o r  each a p p l i c a b l e  
e r r o r  term. The accuracy of t h e  c o r r e c t i o n s  a r e  t h e r e f o r e  
l i m i t e d  by t h e  measurement u n c e r t a i n t i e s  encountered du r ing  
t h e  c a l i b r a t i o n  e f f o r t .  The measurement u n c e r t a i n t y  asso- 
c i a t e d  w i t h  each of t h e  a p p l i c a b l e  e r ror  c o e f f i c i e n t s  has  
been t aken  i n t o  account i n  g e n e r a t i n g  t h e  RMS e r r o r s  which 
a r e  l i s t e d  i n  t h e  e r ror  model t a b l e s .  Thus, t h e  l i s t e d  
e r r o r  magnitudes r e f e r  t o  t h e  e s t ima ted  e r r o r  r e s i d u a l s  
which w i l l  remain a f t e r  r e a l - t i m e  d a t a  c o r r e c t i o n  has  
t aken  p l a c e .  
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All of the above listed error corrections are applied 
to the Wallops Island AN/FPQ-6 data obtained during GEOS-B 
tracking missions with the exception of the encoder non- 
linearity corrections, and the dynamic lag error correc- 
tions. The Azimuth and Elevation lag errors are computed 
in real-time but the results are recorded rather than 
applied in real-time. The recorded corrections can, of 
course, be applied during post-mission data reduction, and 
therefore, the lag error magnitudes presented in the tables 
are based upon the assumption that such a post-mission lag 
error correction will be carried out. 

b 

Error Model Limitations 

The error model pre ented h sn b S n c rt in 
assumptions regarding the operational set-up of the radar 
and the dynamic characteristics of the mission. 

The primary assumption made is that careful and 
accurate calibrations are performed to determine the error 
coefficient magnitudes for real-time data correction. This 
assumption implies that the ap?licable calibrations are 
performed on a pre and post mission basis for those errors 
which are known to be time dependent variables (e.g., range 
zero set error). 

It is further assumed that GEOS-B tracks are not 
performed at low (< 5 " )  elevation angles. Such low angle 
tracks will introduce an additional multipath error into 
the angle data. 
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I t  i s  assumed t h a t  c e r t a i n  p r e s c r i b e d  r a d a r  o p e r a t i n g  
c o n d i t i o n s  a r e  fo l lowed and t h a t  a l l  c a l i b r a t i o n s  a r e  p e r -  
formed w i t h  t h e  r a d a r  s e t - u p  i n  i t s  o p e r a t i o n a l  s t a t e .  I t  
should  be noted  t h a t  t h e  GEOS-B C-Band t r ansponder  t r a n s m i t s  
a nominal 0 . 5  microsecond p u l s e  wid th .  This  imposes t h e  
requi rement  t h a t  a l l  beacon- t r ack  r ange  c a l i b r a t i o n s  be  
performed w i t h  t h e  r a d a r  s e t - u p  i n  t h e  0 . 5  microsecond 
p u l s e  wid th  mode even though a d i f f e r e n t  p u l s e  width may be  
used t o  i n t e r r o g a t e  t h e  t r ansponder .  There i s  a l so  a 
secondary e f f e c t  i n t roduced  by t h e  0 . 5  microsecond beacon 
p u l s e  wid th .  The AN/FPQ-6 has been designed t o  op t ima l ly  
p rocess  only  a 0 . 7 5  microsecond beacon r e t u r n  p u l s e  wid th .  
The lower GEOS-B beacon r e p l y  p u l s e  width w i l l  r e s u l t  i n  
non-optimum process ing  which w i l l  show up p r i m a r i l y  as a 
d e g r a d a t i o n  i n  t h e  dynamic response  c h a r a c t e r i s t i c s  of 
t h e  range s e r v o .  S p e c i f i c  e f f e c t s  of  t h i s  mismatch a r e  
imposs ib l e  t o  p r e d i c t  s i n c e  they  a r e  g r e a t l y  dependent upon 
o p e r a t i o n a l  s e t - u p  and ad jus tment  procedures  as w e l l  a s  
upon t h e  a c t u a l  r e c e i v e d  beacon p u l s e  wid th .  Any d i f f e r e n c e s  
between t h e  0 . 5  microsecond p u l s e  wid th  used f o r  r a d a r  
c a l i b r a t i o n  and t h e  a c t u a l  p u l s e  wid th  r e c e i v e d  from t h e  
beacon w i l l  a l s o  i n t r o d u c e  an appa ren t  range  z e r o  s e t  e r r o r .  

I t  i s  assumed t h a t  a check and/or  r e c a l i b r a t i o n  of 
t h e  r a d a r  f o r  dynamic ang le  l a g  e r r o r  c o r r e c t i o n  w i l l  be  
performed a s  o f t e n  a s  necessa ry .  Lag e r r o r  c a l i b r a t i o n  i s  
a f f e c t e d  by any ad jus tments  which a l t e r  t h e  r e l a t i v e  g a i n  
and/or  phase c h a r a c t e r i s t i c s  of t h e  r a d a r  r e c e i v e r ' s  r e f  - 
e rence  and ang le  e r r o r  channels  a s  w e l l  as  by changes i n  
t h e  s e r v o  sys t em ' s  g a i n  o r  bandwidth c h a r a c t e r i s t i c s .  

I t  i s  f u r t h e r  assumed t h a t  t h e  t a r g e t  c h a r a c t e r i s t i c s  
a r e  such t h a t  t h e  r a d a r  i s  o p e r a t i n g  w i t h i n  t h e  l i n e a r  po r -  
t i o n  of i t s  dynamic response  c h a r a c t e r i s t i c s .  For a t a r g e t  
such a s  GEOS-B, t h i s  assumption should  be v a l i d  f o r  beacon 
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t r a c k s  w i t h  t h e  p o s s i b l e  excep t ion  of  encoun te r ing  a v e r y  
s h o r t  i n t e r v a l  of  e l e v a t i o n  s e r v o  n o n - l i n e a r i t y  due t o  
s t i c t i o n .  This  p o s s i b i l i t y  w i l l  e x i s t  on ly  a t  PCA ( p o i n t  
of c l o s e s t  approach) and w i l l  a f f e c t  on ly  t h e  e l e v a t i o n  
a n g l e  channel .  There i s  a l s o  a p o s s i b i l i t y  t h a t  t h e  
r e c e i v e d  beacon t r a c k  s i g n a l  s t r e n g t h  w i l l  be  s u f f i c i e n t l y  
h igh  ( g r e a t e r  t h a n  approximately 40 dB) du r ing  h igh  e l e v a -  
t i o n  passes  t o  make t h e  magnitude of t h e  thermal  n o i s e  
sma l l  w i th  r e s p e c t  t o  o t h e r  random e r r o r  components. I n  
t h i s  e v e n t ,  t h e  RMS v a l u e  of  t h e  random e r r o r s  f o r  a p a r -  
t i c u l a r  c o o r d i n a t e  w i l l  appear  t o  remain f i x e d  a t  a v a l u e  
which i s  approximately t h e  RMS of t h e  non-thermal  random 
e r r o r s .  The s t i c t i o n  problem may a l s o  occur  du r ing  s k i n -  
t r a c k s  a l though i n c r e a s e d  thermal  n o i s e  due t o  lower 
r ece ived  s i g n a l  s t r e n g t h s  w i l l  t end  t o  minimize t h e  e f f e c t s  
of t h i s  p o t e n t i a l  problem. The s k i n - t r a c k  S/N r a t i o  w i l l  
be q u i t e  l o w  ( 5  t o  1 5  dB) and may r e s u l t  i n  r a d a r  o p e r a t i o n  
w i t h i n  a s i g n a l  s t r e n g t h  r e g i o n  which i s  no t  covered by t h e  
assumptions i n h e r e n t  i n  t h e  a n g l e  thermal  n o i s e  e q u a t i o n s .  
The re fo re ,  t h e  ang le  t h e r n a l  n o i s e  equa t ions  may n o t  ade-  
q u a t e l y  d e s c r i b e  t h e  random e r r o r s  which w i l l  be  p r e s e n t  
i n  ang le  t r a c k i n g  d a t a  ob ta ined  when t h e  r e c e i v e d  s i n g l e -  
h i t  I F  s i g n a l  t o  n o i s e  r a t i o  i s  lower than  approximately 
+10  t o  + 1 2  dB. F i n a l l y ,  i t  i s  assumed t h a t  t h e  ang le  
t r a c k i n g  dynamics w i l l  be  s u f f i c i e n t l y  low t o  pe rmi t  t h e  
r a d a r  t o  m a i n t a i n  t r a c k  i n  o r  n e a r  t o  t h e  n u l l  of t h e  
a n t e n n a ' s  e r r o r  p a t t e r n .  This  assumption should  b e  v a l i d  
f o r  an o r b i t i n g  t a r g e t  such a s  GEOS-B when t h e  r a d a r  i s  
ope ra t ed  i n  t h e  p r e s c r i b e d  manner (wide ang le  bandwidths) e 

F a i l u r e  t o  m a i n t a i n  t r a c k  a t  o r  nea r  t h e  an tenna  n u l l  could 
r e s u l t  i n  t h e  i n t r o d u c t i o n  o f  unmodeled ang le  e r r o r s  due t o  
antenna dependent c r o s s t a l k  and p o l a r i z a t i o n  e f f e c t s .  
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F i n a l l y ,  t h e  p r e s e n  ed e r r o r  model does n o t  i n c l u d e  
e r r o r  terms f o r  s c i n t i l l a t i o n  (ampl i tude  o r  ang le )  e f f e c t s .  
These e r r o r s  a r e  in t roduced  by t a r g e t  c h a r a c t e r i s t i c s  and 
a r e  t h e r e f o r e  cons ide red  t o  be non- rada r  dependent e r r o r s .  
The i n c l u s i o n  of  such  e r r o r  terms would be  meaningless  s i n c e  
t h e  e f f e c t s  of  t h e s e  e r r o r s  w i l l  v a r y  from p a s s  t o  p a s s  due 
t o  changes i n  a s p e c t  a n g l e  and beacon lob ing  c h a r a c t e r i s t i c s .  
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Notes Cal led  Out i n  Tables  1 Through 8 

Note 1: The Azimuth ze ro  s e t  e r r o r  i s  a b i a s  e r r o r  which 
i s  cons ide red  t o  be a s i t e  survey  e r r o r  s i n c e  t h e  AN/FPQ-6 
r a d a r ' s  d a t a  c o r r e c t i o n  computer program can c o r r e c t  f o r  
any Azimuth b i a s  e r r o r  i f  some e x t e r n a l  Azimuth r e f e r e n c e  
p o i n t  i s  provided .  I t  i s  hoped t h a t  a n  a c c u r a t e  e s t i m a t e  
of  t h i s  b i a s  e r r o r  term w i l l  be  g e n e r a t e d  a s  a r e s u l t  of 
t h e  GEOS-B Program. 

Note 2 :  No t iming  e r r o r  has  been p r e s e n t e d  s i n c e  t h e  error  
of i n t e r e s t  must i n c l u d e  e x t e r n a l  ( s i t e  t iming)  a s  w e l l  a s  
i n t e r n a l  r a d a r  t iming  e r r o r s .  I n  a d d i t i o n ,  t h i s  term i s  
f e l t  t o  be n e g l i g i b l y  sma l l  f o r  t h e  Wallops I s l a n d  r a d a r  
s i n c e  c o n s i d e r a b l e  c a r e  has  been t aken  i n  measuring t h e  
o v e r a l l  t iming e r r o r  and i n  apply ing  t h e  necessa ry  t ime 
c o r r e c t i o n s  t o  t h e  d a t a  du r ing  p o s t - m i s s i o n  d a t a  r e d u c t i o n .  

No te  3 :  No t r a n s i t  t ime e r r o r  has  been p r e s e n t e d  s i n c e  
t h e  p o s t - m i s s i o n  d a t a  r e d u c t i o n  of GEOS-B d a t a  i n c l u d e s  a 
c o r r e c t i o n  f o r  t h i s  e r r o r .  Rather  t h a n  apply ing  t h e  c o r -  
r e c t i o n  i n  conformance w i t h  t h e  mathemat ica l  form p r e s e n t e d ,  
t h i s  p o s t - m i s s i o n  c o r r e c t i o n  merely a p p l i e s  a t ime t r a n s -  
l a t i o n  t o  t h e  d a t a  by an amount equal  t o  1 / 2  o f  t h e  t r a n s i t  
t ime d e l a y .  The t ime t a g s  a s s o c i a t e d  w i t h  t h e  f i n a l  raw 
d a t a  permi t  t h i s  s i m p l i f i e d  form of c o r r e c t i o n  t o  be made 
r a t h e r  t h a n  t h e  more complicated form which would be 
necessa ry  i f  r e a l - t i m e  c o r r e c t i o n s  were a t tempted .  

Note 4 :  The RMS l e v e l i n g  u n c e r t a i n t i e s  g iven  apply  only  
t o  t h e  Wallops I s l a n d  r a d a r  and a r e  cons ide red  t o  be ve ry  
c o n s e r v a t i v e .  Monthly c a l i b r a t i o n  o f  t h e  r a d a r  f o r  o u t -  
o f - l e v e l  e r r o r  i s  p r e s e n t l y  be ing  c a r r i e d  ou t  which should 
lower t h e  u n c e r t a i n t y  i n  t h e s e  terms by an o r d e r  of  magnitude. 
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Note 5: The an tenna  d i s t o r t i o n  e r r o r s  a r e  f u n c t i o n s  o f  
environmental  c o n d i t i o n s  and t r a c k  geometry ( d i r e c t i o n ,  
magnitude, and p e r i d o c i t y  of wind) as w e l l  a s  t r a c k  
dynamics. T h e r e f o r e ,  p r e s e n t a t i o n  o f  a f i x e d  v a l u e  f o r  
t h i s  e r r o r  term f o r  a l l  miss ions  would be meaningless .  

Note 6 :  The formulae p r e s e n t e d  can be used f o r  GEOS-B 
t r a c k s  by making use  of t h e  recorded  AGC v o l t a g e s  and t h e  
p r e  miss ion  r e c e i v e r  g a i n  c a l i b r a t i o n  d a t a .  However, i t  
should  be noted  t h a t  ampli tude and ang le  s c i n t i l l a t i o n  
e f f e c t s  w i l l  n o t  be p r e d i c t e d  f rom such computat ions.  If  
p r e f e r r e d ,  S e c t i o n  C2 prov ides  t h e o r e t i c a l  c a l c u l a t i o n s  
of  t h e  thermal  n o i s e  e r r o r s  a s  a f u n c t i o n  of  s l a n t  range .  
However, beacon lob ing  and unexp la inab le  s k i n  t r a c k  
s i g n a l  s t r e n g t h s  observed du r ing  GEOS-B t r a c k  make t h e  
u s e f u l n e s s  of t h e  t h e o r e t i c a l  computations q u e s t i o n a b l e .  
I t  should  a l s o  be noted  t h a t  t h e  o t h e r  random errors  l i s t e d  
i n  Table 3 w i l l  dominate t h e  t o t a l  RMS random e r r o r  f o r  
S/N r a t i o s  g r e a t e r  t han  approximate ly  + 4 0  db. Also ,  t h e  
u t i l i z a t i o n  of  t h e  ang le  thermal  n o i s e  e q u a t i o n  i s  l i m i t e d  
t o  S/N r a t i o s  g r e a t e r  t h a n  approximately + 1 2  db.  

Note 7 :  Since  t r ansponder  dependent e r r o r s  a r e  n o t  i nc luded  
i n  t h e  t a b l e s ,  t h e  range zero  s e t  e r r o r  has  n o t  been l i s t e d  
a s  a t r a c k  mode dependent e r ro r .  However, t h e  zero  s e t  
e r r o r  w i l l  i n  p r a c t i c e  v a r y  between s k i n  and beacon t r a c k  
c a l i b r a t i o n s .  The g iven  v a l u e  f o r  t h e  e s t i m a t e d  RMS e r r o r  
i s  f e l t  t o  be v a l i d  f o r  s k i n - t r a c k  mode and should  be 
approached f o r  beacon t r a c k  mode i f  a l lowances a r e  made f o r  
d i f f e r e n c e s  between t h e  a c t u a l  beacon p u l s e  wid th  and t h e  
p u l s e  width used  du r ing  c a l i b r a t i o n .  U n c e r t a i n t i e s  i n  t h e  
beacon time d e l a y  w i l l  a l s o  i n t r o d u c e  apparent  zero  s e t  
e r r o r s  i n t o  t h e  beacon t r a c k  d a t a .  
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Note 8 :  No r e a l - t i m e  c o r r e c t i o n s  a r e  made f o r  range  dynamic 
l a g  e r r o r .  However, t h i s  e r r o r  should  be  n e g l i g i b l y  sma l l  
(on t h e  o r d e r  of  one f o o t  max e r r o r  f o r  80' E l e v a t i o n  pass )  
f o r  a t a r g e t  such  a s  GEOS-B i f  t h e  range  s e r v o  i s  p r o p e r l y  
a d j u s t e d  and i f  t h e  s i g n a l  p r o c e s s i n g  mismatch ( s e e  d i s c u s -  
s i o n  of E r r o r  Model L i m i t a t i o n s )  does n o t  i n t r o d u c e  an 
unexpec ted ly  l a r g e  d e g r a d a t i o n  of t h e  range  s e r v o  response  
c h a r a c t e r i s t i c .  

. 

Note 9 :  The range  o s c i l l a t o r  f requency  e r r o r  i s  unknown 
b u t  p r e s e n t  s i t e  a t t empt s  t o  measure t h i s  e r r o r  by compari-  
son t o  an atomic f requency  s t a n d a r d  may p rov ide  a r e l i a b l e  
e r r o r  e s t i m a t e  i n  t h e  n e a r  f u t u r e .  I t  i s  thought  t h a t  t h i s  
e r r o r  i s  n e g l i g i b l e .  

The v e l o c i t y  of l i g h t  u n c e r t a i n t y  i s  n o t  a r a d a r  dependent 
e r r o r  and i s  inc luded  only be t ause  i t s  e f f e c t s  cannot  be 
s e p a r a t e d  from t h e  o s c i l l a t o r  f requency e f f e c t s .  

Note 1 0 :  No e s t i m a t e d  RMS e r r o r  i s  g iven  f o r  t h e  range  
r a t e  dynamic l a g  e r r o r  s i n c e  no d a t a  i s  a v a i l a b l e  on t h e  
magnitudes of t h e  a c t u a l  h i g h e r  o r d e r  range  d e r i v a t i v e s  
involved i n  t h i s  e r r o r  term. However, t h e  bandwidth 
( 4 0  H z )  used du r ing  doppler  t r a c k i n g  t o g e t h e r  w i t h  t h e  
type  of t a r g e t  involved  ( r e l a t i v e l y  h i g h  a l t i t u d e ,  o r b i t i n g  
o b j e c t )  w i l l  t e n d  t o  make t h i s  e r ror  q u i t e  sma l l  (on t h e  
o r d e r  o f  0 . 0 0 5  m/sec max f o r  80' E l e v a t i o n  p a s s ) .  

Note 11: The v a l u e  o f  2 . 4 6  HZ g iven  f o r  a h e 1  was ob ta ined  
from manufac tu re r ' s  (Hewlet t  Packard) d a t a  on t h e  f r a c t i o n a l  
f requency d e v i a t i o n  f o r  t h e  i n t e r n a l  f requency s t a n d a r d  of 
t h e  H . P .  5100B/5110B frequency s y n t h e s i z e r .  The s p e c i f i e d  
RMS f r a c t i o n a l  f requency d e v i a t i o n  i s  6 x 1 0  - l o  f o r  t h e  
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50 MHZ ou tpu t  over  a 1 0  m s  ave rag ing  time. 
quency used i n  t h e  CSP system i s  36 MH s o  t h a t  a f r a c t i o n a l  
f requency  d e v i a t i o n  o f  (6 x 1 0  - l o ) W Z =  50 4.32 x 1 0  -lo was 
used i n  Table  8 which, when t r a n s l a t e d  t o  t h e  C-Band f r e -  
quency o f  i n t e r e s t  (5690 x l o 6  Hz)  r e su l t s  i n  t h e  g iven  
RMS frequency e r r o r .  

The a c t u a l  f r e -  

Note 1 2 :  The range r a t e  thermal  n o i s e  e q u a t i o n  g iven  i n  
Table  8 i s  developed i n  S e c t i o n  C 2 .  The v a l u e  g iven  f o r  
t h e  s t a n d a r d  d e v i a t i o n  as a f u n c t i o n  o f  S/N i s  based upon 
t h e  r a d a r  o p e r a t i o n a l  s e t - u p  used f o r  t h e  GEOS-B Program 
( i . 3 . ,  a f i n e  l i n e  f i l t e r  bandwidth o f  1 6 0  HZs a PRF o f  
640, and a s e r v o  n o i s e  bandwidth o f  4 0  Hz). 
a v a i l a b l e  CSP nominal o p e r a t i n g  c o n d i t i o n s  (PRF o f  640  
pps i s  assumed) t h e  f o l l o w i n  e q u a t i o n  a p p l i e s :  

F o r  a l l  

where t h e  S/N r a t i o  i s  t h e  s i n g l e  h i t  Gross Spectrum 
r e c e i v e r ' s  I . F .  SIN r a t i o  and t h e  v a l u e s  f o r  t h e  m u l t i p l y i n g  
c o n s t a n t  (C) a r e  a s  l i s t e d  below: 

5 0 . 7  0 . 0 0 2  

1 5  

40  

3.0 

1 0 . 0  

0 . 0 1 4  

0 . 0 6 6  

1 6 0  40 .0  0 . 5 2 7  
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SECTION- C 2  

THEORETICAL SIGNAL TO NOISE RATIO (S/N) 
AND ANGLE THERMAL NOISE COMPUTATIONS 

Radar Ranee Eauat ion  f o r  Beacon Track 

From t h e  r ada r  range equa t ion  f o r  Beacon t r a c k s  and 
matched f i l t e r  o p e r a t i o n :  

Pt G r  G B  A 2  
(S/Nlg = 

( 4 ~ ) ~  R 2  k Ts B L t  La  

where 

Pt 

Gr 

GB 

x 

R 

k 

TS 

S igna l  Power o u t  o f  Beacon t r a n s m i t t e r  

Gain o f  Radar Antenna r e l a t i v e  t o  i s o t r o p i c  
r a d i a t o r  

Gain of Beacon Antenna r e l a t i v e  t o  an 
i s o t r o p i c  r a d i a t o r  

Wavelength of t r a n s m i t t e d  s i g n a l  = c / f  

S l a n t  range 

Boltzman's c o n s t a n t  = 1 . 3 8  x 1 0  - w a t t s  / O K / H Z  

Radar System n o i s e  Temperature r e f e r r e d  
t o  the  an tenna  
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B = Receiver  Noise Bandwidth i n  Hz 3 db bandwidth 

L t  = Beacon t r a n s m i t  l o s s e s  

La  = Atmospheric l o s s e s  

T h e o r e t i c a l  Computation of Beacon Track S/N f o r  Constant  GB' 

A l l  of t h e  f a c t o r s  on t h e  r i g h t  hand s i d e  of  t h e  
above e q u a t i o n  are known w i t h  t h e  excep t ion  of  beacon an tenna  
g a i n  a s  a f u n c t i o n  o f  r a d a r  t o  s a t e l l i t e  a s p e c t  ang le  
(an tenna  p a t t e r n ) .  However, assuming t h e  beacon an tenna  
has  a nominal g a i n  which i s  independent  of a s p e c t  a n g l e ,  
t h e  r a d a r  range  e q u a t i o n  can  be  f u l l y  eva lua ted  as f o l l o w s :  

P t  = 400  watts 

G r  = 51 db - 3 db ( f o r  r e c e i p t  o f  c i r c u l a r  
p o l a r i z a t i o n  when i n  l i n e a r  p o l a r i z a t i o n  mode) 

= 48 db 

- - - 2 d b  GB 

3 x l o 8  
A =  6 = 5.2038 x l o V 5  Km 

5765 x 1 0  
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- 23 k = 1.38 x 10 

6 B = 2.4 x 10 Hz 

= 1 db Lt 

also 

- - Ta + To (Lr - 1) + To Lr (NF - 1) 
Ts 

= 50 = 290 (1.70 - 1) + (290) (1.70) (2.82 - 1) 

= 1148' K 

where 

Ta = Antenna Temperature 50°K for E > 10' - 

= 290' K TO 

Lr = receive losses = 2.3 db 

- 
NF = 4 .5  db 
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and 

= Atmospheric l o s s e s  z 0 . 2  db f o r  E - > 10" L a  

After s u b s t i t u t i n g  t h e s e  v a l u e s  i n t o  t h e  r a d a r  range  
e q u a t i o n ,  t h e  fo l lowing  e x p r e s s i o n  i s  o b t a i n e d  f o r  s i n g l e  
h i t  r a d a r  I . F .  S/N r a t i o :  

5 . 4 5  l o 9  
S/N = ; where R i s  i n  K m  

RZ 

Beacon Track Angle Thermal Noise f o r  Constant  GB 

The e x p r e s s i o n  r e l a t i n g  angle  thermal  n o i s e  t o  
s p e c i f i c  r a d a r  parameters  and t o  r e c e i v e d  S/N i s :  

where 

0 = Half power Antenna beamwidth i n  MILS 

= Angle E r r o r  S lope  Fac to r  i n  u n i t s  of m k 
r e f e r e n c e  channel  v o l t a g e  p e r  beamwidth 
e r r o r  
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S/N = Received I . F .  s i g n a l  t o  n o i s e  r a t i o  

= Pul se  r e p e t i t i o n  r a t e  f r  

= Noise bandwidth o f  a n g l e  s e r v o  =: s e r v o  Bn 
3 db bandwidth 

f o r  t h e  An/FPQ-6 r a d a r  s e t  up f o r  GEOS-B beacon t r a c k  t h e  
above c o n s t a n t s  become : 

e = 7.0 MILS 

km = 1.1 volts/Beamwidth e r r o r  

f = 1 6 0  PPS r 

= 3 . 2  Hz Bn 

t h e r e f o r e ,  t h e  t h e o r e t i c a l  a n g l e  thermal  n o i s e  f o r  an 
assumed c o n s t a n t  g a i n  beacon an tenna  i s :  
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7.0 

= Beacon Azimuth Thermal Noise = E t .  Sec E MB 

where R i s  t h e  s l a n t  range  i n  Km. 

Radar Range Equat ion f o r  Skin  Track 

From t h e  r a d a r  range  e q u a t i o n  f o r  s k i n  (echo) t r a c k  
and matched f i 1 t e r  o p e r a t  i o n  : 
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where a l l  parameters  a r e  as d e f i n e d  i n  paragraph  (1) above 
except  f o r :  

P t  = Radar t r a n s m i t t e r  ou tpu t  power 

cr = Targe t  r a d a r  Crossec t ion  

T h e o r e t i c a l  Computation of  Skin  Track (S/N) 

I t  i t  i s  assumed t h a t  t h e  C-Band p a s s i v e  a r r a y  i s  
t h e  on ly ,  o r  a t  l e a s t  t h e  pr imary ,  r e f l e c t o r  f o r  i n c i d e n t  
C-Band r a d a r  ene rgy ,  it would b e  p o s s i b l e  t o  u t i l i z e  a v a i l -  
a b l e  a r r a y  C-Band r a d a r  c r o s s e c t i o n  in fo rma t ion  t o  compute 
t h e  t h e o r e t i c a l  s k i n - t r a c k  S/N and thermal  n o i s e .  Unfor- 
t u n a t e l y ,  however, e x i s t i n g  GEOS-B s k i n  t r a c k  d a t a  ob ta ined  
by t h e  Wallops I s l a n d  An/FPQ-6 r a d a r  shows a much h ighe r  
s k i n  t r a c k  S/N ( 2 0  x 2 5  db max) t h a n  can b e  accounted f o r  
by us ing  only t h e  p a s s i v e  a r r a y ' s  c r o s s e c t i o n  ( 1 2  t o  1 5  db 
max). I t  has  a l s o  been found t h a t  t h e  S/N r e c e i v e d  by t h e  
r a d a r  i s  as h i g h  o r  h i g h e r  f o r  l i n e a r  v e r t i c a l  p o l a r i z a t i o n  
as f o r  c i r c u l a r  p o l a r i z a t i o n .  I n  a d d i t i o n ,  no d i s c e r n a b l e  
improvement i n  s i g n a l  s t r e n g t h  lob ing  c h a r a c t e r i s t i c s  could  
be  a s c e r t a i n e d  i n  t h e  s k i n - t r a c k  d a t a  w i t h  c i r c u l a r  p o l a r i -  
z a t i o n  r e l a t i v e  t o  t h e  s k i n - t r a c k  d a t a  w i t h  v e r t i c a l  l i n e a r  
p o l a r i z a t i o n .  These s k i n  t r a c k i n g  r e s u l t s  a l l  t e n d  t o  
i n d i c a t e  t h a t  t h e  p a s s i v e  C-Band a r r a y  i s  n o t  t h e  dominant 
C-Band r e f l e c t o r .  Thus, i t  seems u n r e a l i s t i c  t o  p r e s e n t  
a computation of t h e o r e t i c a l  S/N based upon only  t h e  r a d a r  
c r o s s e c t i o n  of t h e  p a s s i v e  a r r a y .  I t  i s  p o s s i b l e  however 
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t o  expres s  t h e  t h e o r e t i c a l  S/N and a n g l e  thermal  n o i s e  terms 
a s  f u n c t i o n s  of bo th  range and e f f e c t i v e  t a r g e t  C-Band c r o s s -  
s e c t i o n .  Then, once s u f f i c i e n t  s k i n - t r a c k  d a t a  i s  a v a i l a b l e ,  
i t  w i l l  be p o s s i b l e  t o  a r r i v e  a t  t h e  t a r g e t  c r o s s e c t i o n  
e m p i r i c a l l y .  Once t h i s  i s  done t h e  t h e o r e t i c a l  thermal  
n o i s e  p r e d i c t i o n s  can  be computed a s  was done above f o r  
t h e  beacon t r a c k  c a s e .  The t h e o r e t i c a l  r e l a t i o n s h i p s  and 
a p p l i c a b l e  parameters  a r e  p r i n t e d  below. 

For the  s k i n  c a s e :  

= 2 . 8  x l o 6  ( w a t t s )  Pt 

2 
( G R 2 1 2  = (1 .259  x l o 5 )  

k 

B 

= unknown x c r o s s e c t i o n  r e l a t i v e  
t o  1 sq. meter)  

- 2 3  = 1.38  x 1 0  

6 = 0 . 5 7 5  x 1 0  Hz 
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Ts = 1123'K, r e f e r e n c e d  t o  Antenna 

L t  = 2 . 2 6  

= 1.035 f o r  E - > 40' La 

R = v a r i a b l e  = S l a n t  range  i n  Km 

S u b s t i t u t i n g  i n t o  t h e  r a d a r  range e q u a t i o n :  

f o r  R i n  Km and 0 = c r o s s e c t i o n  r e l a t i v e  t o  one 
s q u a r e  me te r .  

Sk in  T r a c k  T h e o r e t i c a l  Annle Thermal Noise 

where a l l  terms a r e  t h e  same a s  d e f i n e d  p r e v i o u s l y .  F o r  
t h e  o p e r a t i n g  parameters  used  du r ing  GEOS-B s k i n  t r a c k i n g  
miss ions  ( f r  = 640  pps ,  B n  = 3.2  H z ) .  
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(dEt) = Skin  E l e v a t i o n  Thermal Noise 
S 

R 2  
= 2 .605 - MILS 

(bAt) = Skin  Azimuth Thermal Noise 
S 

R’ Sec E 

6 
= 2.605 M I L S  

where R i s  t h e  s l a n t  range  i n  Km and (T is  t a r g e t  
c r o s s e c t i o n  r e l a t i v e  t o  one squa re  me te r .  

Range Thermal Noise 

The thermal  n o i s e  appear ing  i n  t h e  range  measure- 
ment d a t a  can be computed by :  

where 

T = The range i n t e r v a l  encompassed by one p u l s e  
wid th  
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k = Error constant for range discriminator 

(S/N) = Single hit I . F .  S/N ratio 

= P R F  fr 

= Range Servos Noise Bandwidth Bn 

Assuming a kr of 2.0 which will be accurate enough 
for present purposes we get: 

(A 1 for Beacon Track: 

The reference channel's IF S / N  is known from the 
theoretical computation o f  the beacon track S/N 
for constant GB: 

5 . 4 5  lo9 

where R is slant range in Km, and the following 
parameters are known: 

T = 0 . 5  psec = 75 meters 
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= 160 fr 

Bn = 4.1 cps 

Subs titut ing : 

= 8.131 x lO-’R (Meters) 

where slant range R is in units of Km. 

(B) For Skin Track: 

From the computations for skin track S/N: 

0 12 
2 (S/N)s = 2.98 x 10 
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So t h a t :  

(150 x 2.4) - 
1 2  CJ 640]1’2 

7 -  

(OR) - 
S 

1 R’ 2 . 6 1  

R 2  
(CTR) = 6 . 6 5  x - Meters 

S G 

where R i s  s l a n t  r ange  i n  u n i t s  of  Km and 0 i s  
t a r g e t  r a d a r  c r o s s e c t i o n  r e l a t i v e  t o  one squa re  
meter .  

Range Rate Thermal Noise 

Radia l  range  r a t e  measurements c a r r i e d  o u t  a s  a 
p a r t  of t h e  GEOS-B C-Band Radar experiment w i l l ,  due t o  
l a c k  of a s a t e l l i t e  borne cohe ren t  beacon,  be  a s s o c i a t e d  
w i t h  s k i n  t r a c k s  of t h e  GEOS v e h i c l e .  F u r t h e r ,  p r e s e n t  
program p l a n s  do no t  c a l l  f o r  c l o s i n g  t h e  p o s i t i o n  loops  

( R ,  Az, and E l )  through t h e  coherent  si-gnal p r o c e s s o r  (csp) 
which i s  used t o  e x t r a c t  dopp le r  i n fo rma t ion  from t h e  
r ece ived  s i g n a l .  The re fo re ,  t h e  thermal  n o i s e  computa- 

t i o n s  a s  developed above f o r  R ,  A z ,  and ~1 remain v a l i d  
even when doppler  t r a c k i n g  i s  t a k i n g  p l a c e .  

For t h e  s i g n a l  s t r e n g t h s  expected du r ing  s k i n  t r a c k s  
of t h e  GEOS-B, t h e  thermal  n o i s e  appear ing  i n  t h e  range  
r a t e  measurements can be c a l c u l a t e d  from: 

C-36 



where 

C x - - -  - - wave l e n g t h  of  s i g n a l  i n  meters  
f 

= e r r o r  s l o p e  f a c t o r  f o r  Doppler d i s c r i m i n a t o r  kd 

= Coherent o b s e r v a t i o n  time i n t e r v a l .  For 
(where 

T C  
p rope r ly  designed system T c  = 

f L  
B = f i n e  l i n e  f i l t e r  bandwidth) 

f L  

S/N = Gross spectrum I F  s i n g l e  h i t  s i g n a l  t o  n o i s e  
r a t i o  (same a s  was used i n  prev ious  thermal  
no i s  e computations) 
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For t h e  GEOS-B program and t h e  Wallops I s l a n d  CSP c o n f i g u r a -  
t i o n :  

3 x l o 8  
x 

B 
f L  

kd 

S/N 

f r  

Bn 

(5 

R 

- ... 
5690 x l o 6  

= 1 6 0  H z  

- 2  ... 

(5 

(from t h e  range  thermal  n o i s e  1 2  
i7 = 2 . 9 8  x 1 0  

equa t ion )  

= 640  

= 40  Hz 

= GEOS-B C-Band r a d a r  
t o  one s q u a r e  meter  

r o s s e c t i o n  r e l a t i  

= s l a n t  range t o  t a r g e t  i n  Km 

re 
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Substituting: 

(Meters/sec) RZ = 6.11 x “1; 

It should be noted that other sources of random 
range rate error must be taken into consideration in 
developing the overall RMS range rate random error. 
Table 8 (Section C1) lists the various random error 
sources and their budgeted error magnitudes. 
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APPENDIX I) 
NGSP DATA FORMATS 



Field 

1 

4 

5 

SECTION D1 
NGSP FORMAT FOR 
INTERAGENCY C-BAND 

AZIMUTH AND ELEVATION MEASUREMENTS 

Columns Description 

1 - 6  Satellite Identification* 

1 - 2  Year of Launch 
68 = 1968 

3 - 5  Order of Launch 

6 Component Identifier 
l = a  

- 7 Type of Coordinates 
7 = Azimuth and Elevation Angle 

- 8 Observation Identifier 
0 = (C-Band Tracking Transponder) 
1 = (C-Band Skin Track) 

9 - 11 Timing Standard Deviation 
9 Milliseconds 
10 - 11 .01 Milliseconds 

12 - 13 Time Identifier 
53  = UT-C Satellite Time 

As per COSPAR numbering system. 
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Field 

6 

7 

8 

C o lumns 

14 - 18 
14 

15 - 17 
18 

19 - 34 
19 - 20 

21 - 22 
23 - 24 
25 - 26 
27 - 28 

29 - 30 
31 - 34 

35 - 53 
35 - 37 
38 - 39 
40 - 41 
42 - 44 

45 
46 - 47 
48 - 49 

50 - 51 

52 - 53 

De s'c r ij? t ion 

Station Number 
System Designator 
4 = Interagency C-Band 
Station Number 
Blank 

GMT of Observation 
Year of Observation 
68 = 1968 
69 = 1969 
Month of Observation 
Day of Observation 
Hour of Observation 
Minute of Observation 
Second of Observation 
.0001 Second of  Observation 

Observation Data 
Azimuth degrees (arc), 0' North 
Azimuth minutes (arc) 
Azimuth seconds (arc) 
Azimuth 
,001 seconds (arc) 
Blank 
Elevation degrees (arc) 
Elevation angle 
minutes (arc) 
Elevation 
angle, seconds (arc) 
Elevation 
angle, .01 seconds (arc) 
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Columns Description Field 

9 

10 

54 - 59 Date of  Reduction 
54 - 55 Year of  Reduction 

68 = 1968 
69 = 1969 
etc. 

56 - 57 Month o f  Reduction 
58 - 59 Day of  Reduction 

60 - 71 Coded Information 
60 - 61 Supplementary Documentation 

20  = 

21. = 

22  = 

2 3  = 

2 4  = 

25 = 

26 = 

27 = 

3 0  = 

31 = 

32 = 

33 = 

Wallops C-Band Radar 
Preprocessing Report * 
AFETR C-Band Radar 
Preprocessing Report 
AFWTR C-Band Radar 
Preprocessing Report 
PMR C-Band Radar 
Preprocessing Report 
WSMR C-Band Radar 
Preprocessing Report 
NASA FRC C-Band Radar 
Preprocessing Report 
AFFTC C-Band Radar 
Preprocessing Report 
NASA GSFC C-Band Radar 
Preprocessing Report 
Wallops C-Band 
Optical Preprocessing Report 
AFETR C-Band 
Optical Preprocessing Report 
AFWTR C-Band 
Optical Preprocessing Report 
PMR C-Band 
Optical Preprocessing Report 

*Data was preprocessed in accordance with procedures contained herein. 
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Field 

11 

Columns 

6 2  - 6 5  
6 6  - 6 7  
68 - 7 1  

7 2  - 8 0  
7 2  

7 3  - 7 4  

7 5  

7 6  - 7 7  

7 8  - 8 0  

Blank 
67 = C-Band Radar 
Blank 

Description of Random Error 
Standard deviation in Az 
(seconds of arc) 
Standard deviation in Az 
(.01 seconds of arc) 
Standard deviation in elevation 
angle (seconds of arc) 
Standard deviation in elevation 
angle (.01 seconds of arc) 
Covariance; sign in col 4 8 ( + ) ,  
( - ) 9  decimal assumed between 
col 7 9  and 80 
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Field 

1 

4 

5 

6 

S k T I O N  D2 
NGSP FORMAT FOR 

INTERAGENCY C-BAND 
RANGE OBSERVATIONS 

Columns 

1 - 6  
1 - 2  

3 - 5  
6 

7 - 

8 - 

9 - 11 
9 
10 - 11 

12 - 13 

14 - 18 
14 

15 - 17 
18 

DescriDtion 

Satellite Identification" 
Year of Launch 
68 = 1968 
etc a 

Order of Launch 
Component Id en t i f i er 
l = a  

TvDe of Coordinates 
2 = Range 

Observation Identifier 
0 = C-Band (Tracking Transponder) 
1 = C-Band (Skin Track) 

Timing: Standard Deviation 
Mi 1 lis econds 
.01 Milliseconds 

Time Identifier 
53 = UT-C Satellite time 

Station Number 
System Designator 
4 = Interagency C-Band 
Station Number 
Blank 

* As per COSPAR numbering system. 
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8 

9 

9 - 3  
19 - 20 

21 - 2 2  
- 2 4  

25 - 26 
27 - 28 
29 - 30 
31 - 3 

0% Observation 

69 = 196% 
44 = a944 
67 = 1967 
68 = 1968 
etc B 

Hour of Observation 
Minute of Obse 
Second of Observation 
,0001 Second of Observation 

35 - 53  Observation Data 
35 - 50 
5 1  - 53 Range in ,001 Meters 

54 - 59 Date of Reduction 
54 - 5 Year of Reduction 

68 = 1968 
49 = 1969 
eQc (i 

tary Document at ion 

Preprocessing Report 

P ein 
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Field 

11 

Columns 

6 2  - 6 3  

6 4  

6 5  - 7 0  

65  - 6 7  

Description 

23 = PMR C-Band Radar 
Preprocessing Report 

Preprocessing Report 

Preprocessing Report 

Preprocessing Report 
2 7  = NASA GSFC C-Band Radar 

Processing Report 

2 4  = WSMR C-Band Radar 

25 = NASA FRC C-Band Radar 

26 = AFFTC C-Band Radar 

Instrumentation Type 
6 7  = C-Band Radar System 
- Tropospheric - Refraction - Correction 
Indicator (TRC) 
1 = TRC applied to both - range 

2 = TRC not applied to either 
- observation ROBS, Cols. 35 - 53)  

- Range - Observation (ROBS) or 
Refraction - Correction (REFCOR) 

not REFCOR 

- 
3 = TRC included in ROBS but 

4 = TRC included in REFCOR but 
not ROBS 

Description of Random Error 
Standard Deviation in meters 
Standard Deviation in .001 meters 

*Data was preprocessed in accordance with procedures contained herein. 
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F i e l d  

1 2  

1 3  

1 4  

Columns D e s c r i p t i o n  

7 1  - 76 Value o f  R e f r a c t i o n  C o r r e c t i o n  
(Refcor)  Meters xxx.xx 

7 7  Blank 

7 8  - 

79 

80 - 

Data V a l i d i t y  
0 o r  Blank = Data appears  normal 
1 = Data n o i s y  
4 = Data n o t  a c c e p t a b l e  t o  

5 = Support  d a t a  q u e s t i o n a b l e  
0 o r  Blank = Used i n  s o l u t i o n  
1 = Not used i n  s o l u t i o n  
2 = Rejec ted  from s o l u t i o n  

r e p o r t i n g  agency 

Blank 
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Field 

1 

4 

NGSP F O W T  FOR 
INTERAGENCY C-BAND 

RANGE RATE OBSERVATIONS 

Columns Description 

1 - 6  Satellite Identification* 
1 - 2  Year of Launch 

68 = 1968 
3 - 5  Order of Launch 
6 Component Identifier 

l = a  

- 7 Type of Coordinates 
3 = Range Rate 

- 8 Observation Identifier 
0 = C-Band (Tracking Transponder) 
1 = C-Band (Skin Track) 

9 - 11 Timing Standard Deviation 
9 Milliseconds 
10 - 11 .01 Milliseconds 

12 - 13 Time Identifier 
5 3  = UT-C Satellite time 

14 - 18 Station Number 
14 System Designator 

15 - 17 Station Number 
18 Blank 

4 = Interagency C-Band 

* As per COSPAR numbering system. 
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Columns Description Field 

7 

8 

9 

10 

19 - 34 

21 - 22 
23 - 24 
25 - 26 
27 - 28 
29 - 30 
31 - 34 

35 - 53 
35 
36 - 50 
51 - 53 

54 - 59 
54 - 55 

56 - 57 
58 - 59 

60 - 61 

GMT o f  Observation 
68 = 1968 
69 = 1969 
etc. 
Month o f  Observation 
Day of  Observation 
Hour of Observation 
Minute of  Observation 
Second of  Observation 
.0001 Second of Observation 

Observational Data 
- + sign 
meters per second 
.001 meters per second 

Date o f  Reduction 
Year of  Reduction 
68 = 1968 
69 = 1969 
Month of Reduction 
Day of  Reduction 

Coded Information 
60 - 61 Supplementary Documentation 

20 = Wallops C-Band Radar 

21 = AFETR C-Band Radar 
Preprocessing Report * 

Preprocessing Report 

rocessing Report 
22 = AFWTR C-Band Radar 

* Data was preprocessed in accordance with procedures contained herein. 
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Pield Columns Description 

2 3  = PMR C-Band Radar 
Preprocessing Report 

Preprocessing Report 

Preprocessing Report 

Preprocessing Report 

Preprocessing Report 

2 4  = WSMR C-Band Radar 

25 = NASA FRC C-Band Radar 

26 = AFFTC C-Band Radar 

27 = NASA GSFC C-Band Radar 

6 2  - 6 3  Instrumentation Type 
5 3  = C-Band Radar'System 

6 4  - Tropospheric - Refraction - Correction 
(TRC) Indicator 
1 =  

2 =  

3 =  

4 =  

TRC applied to both - Doppler 
- Observation (DOBS, 
Cols. 3 5  - 5 3 )  and to 
Refraction Correction - - 
(REFCOR, Cols. 6 7  - 7 2 )  

TRC not applied to either 
DOBS or REFCOR 
TRC included in DOBS but 
not REFCOR 
TRC included in REFCOR but 
not DOBS 

*Data was preprocessed in accordance with procedures contained herein. 
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Field 

11 

12 

1 3  

Columns 

6 5  - 6 6  

6 7  - 7 4  
6 7  
6 8  - 6 9  
7 0  - 7 2  
7 3  

74  

75 - 77 
75  - 77 

7 8  - 8 0  

Description 

Identification of Frequency 
Pair and Method of Combination 

Value of Refraction Correction 
- + sign for meters/second 
meters/second 
.001 meters/second 
0 = C-Band (Tracking Transponder) 
1 = C-Band (Skin Track) 
Blank 

Description of Random Error 
Standard deviation in range 
rate, .001 meters/second 

Blank 
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