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Tracking System (ATS) for possible fabrication and flight test evaluation
in a later AGFCS Program Phase. The ATS includes the ran ge and angle
trackorig sensors , the computer , and the software used to process the
tracking si gnals. It provides t h e  target—dependent variables required to
solve the lead angle equation in a director AGFCS mechanization. The ATS
will ultimatel y serve as the  core of an advanced gun fire control system.

The selected configuration serves as the basic element of a modular
advanced gun fire control system. Its salient feature is the use of
strapdown sensors in both the  angle tracking and range tracking systems .
The angle sensor is the Bendix Corporation Adaptive Scan Optical Tracker
(ASCOT) ; t~~I~~’ range sensor is the General Electric Solid State Radar (SSR—l).
Both  sensors satisf y the requirements of the ATS application and have
adequate technical maturity for timely fabrication and fli ght test. The
princi pal ATS subsystem and software features are :

o Principal Subsystems
o Bendix Adaptive Scan Optical Tracker
o GE Solid—State Radar
ii Al’S Digital Computer
o Strap down Cyrs/Accelerometer Package

o So f tware Features
o Kalman Angle Tracking Filter
o Kalman Range Tracking Filter
o Director Gun Fire Control Equations
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~ LCL L~h~~ i 1NTR ODlICTL ON AND SUMMARY

1- 1 NTRODI ’T ION

Thi s  volume desc r ibes  in de t a i l  the AL ’ S r an~w senso r desi gn. I t  i s
based for t h e most part on the s u b c o n t r a c t o r ’ s f i n a l  r epor t  w i t h  sonic
cl~~r i 1 1 cj t i o n  and minor additions added during review and AGFCS Phase ii
rinal report preparation. The AGFCS Phase II Augmented Tracking System
(ATS) is unique in that the central ATS computer is utilized to optimi;’t
angle and range sensor information processing. The range sensor selected
for the ATS is the Solid State Range—Only Radar (SSR—l) being developed
a t  General Electric , AESD, Utica , New York. The SSR—l radar parameters
(frequency, powe r output , etc.) are compatible with the ATS app lication .
Thus the principal subcontracted activity has been addressed to adapting
the basic radar to interface with the central ATS computer.

Development of the basic radar has progressed in parallel with the
AGFCS Phase II stud y. Detail design and testing for MIL-E—5400 environ—
ment s  is in process and completed units of the basic design are sI’h e dt l .’~
for  June 1974. Due to this parallel effort , long lead .irts on h ,rnd w i i l
a l low de l ive ry  of a f l i g h t — w o r t h y  ATS SSR— l s ix  m o n t h s  -i ~~t er  r e ei pt 01

an order. As an a d d it i o n a l  feature of this par a lle l ip ; ru.i h , a b r e a db o ar d
SSR— l can be made a v a i l a b l e  f or  d e m o n s t r a t i o n  ,inc “, ‘ - ,~~ u a t 1 O f l  in a
l a b o r a t o r y  e n v i r on m e n t  of the  sys t em i n t e r fa  c i -  c , ’vl; t t  j i l l  i t V .  A ~d u t u g r t p t i
of t he  bas ic  SSR— l radar is shown in Figure 1 .

1. 2 SUMMA RY D~ SCRI P T ION

1 .2 . 1  Rauar  C h a r a c t e r i s t i c s

The SSR— l radar  is an X — b a n d , n o n c o h e r en t , p u i s i - ~ x Idd~ t~~~ c. t  nle t s u L ~~s

the  range  and range rate of either closing or o p i ’ n i i : w  ~a r )4 (~~’~ and supp 1i ~ ’s
e lec t r i ca l  o ut p u t s  of range , range ra te , and ~ O r - - O f l .  i~~ e r adar  L5
c o n t a i n e d  in one Line Replaceable Unit (LRU) comprised of the fol1ow1n~
subassenbij es :

RF Assemb l y
‘-Ui gn e tr on
M o d u l a t o r
A FL
IF A m p l i f i e r
Range Tracker
Power Supply
S e l f —  j U s t  /Con t  rol

i t  t e a t ur e s  a strap down, wide—bean~ idth antenna (15 0 ) and has a d e t ect i on
ra n ge ot 2.65 nautical miles on a 2 square meter targe t l o c a t e d  a l o n g  t h e
axis of the antenna beam. The main parameters and performance

7
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FIGURE 1
SSR-1 RADAR 

‘ I

c t t a r . i  t . ’ r i s t  I -  — I r e  I S t i d  in T ab l e  1 anc I i ~~u r e  2 r e p re s en t s  a
h i  oc k d i O~ I lT~l

I .2. ’ t i de s  fl~ l_ p e r a t  ion

lb. ’ A~~S ~~ J i r  is ia p ~ b i&- of operating Iii i - i  t U ~ ’ i  a l l  A t i t o n o m o u s  or an
r i C k  l ag  nie !i . In til e A t i t  o n o t r u ns  mode , a’ r a d a r  u p d at e s

l i l y .  e l I  r l I i y , ’ — l r e  ~,i nals it pn- a~k-tlt e t l i ~ ’ A’I S i ’ e n tr a l  n - r a t e r . In
t h i s  ii i , ’ , t in’ r a d a r  ~T . - r a t ~eS as a c o i l v C - l l t i n n i l  a l p h a — i n - t a  t r a c k e r , w h e r e

is a p os it on ~: o.it h iiig c o f l s t  aOt ad b ct~ i (~ ) is a
S r I O I~~t I l ).t ‘ ‘ l i s t

Iii t in- A igi ’ - ’ i ’ :  ‘ - i c  , t h e  i i i i ~~ . -  t r a H ’r  has b i n - i t  J e s r y n e d  to t i f l i -  I -

I .  w i t  In- F,tlmi jn R n ,  ‘I r ie k iir g F i l t e r  i t t  t i n  A I S  ‘ o l ip i H e r .  D u r i n g
A i i g t i .  ; i t ’d ‘ i t ’  ‘ p t- i ’ l L  1 I i i ’  r , i i i l  Se t s  i t o i n !  to H , and t r i i i s t  e l i -
O a t  I n  i ’ l  1 1 1 ) 1  , i i i i r a n g e — l a t e  i i p d a r  l i l y  t o  t i n ’  , \ i t - t  ~~‘n r r a 1  C ( a l ’ a l ’ 1 ’
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TABLE 1
SSR-1 RADAR PARAMETERS

Antenna
Type 6 Il l Horn
Beamwidth Az imuth 15° at 3 (lB
Beamwidth Elevation 15 0 at 3dB
Aperture Size 6 in
Gain 21 dB

Transmitter
Transmit Frequency 937 5 MHz
Peak Power 8 kW
P R E  . -  1024 Hz
Pulse Width 0 4 5 microsec

Receiver

IF Frequency 30 MHz
Bandwidth , 4 MHz
Noise Figure 8 dEl
MDS —98 dBm

Processor

Search Range (Selectable ) 3 ,000 ft  - Gun Mode
6 ,000 ft
24 ,000 ft Missi le Mode

Search Rate 24 ,000 ft /sec
Veloc ity Memory 2 sec
Tracking Accuracy ~50 ft
Lock-On . , .  - - - - — 9 1  dBm

o OFF - STA.NDBY — RADIATE: This is the basic powe r—on control. In
STANDBY position , bias voltages are applied along with magnetron
filament voltage. After a warm—up period , RADIATE select is enabled
and its selection will initiate transmission of RF power.

o RANGE SELECT : Provides for selection of a 3000, 6000, or 24000
foot  max imum search range .

o SELF TEST: initiates generation of an Internal test target for pre-
fli ght or taxi checks.

o TAB.GET REJECT : Allows for breaking lock on presently acquired
t a r g e t s .

o SELF—T EST GO/ i~O GO: Provides GO or NO—GO indicator lamp condLtion
based on self—test paraneters. Consists of 2 separa te  l amps.

o S EARCH : I l l u m i n a t e s  Ind ica to r  lamp when in s e a r c h .

9
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o LOCK-ON : Illuminates indicator lamp when radar has acquired and
locked on (tracking) a target.

o THI- RMAI . UV L L I : liluminates indicator lamp when internal L RU t -npr ’r—
Lure ‘it s tx-ce d ed 160°F.

11w c ’I r p u t C r  control functions required for the Augmented irode art -
s~~’ t - a n I z e d  below . A derailed descri ption is given in Section 3 .0 .

o A u g m e n te d  Mode C o n t r ol :  Coitm’iands radar  to go in to  A ug m e n t e d  r I ,
and t ranster control to the ATS computer.

o Autonomous  Mode C o nt r o l :  Commands radar to go i n t o  the  Autonomous
m od e  and p e r f o r m  own upda t ing  of range and range—rate computations .

o Cormoand Codes : Alert s range tracker to forthcoming computer Jata
r e q u i r e m e n t s .  f i t a t  is , to  t r a n s f e r  or to receive from the computer:
range and r a n g e — r a t e  data , t racker  status , signal—to—noise ratio ,
and range d i f f e r e no e s .

~~~~ M~~~~~r j  Hu1~~1
A nn, i i 

-

115V
T o  [ - [ Si pt ’ - ~ 

- 400 H.’

A FC ~ ‘~ ‘ ‘ I
X Band i Modulator

________________ 
1 ii.~

.’ r

I 
~~~~~

-- _ _r 
A c: , .  

VCO
_H

Y r - i Ptj lçe IF __j
A F (
j

SYNC

~~~ 1
FIG URE 2

SSR-1 RADAR FUNCTIONAL BLOCK DIAGRAM
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1.2 . 4 Radar C o nf igu r atj o n  and Reliability

The ATS radar is self contained in one line replaceable unit is shown
in F igure  1. Except  fo r  the 2J42H Magnetrom , the radar is en’ irely solid
s t a t e  and f e a t u r e s  high re l iab i l i ty ,  ease of f a u l t  i sola t ion and ease of’
maintenance . Mechanical characteristics are outlined in Table 2.

Except for the magnetron , the radar is entirely solid state and lies
no moving parts . It uses fewer than 700 electrical components and has a
predicted MTBF in excess of 2000 hours. This prediction is based on
reliability experience gained with production radars such as the APQ—l13 ,
-ii4 , and —44, which utilize similar components and design techniques as
employed in the ATS radar.

TABLE 2
ATS RADAR MECHANICAL CHARACTERISTICS

Weigh t 23 1b
Dimensions 16 15 in L

906 .n W
591 in . H

Cooling Air None
Pressurization . 15 psia (Waveguide OnIy(
Operating Temperature -55 to 71 °C
Operating Altitude 0 to 50.000 ft
Electrical Power input 115V . 400 Hz . i S A

+28 VDC - 1OA
Mounting Hard Mount
Vibration - - MIL-STD•81OB Curve A

.9 4  012 2 ‘I

11.

— ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- .  - -



SEC TI ON 2 AL~TON0ML)US OPERAT ION

NI- kAl.

In i :s Au T n n - ’m o :s mode , t h e  AT S radar will perform targ et range pre—
d i c t i o n  an d r i ~~~~e — r , i L c  - pd a i t ’  inJ.-pcndent of  the ATS c e n t r al  c o m p u t e r .
i i i .  r . i n~~ - r a c k e r  s n tb a s s c n ib iy  c o n t a i n s  an i n t e rn a l  co m p u t e r  to p e r f o r m
t h e  r . -~ p i i r i d  u p d i t r ’  i . ’i i ipu t ut  i o n s .

.\ i . ip t at  i o n  t o  t dc Al’s app l i c a t i o n  can he  u n d er s t o o d  by f i r s t  dt ’sc r i b —
ing L i e  over  ~ I a u t - ’ : o - n - o u s  op er a t  ‘ on .  Th e r e f o r e , an o p e r a t t o n a l  s c e n a r i o
t O l  low s.

2 OPERATIONAL SCENARIO—-AUTON OMOUS MODE

Selection of n i t h er  the Autonomous or Augmented operational modes
requires the range tracker circuitry to perform several functions :

SEARC H
ACQUISITION
1 RACK
COA Si
EEl T E N  TO SEARCH (BREAK—LOCK)

2.2.1 SEARCH Func tion

Ill e SSR— 1 is capable of range searching to 3000, 6000 , or 24000 fee t ,
selectabl e from the control panel. During SEARCH , the range gate is swept
i i  24 00u leet/second. Thus , 3000 feet of range is covered In 1/8 s e c on d ,

( ( ) I ( ( (  t e t i in 1/4 second , and 24000 feet in 1 second . With this ~~~~~~ r a t e

and a 1024 PRF, the range gate dwells on a given range segment ~or (2
pulses. After each 32 pu l se  packe t , the range gate is stepped our in
r a n ge by 750 l i n t and searciss the next range segment . u t ’  r a n g e  se~~r’- r .-n
is composed of eight (8) 100 feet range gates, as shown in Figure 1.
l a r ge t  detection is performed by a bank of eight cli p aci t ore In a s i r - p i t -
and h o l d  i I rcul t co n f i guration . In effect , each of tiit’s.’ il iac I ’
moves with one of t h e ei gh t range ga tes and integra lt-r - 0.- ir~s-’ re t - i.  it s

‘r t h e  32 pu l s.- dwell time . Each capacitor I t i t e g r a  t i n S  ~- t  U i ‘1- ’ r n- - t h u
i’ et I tic rements wit ii in t iii- range segment . This is II l ust r a t  e l  iii
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In the S EARCH f u n c t i on , h e f o re  a t a rge t has  been dote , ted , the - ‘u :puts
of lie storage c a p i~ 1t~’rs ire continuousl y compared with a pr t-s:t d i ’ t t  - Ion
threshold . When the video in any one of the range gates exceeds ili ”
L I t  r.’sliol d , a TARGET PRI-:SENT (TP) pulse Is genertitt ”i on ‘he n e xt  P }~F .
Simultaneously , a D E T E C 1 I 0 I~ PULSE (DI’) is also gener .iti’ii . At tii i~ po int
In time , the system prepares to enter the ACQU ISITION function . 1l ”~e’.’n ’r ,
t O t  sY s t e m  f ir s t  w a i t s  to complete a 16 puist- packet. T h a t is , il
-occurs in the initla~, lb pul ses (out of 12) , .-\i RUISIT lid is beenn i t  the
end ot th~ 16th p I l i s t - . A l t e r n a t e l y ,  i f  TI’ o c cn r s  b e t wee n  16 and 3~~.
ACQUISITION is begun at the end of the 32nd pulse.

2 . 2 . 2  A I S I I I O N  F u n ct i o n

For purposes of discussion , let us assume tha t TP and I) P occur on the
20th pulse repetition interval (PRI) of the 32—pulse integration packet.
These two signals will remain thru the 32nd PRI at which t i n t ’  TP is r e ’~n ’ t  and
OP remains in its present  (de t ec t ed )  s t a t e .  At  t h i s  tim e, a - in n n r s ’e ln cr e ’n e n —
tal range (Coarse ‘,R) correction is made in the range gate posIt Ion . This
correction places the controid of gates 4 and 5 at the range position of tin e
gate Indicating target present; i.e., at the detected targe t range .

The system now goes into the ACQUISITION function . Data are accumu i ;ir-
ed for 0.25 sec . Tha t is , the  sys tem now wai ts  and processes l b  packe ts
ol 16 pulses , which is e q u i v a l e n t  in t ime to 256 PRI’c. During this t I n e ,
Fine ~.R corrections are made to the range measurements and range-gate
position (if require Ll b . ‘Ihe range—rate register , initiall y set at Zero ,
accumulates data to determine the initial velocity (R) to be used in - c ’
IRA CK function. At the end of the 256 PRI sufficient data have
isnin accumulated to declare LOCK—ON and begin TRACK .

2 . 2 .  3 T RACK Function

During the TRACK function , data are refreshed after edch set of 16
PRI  s ire p ic’s , whic h is each 16 milliseconds or at a 64 Hz rate. Range
t n , * i k e r  c o m p u t a t i o n , p r e d ict i o n , and up d a t e  takes 100 mic roseconds * and
is ;- . ’ r ¶ ornt’c during the r a d a r  dead t inc . -

~~ — r smooth ing  is employed
durin g these computations to make proper range and range—rate corrections .
A dl.i K r l~- of it’ timing relationship of the TRACK function is shown in
F igu re 1m w ’  ,i t t i- r PRI 16 has been expanded for clarity.

Aft e r sampling the range gate for 16 pulses , the outputs of the in—
( t y r i t i n g  c a pa c i t o r s  f o r  ga le s  4 and 5 are compared and t h e  v o l t a g e  dii-
tt ’ rence is AID  converted Into a digital number proportional to t ine range
di r t  i’r crn c c’ (Fine siR) . Since only the nint’ most si gnificant bits are used

0 p o s I t  ion t h e  range g it  ‘ , Fine AR includes the seven least significant
h i t s  ot the range reg i n t . ’ r .  (‘h e ret’,isnired range register correct ion , A R ,

l o t  ‘ -  , r i  , Is the dl I I e r e l i c t ’  l i t ’  tween F j i l t ’  A R and the seven least s igni t icant
bit s oh the range reg ister.

* ‘0) nst’. for t- rror computation and up d a t e  ( u s i n g  a and B )
.-st’e for error prod I. t b i t  and calctil.it ion
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F IGUR E 6
TRACK AND COMPUTATION PERIODS

This measured ran ge correction , AR , is used to update predicted ran ge .
For smoothing purposes , only a portion of AR is added. This portion corres-
ponds t o  -i AR . Therefore , an initial correction is made to predicted
range to compensate for  the measured error in the current ran ge reg is te r
contents. A correction is also made to the stored range rate. The range-
rate correction is computed as follows :

AR = AR 8
T

AR = Pred icted  Range—Rate  Correc t ion

AR = Measured Range Correction

— Velocity Smoothing Constan t

‘I = 0 .016 Seconds

This range—rate correction (AR) is added to the range—rate register
to upda te  st ored range ra te .

= R  + LtR~~~Bnew old

Using  R 
ew ’ a p r e d i c t i o n  is made of t a rge t  range f o r  t h e  end of the

cost 16 PRF ?ntervals. That is:

H . 0.016 sec. — change in range due to Rnew

and A R i s  added to the range register to establ ish new targe t posit ion .
Thus , the new predicted range is~

k — R  + u AR + Ak
rew old
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I t  is  n o t e d  that II a~~’ R -
~ A R is l ess  than 50 f e e t , no change in range

g a t e  p o s i t  ion  is im p l t - ’ - n i t t ’ d  s i n c e  onl y t h e  n ine  most si g n i f i c a n t  b i t s
0 1 t l n ~ ’ range tL’gi st e i  a re  used to p o s i t i o n  the  r a ng e  g a t e .  I t  i-s expec ted
t h a t  i~ A R + AR WI T I  g i - u cr a l ly  be less t h a n  50 f e e t  and the  m~’- : h a n is m
t o r  r,in gt’—gat,’ rep osi ’ ioning is actuall y the p r e d l  - tin d range value . This
sys t ~~ tracks hy  cot ’ i ; i i r Lg - n ea s u rt ’u r ange  t o  p n - i c  ted range and updating
t l t i -  p r e d i c t e d  range ‘ i l c u l a t  ion .  Range corrections Lire then added to the
¶ i c g t - reg ister and it is when the  s u m m a t i o n  over a number  of s a m p l i n g
intervals of ~~

. AR -~ ‘-h exceeds 50 feet that the range register overflow s
it he h) feet b i t  , t n l  tilt range gale is ropos tt loned. Thus , t i e  t a rge t
ts t r . ic kt ’ 11 b y t h e  range gate to within 50 1 oct  of the  cout rold of gates

-t and 
-
> b ’  means of r .ing~- register up date . As t h e targe t moves out of the

‘oh t n  range , t Int - - u t  r o i d  ol  ga t e s  -~ i t i d  5 is moved b y s t e p p i n g  t h e
i n i g ~ - g t e  and hi- si-q co-nc ~ - c- -n i t i n u e s

2 . 2 .4 COAST_F un c t i o n

the previous dis - ’niss:ons of TRACK assumed the tracker continuously
maintained targe t lock on. Target scintillation and changes in target
aspect angle will cause t h e video leve l on the storage capacitors to
L’’cLlsionally fall below the detection threshold level. The COAST function
is UrL ’\’idtd in the S S R — l  to allow for such target signal return fluctuations.

As mentioned in the SEARCH function description , a TAR GET PRESENT (TP )
~nulse occurs when a range—gate capacitor exceeds the detection threshold.
During TRACK , this signal also occurs at a 64 Hz rate as long as the
video return exceeds the threshold . This pulse is used to reset a free
running counter , the terminal count of which represents 2 seconds , and
is wired snu h that terminal count will reset the TRACK flip—flop and
return ti le system to the SEARCH function . As long as the detection thresh-
old is txc&’ided , t u e occurence of TP pulses will preven t this counter
I ron -~eachlng its termin al count. Thus , the tracker can miss a number

tar get lettn ctlons helore declaring a break—lock . In fact , at a 64 liz
rate , 20 t a r g e t  ret urn samples not exceeding threshold are required for a
b i - i k — l o c k  condition and ri-turn to t he SEARCH function.

In the e v t - n t  o f  a missed detection , the range tracker will COAST .
Ihat is , when II’ does not occur , the system rejects any new range information
and up datet its new range predict ion based on previous l y stored range rate
in  t O t -  l ,lng,e —  rite , t - g i ~ t i’r . Thus ,

= 1 )
new

k = K
new old

i t ,  ~
- - iip d ate i s  ¶ h en

K = H • 0 .0 1old

or

K = H * R 0 . 0 15
o w  ul it ol 0

lb

-
“ 
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It  can be seen , then , that the range gate will coast at the previousl y
predicted velocity. When the TP pulse reappears , new range data are then
used in t h e  a—S loop to correct the target range rate and range measure-
ments as discussed in Subsection 2.2.3.

2 . 3  RANGE I RA CK E R C I R C U I T  D E S i G N

The SSR— 1 Range ‘l’ racker circuitry will be construi’ted in two mu lti lay &’r
boards with 12 layers each. Standard MSI integrated circuits of the
dual—in—line confi guration will be used throughout . The following circuits
make up the tracker:

Control Circuit: Computer Circuit:

PR F Counter Program Storage Memory and Controls
Delay and PuIs~ Shaper Arithmetic Unit
za nge Counter Storage Registers
Range Comparator
Lomputer Clock
lime Counter
Video Integrator

2.3.1 Han~~~Tracker Control_Circui t

A block diagram of the control portion of the range tracke r is shown
in Fi gure 7. The prin cipal elements are :

PRF COt’N’l~~R ——used to decode the 5.25 ~fflz clock to generate a 1.024
KHz radar trigger.

~)l- LAY AND PULSE SHAPER——compensates for variations in transmitter delay
and controls the pulse width of the modular sync pulse.

RANGE COUNTER——co n posed of 3 b inary  counters  opera t ing  at a 10 MHz
rate ; countIng from approximatel y 0 to 48,000 feet each PRI starting at
radar main bang.

RA NG E COMPARATOR-—the range counter number is continuously compare.I
with the range register output in t h e  10 bit range comparator . Each t ime
the  coun te r  reache s the number stored in the range register , a range—gate
start pulse is generated and a series of eigh t range gates , each 191 nano-
seconds w i d e , is generated . Starting the range gate slig htl y ahead of
target range is accomplished by starting slightly ahead of main bang .

gO~l1’c ER CLOCK—- the computer  clock is created by decoding the PRY
c o u n t e r .  These clock pulses dre 0.8 microseconds wide , negative going at a
500 KH Z r a t e .  In  a d d i t i o n , t h e  i’RF c o u n t e r  genera tes  t h e  gates  r equ i red
to control computer iterations at 16 or 32 times per interpulse period.

l IME COUNTERS——provides the 1/4 second count for the ACQUISITiON
function and the 2 second COAST function. Uses the TARGET PRESENT and
DETECTED PULSE to put computer in either the ACQUISITION , TRACK , or COAST
functions and return to SEARCH in event of loss of target.

17
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VIDEO INTEGRATOR—— contains the eight—gate samp le ;ind hold cir- - u it rv
and ~i~-,sociated threshold sensing and controls.

525 \~H, 
_____ 

PRF I Variable Tim;]
_________________________________ 

•
Clock Counter - ~ Delay arid - T ,~~~~,.Pulse_Sha~~J 

H

- 

I

~ F ~~ Brea k-

10 MH? 
~~~ CoLi rc i ’ r ~~~~~ ~ S.~ rr *, ~ R

Detected RF ‘ ‘ ‘ j —.[:~,~::~ ~ ~
Estirn:ted 

~~~~~~~~~~~ ,,~~~~~~ deO “f~ _.4 AID ~
_

~~ Fine .~ R

Radar 
____________________________________

V deo ~ Coarse .~R

~ Lock-On

FIGURE 7
RANG E TRAC K ER CONTROL CIRCUIT ~~~~~~~ - -

2.3.2 Range Tracker Computer Circuit

The following describes the range tracker computer subassemblies as
illustrated in Figure 8:

PROGRAM STORAGE MEMORY AND CONTROLS——4 eight bit by 12 word program-
mable read—onl y memories (PROMs) are connected to form a 16 bit !ny 64
word program memory. Thus , it requires a 6 bit address to select a sing le
16 bit word readout . The four least si gnificant bits of address are
sequenced by .t 4 hit binary counter which is gated on for l’~ clocks
every 16th FRI.

Ilie memory is divided into 4 fields of lb words e a c h .  The field is
st Icrted by t h~ 2 mon~t si gni  f i c a n t  b i t s  of address  anti the counter
seq uen t  i,ihl y St  (‘VS b i t  memory  th r o u g h the 16 words In cacti I i e Id

ARFI’IIMI:’l’IC U NI t ——A 2—i np ut multiplex e r provides for selection of
It lie r range or r i ng i  ‘ — at t’ t h a t  a f o r  Comptit at ton and up da te . l’iils mu it I —
ix e r ‘S ou t p u t s  ir e  connec ted d i r e c t l y to  t h e  “A ” i np u t s  oI t h e  p ar . il  it’ I

adder . Selec t ion Is (-ontrolled by the appropriate contro l bit (A)
from the current program Instruction being read out of program memory .

18
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A 4—input multiplexer provides for the selection of the “N” register ,
Fine tiR, Coarse 4R , or Search tSR. This multiplexer ’s outputs are connected
directl y to the “B” inputs of the parallel adder. Selection is controlled
by the appropriate control bit (B) from the current instruction being
read out of program memory.

STORAGE REGISTERS——Two 16 bit parallel/serial shift registers are
supplied to store range and range rate. A third register , the N register ,
is used for tempory storage of partial products and sums. The parallel
outputs of the adder are connected in cotmiion bus fashion to the inputs
ot all three registers . The register (s) to receive the adder output is
tare) controlled by the appropriate control bit (R, V and N respectively)
from the current program instruction.
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FIGURE 8
RANGE TRACKER COMPUTER CIRCUIT
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SECTI ON 3 AUGMENTED OPERATION

3.1 GENERAL

The ATS SSR-l is designed to interface with the ATS Kalman Range
iracking Filter via the ATS Computer. As such , when commanded , it will
transfer complete control of the TRACK function to the ATS computer.
This operational mode is referred to as the Augmented mode .

In the Augmented mode , the radar ’s signal—to—noise ratio (SNR) is
computed and transmjttecj to the central computer. This computation is
performe d by the addition of an A/D converter to the Automatic Gain Control
(AGC) circuitry in the radar. AGC level appropriately scaled provides a
measure of SNR for use in setting the range measurement error variance in
the Kalman Range Tracking Filter.

3.2 OPERATI ONAL SCENARIO — AUGMENTED MODE

In the Augmented mode , the sequence of operations is the same as in
the Autonomous mode except that the ATS central computer takes control of
both range and range—rate update during TRACK. The sequence of functions
is still as follows :

SEARCH
ACQUISITION
TRACK
COAS T
RE TU RN TO SEARCH (BREAK-LOCK)

Initiation of the Augmented mode is commanded by the  central computer.
This establishes the range tracker operational mode . When the ATS computer
transfers control back to the SSR— l, another discrete signal is required to
restore the Autonomous mode.

3.2.1 SEARCH Function

The SEARCH function is the same in eithe r the Augmented or the Auto-
nomous mode . That  is , i t  is pe r fo rmed  by the SSR— l as described in Sub-
section 2.2.1. This eliminates the need for sending radar signals to the
computer for performance of radar control functions . Thus, during SEARCH ,
the radar control lies with the SSR—l.

3.2.2 ACQUiSITION Function

ACQUIS ITION proceeds as in Subsection 2.2.2 simIlar to the Autonomous
mode. This allows the SSR—l to establish initial range and range—rate
estimates prior to transferring control to the ATS computer. The occurrence
of the LOCK—ON discrete initiates TRACK and transfers control to the ATS
computer.
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3 . 1.3  TRACK F un c t i on

Althoug h control h as been he ld by the SSR—l up to this time , the ATS
computer h - i s  been r e c e i v i ng  measured range , range—rare , and radar  s t a t u s
di se t e  Lo s .  T h e r e f or e  • once control is transferred , t h e  co m p u t e r  has the
latest radar data. I1 ie SSR—l contains a simp le serial input—outp ut ci r( . lj t
w~-ich is used to communicate commands and da ta  to and f r o m  the  ce n t r a l
car~puter.

During TRA CK , the SSR—l range register is updated by the cen t ra l
computer. When t.h€- Augmented mode is selected a is set to 1 and ~ is set
to  0. Thus , rE ~ range r e g i s t e r  receives the f u l l  e r ror  value in range and
prov ides a true measure of target range. The range—register contents are
t r a n s m i t t e d  to  the ALS computer  where t he  Kalman Range Track ing  F i l t e r  is
updated . This u pdated range is then predicted and used to update the SSR—l
range register. Meas ired range , range rate and range register correction
are transmitted from SSR— 1 to ATS computer at a 64 Hz rate. in sequence ,
the A IS computer inputs to the SSR—l predicted range and range—rate. At
tht - end of the 16 pulse samp ling period , the radar will output measured rangi- ,

3. 1.4  COAST Func t ion

The COAST function in the Augmented mode is similar to that of the
Autonomous mode described in Subsection 2.2.4. Under Augmented operation ,
a COAST bit is sent to the ATS computer to signal the loss of a TARGET
PRESI-;NT pu lse in the previous data samp le. The ATS computer  then continues
t o  load t he range register but with range predictions based upon extrapolated
range I r em the  ATS Kalman Range tracking Filter.

In summary , t he d i f f e r e n c e  between Autonomous and Augmented oI~~rationis t h a t  in the Augmented  mode all f i l t e r l mg  and prediction is performe d by
tSe ATS central computer using the K alman Raiige Tracking Filter. The order
and means b y which data are updated and transferred is determined by the ATS
compute r software and system interface .

3. 3 ATS RADAR/CO~~ UTER INTERFACE

A representation of the ATS Radar/Computer Interface is shown in
~i gure 9 . Si gnal t r a n s f e r  across t h i s  bus takes place p r i m a r i l y in t h e
A u gm e n t e d  mode w h e r e  the  ATS compute r  pe r fo rms  data  upda te  and p r e d i c t i o n .
The i n te r f a c e  c o ns i s ts  o f  six twisted pairs transmitting comp lementary TTL
s igna l s .  The tour i npu t s  cons is t  of data  and an i n t e r r u p t to the  -iTS
computer to advise i t  t h a t  d a t a  is avai lable .  The i npu t s  and o u t p u t s
utili ze 9615 and 961-i integrated circuits complying with M1L—M—385l 0 . The
clock rate for th e interface is a nominal 1 ~ 1z but is not critical and can
be 300 KHz t o  2 i ’Otz .

3.3.1 Commands

The numb ’ r of data i tems to be transferred between computer and tracker
ne t-ssitates the use if an 8 bit command word. This coimnand word represen ts
the following:
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Tran smit Measured Range Correction , Status , and Signal—to-Noise Ratio
Autonomous Mode
Augme nted Mode
Transmi t Range Data
Receive Range Data
Transmit Range-Rate Data
Receive Range—Rate Data
Extra Mt

The Aj ’S central computer will transmit this 8 bit serial command to the
tracke r prior to ea’ h t r ansac t ion . Clock pulses will also be furnished by
the computer to enter commands into an 8 bit shift register.

When the transaction is “Receive Data”, the computer will transmit the
lb data bits along with computer clock pulses. An t Exec ute” pulse then
follows the data. Thus, data is entered into the range tracker. When the
transaction is “Transmit Data” , the central computer will follow the command
transmission with an “Execute” pulse. The 16 computer clock pulses then
tollow . Thus , data is entered into the central computer. The “Execute”
pulses represent parallel data transfers into and out of the Input/Output
(I/O) registers . The clock pulses provide for serial transfer into the I/O
registers or into the central computer.

Measured Range
-0

Measured Range Rate
-0

Range Register Correct uort~~~
Signal to Noise Ratio

Coast

Lock- On

Range Command
4-

AT S Range Execute Oaa~ ATS
R d r Bus Centra la a 

Range Rate Command Interface ~~ Computer

Range Rate Execute

Radar Transm it t in g

Aut onomous Mode

Augmented Mode -

Data Available

- Clock I

F I G U R E 9
ATS RADAR /COMPUTER INTERFACE

P14 0 ’ ) )  78
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3.3.2 Data Words

I) ata  words are 16 b i t s  long w i t h  bit 1 being the least significant bit
(LSB) .  The da ta  word  s t r u c t u re  is shown in Table 3. The most significant
h i t  (MS B) of the ranr,e word is 12000 fee t , whi le the  least si gn i t i c a n t  b i t
is approximately 0.4 feet . Those range word bits below 2 . 9  fee t  have no
si gni ficance , however , since radar resolution is 2.9 feet and the syste~n
can n o t  s t ep  the  ga te  i n that sma ll o f an in c remen t , b u t  a re necessary to
avoid underflow errors.

For range rate (velocity), the first or LSB is 23.4 feet/second while
the 7t :i  or M SB is 1497.6 feet/second . Bit 8 in the  range—rare  word is a
sign b i t , as in the  8th bi t  of the ~R port ion of the ~ R , Stat us an~S . R  word .  This is a requirement since the system operates  on two ’s comp lement
arithmetic. Bits 9 throug h 16 of the range—rate  word are unused and are
t i l l ed  wi th  the  sign of range ra te .

Bits 1 through 8 of the ~R, Status , and SNR word are used for L~R
t ransmission . The f i r s t  or LSB is .36 feet while the 7th or MSB is 23.4
feet. The 8th bit is the sign of ~R. Bits 9, 10 and 11 denote the
S t a tu - , i . e . ,  the DETECTED PULSE , LOCK—ON and COAST signals. Bits 12 through
15 t ransmit the SSR— l 16—pulse SNR. The 12th or LSB is 3 db (power)
while the 15 or MSB is ~~~~ d b .

rho Status bits represent the radar opera t ing  func t i ons .  That is
SEARCH , A C Q U I S I T i O N , TRACK , or COAST. This allows the ATS central computer
to select, the appropriate data and computation scheme for update and pre-
diction . Referencing Table 3 it is noted that Status word bit .~ 9, 10 , and
11 represent a code of operating function status. The code is shown in
Fi gure 10. From Figure 10 it can be seen that : (1) ACQUiSITION is Initiated
by DETECTED PULSE; (2) TRACK requires DETECTED PI5LSE plus a LOCK—ON S1~ nal;
and (3) COAST canno t  occur without firs t having had TRACK.

BIT 16 r-~present s  a SELF-TEST FAILURE which is a system malfunction .
Due to the nature of the Self—Test Circuitry in checking primary system
parameters , a one in BIT 16 is equivalent to radar failure . In this case ,
combat tactics generally applied to radar failure during the mission would
be resorted to.
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TABLE 3
DATA WORD STRUCTURE

Ran W rd ange

Numbe r ~ t) 
° Rate Word ~ R. Status & SNR Word

(ft/sec ) -

LSB 1 0.36 234 0,36

2 0.73 468 0.73

3 1.46 93.6 1 .46
4 2.93 187.2 2.93

585 3744 585 ft

6 11.72 748.8 11 .72
7 23.44 14976 23.44
8 4688 Sign Sign

9 93.75 Not Detected Pulse

10 187.50 Asn gned Lock-On Status
11 37500 Coast

12 750.00 3
13 1 .50000 6 SNR
14 3.00000 12 dB
15 6000.00 24

MSB 16 12,00000 Self-Test Failure

r P ~~4 0 1 2 2 8 3

~~~
‘-

~~~ Status Word
~~~~~~~ Bit Number 9 10 11

Radar~~~ .~~~ 
Title __________

Function Detec ted Lock -On Coast

Search 0 0 0
Acquisition 1 0 0
Track 1 1 0
Coast 1 1 1

F IGURE ‘10
RADAR STATUS WORD CODE

Ge 7 4 0 1 2 2  79
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SECTION 4 DETECTION PERFORMANCE

4. 1 DETE CTION RANGE

The ca lcula t ion of detection range is approached in steps due to the
fact t ha t  many d i f f e r e n t  in t ercep t  s i tuat ions  are possible.  The first step
consis ts  of the calculation of Marcum’s range , R . This is the range at
which the signal—to—noise ratio for a single rec~ ived echo is unity. Since
this system integrates 32 pules, the ratio of R/R0 for moderate probabilitiesof detection is quite close to unity. Because of this , the value of in
this application is quite indicative of system performance.  The s p e c i f i c
per formance  ca l cu la t ions  w i t h  d i f f e r e n t  de tection c r i t e r i a , d i f f e r en t an gle
with respect to the antenna boresight and d i f f e r e n t  closing rates  are based
on the R0 value.

4 . 2  R CALCULATION
0

The radar range equation is:

R = 

G2P
tAt

A 2

o (4rr )3KT B NF L t

where :

R is the single pulse , unity signal—to—noise range

G is the antenna gain

is the t ran sm i t t e d  peak power

A
~ 

is tise target area

is the wavelength of the transmitted signal

K is Boltzmann ’s constant

I is the absolute temperature

B is the system bandwidth

NF is the receiver noise figure

L
t 

is the total losses

R0 for a 2 square meter targe t has been calculated for the SSR—l. Radar
parameters are summarized in Table 4, and the on—boresight 

~~~~ 
ca l cu l a t i on s

are listed In Table 5.
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TABLE 4
RADAR PARAM ETER S

Parameter SSR-1 Radar

Frequency . (MHz) 9315
Peak Power , (kW ) 8
Pulse Length , (ps ec) 0.45
PRF , (Hz) 1024
Antenna Aperture . (in .) 6 in. Circul ar
Receiver Bandw idth , ( MHz ) 3
Azimuth Beamwid th , (deg) 1 5
Elevation Beamw ’dth , (deg) 1 5
Antenna Gain , (db) 21

(‘ PIE O I 2 2~~ 0

TABLE 5
R0 ON-BORESIGHT CALC ULATIONS

Parameter SSR-1 Radar (dBI

G2 42
P.~
A 2 —30
A (2m 2) 3
(3ir )3 —33
KT 204
B —65
NF -8
Lr —2
Lm4
R0 (dB ) 148

R0 (dB ) 37
R0 (KM ) 5.0
R0 (NM) 2.7

To ta l Los t L , L 7 • L m 
GP74 -O~~22 -9’

• Radom. Loll
Lm~~ Systim LOSS
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4 . 3  S I N G L E  ~C1\N PROB A B IL1 T 1ES

~~ 
v a lu e s  g i ve  the range at which the single return s ign a l—to—noi se

ratio is urs i L v .  : i~’pi!!Id lng upon the number of returns integrated , there will
he .i pr h.Llilit v of d t t e ( - t j o n  and a probability of false alarm which  may be
c a l c u l a t e d  at t h i s  particu 1 .ir range for a single scan . Since the SSR-l is
a range— only radar , the  term scan refers to the scan or search of  the range
g i t - - ~~, rather than ‘.1st ’ mo ,s- conunon meaning of an angular scan of an antenna
.l~ ross  a .1 r~~e I.

‘he p r ’ - ’ . i h i l [ tv  of detection is dependent upon the false alarm rate
~h tcn Is~~ .t’ ii- t e d .  l’hvsicallv , t h i s is de t e rmined  by the s e t t i n g  of the

1 , 0 1  thr eshold in the range tracker. For this system , a false alann
r i ’ ..- of lO~~ w,Ls selected. Thi s  10— b probability of false alarm applies to
i’acls - i -arch -~ . i t 1  -~~~~ t a t  for the 8 gates the probability is 8 x i0 6.
~- f u 1 7 l ~~~’,’ i i i ~ t h i s  by t h e  C1 search  obse rva t i ons  per secon~ then gives a

rI i .di ~it - - In one second of a false alarm of 2.56 x l0 or a probab le time
between I - u se alarms of 3906 seconds (somewhat above 1 hour).

flie probabilit y of detection at R0 is dependent upon the target scintil-
lation mo71i~l assiimt -d as well as the number of hits integrated. As previously
sta t ed , t he number of hits is 32. For a probability of false alarms of

-. I0’~ using this 32 (sit integration , the prob ability of detection at
-
~~~ 

is 0.5 ~or a non f luctuating target and 0.38 for a fluctuating target
(~ w..’r i::~, Case 1). Curves for a single scan p robability versus R / R ~ for

- a ’  -.e two types ot targe t- , are shown in Figure 11. These show that an
MS p e r -  .‘nt p r d ’ a b l l l t v  d e t e c t i o n  in a single scan is obtained on a non—

u ~~- i . i t i n ~~ t a r~ ’.et at  about 94 percent of R0, while this is achieved on a
I ii. ’. uat inc tarce - it univ 64 percent of R0. If a lower probability of
ii- ..- al,i r-’ s s c P U S  10 ~ or l0 

10 is desired , the range values are reduced
PV uP - ut 7 ‘er ~

- .‘nt - r L’ percent , respect i -~eiy.

- ‘ ‘ -~Y~~A ’  V i PE F) . ( T I - \  PROBABILITh’

(Ilu -’1i l.ltfc’i- p robability of detection is a function of targe t range ,
r.tn ,’.i r ite , ‘~~i t  - ~~‘ , ran~t.’ and the time between scans. For the SSR—l a
c-c~- I .i t i v i -  p r 1 h u h I l i t v  o f  -fete~ tion of 85 percent is obtained at a range

- . it 1€ al ml 1.-s ‘or a closing range rate of 1000 feet/second and a
1 ..~~‘ - 1a~d ~., u ’ t~ ’ .

• - 5 FF ~ RESiG)~r 1 Fi l l ’ S

- c t ion r-uls g t- a calcula ted above assume that the target is on the
. a f l t , ’ 7 1 1 1 - a be resi g t it . To t i e  degree that t h i s  is not  true , the detection range
(I. I U I ”  . I f l C t -  I s -fe  gra-It’ d. .-\ ease o f  interest is that where the target is at
I .  h.ui. t pOwe r -n 5 dl p oint ~ l t h e  antenna bean s . mis result s in an overall

~ - Il- i. -lw t i on  i i  n e c  I v - d  i ~t i -  -d wl i  Icli r e su l t s  In a 30 percent ri-duct ion In
k - I c  • t lo ts  i a . ’ .
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FIGURE 11
SINGLE SCAN PROBABILITY OF DETECTION vs R/R 0

4.6 RANGE , ANTENNA SIZE , AND FIELD OF VIEW

A radar performance nomograph is included (Figure 12) to provide a quick
and easy means of checking the effects of changes in antenna aperture upon
radar performance . The nomograph assumes a closing velocity of 1000 feet per
second and a cumulative probability of detection of 85 percent for targets
located at the half power point of the radar beam (3 db off—axis).

4 . 7  SUMMARY

The actual detection range for  the ATS radar will be determined by
several factors . The most significant of these are the effective reflecting
areas of the target , the relative velocity between the ATS aircraft and the
tar get  and the posi t ion of the targe t within the radar antenna beam. For a
2 square meter target closing at a rate of 1000 feet per second, the 85 per-
cent cumulative probability of detection range will vary from 1.85 nautical
miles at the 3 db point of the radar beam to 2.65 nautical miles at the beam
center.
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On A x is  
I I ~~~~~~ 

2
:
0 30 50 lOOm 2

c~t t  ~~~~ 

‘ 
5 Ta

Detection Range
(Nautical M ills)

On Ax ,~ 
0 2  ~ 

~~

— 1~ 
~ 

1~ 20 50 2m 2

3d B 0.2 0.5 1 2 5 10 70 Targe tOff Axis

Cen~~~~~oi li t

Targ et - Sweri,nq Case I F iuc luast ng
Radar Parameters A T S  Radar (T ~~i ,ie 21
Pro i, of Detect ion 85’ ,,
Prot, of F a lse Aiarm 10 6

2 5 10 20 50 Antenna
I .1 I I I I I I I Beamwidth (deg)

40 30 20 10 Ant ennaI 
Gain 1dB)

30 20 10 5 2 An t ennaI I I I ~ I I Di am eter (in I

This nomograp h can be used to consider the effects of changes in
the antenna aperture upon the aetection rang e and antenna beamw idth
of the ATS Radar .
For ex ample. Assume the proposed SIX inch horn antenna is used.
Place a str a ight edge along the line defined by 6 on the Diameter
line and the Center Point. Thi s intersects the other lines as foll ows

l OOm 2 Target, On Ax is (nm ) 7.1
lOOm 2 Target , 3 dB Off -Axis (nm) 5.0
2m 2 Targe t , On -Axis (nm) 2.65
2m 2 Target , 3d B Of f -Ax is  (nm ) 1.85
Ante nna Beamw idt h (deg) 15
Antenna Gain 1dB) 21

F I G U R E  12
SSR-1 PERFORMANCE NOMOGRAPH
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SECTION 5 ERRO R ANALYSIS

5.  1 (;ENERAL

l o is  section contains an analysis of the range- err c ’r~ .‘xpemt.’ d i n  tliu -
ATS SSR—1. The range tracker control circuit of the radar measures t I j i ’
diflerence between the range gate position and the actual range (see
Figure 7). The measured range difference will include any errors in t i. -
radar and any errors in the range gate positioning . Errors in rang .- gate
positioning are eliminated by the method in which the total range measure—
inent is generated. The purpose of this analysis Is to quantif y the errors
in the radar.

Assuming that tracking is already in progress , a predicted range has
been entered in the range register. A measurement starts when the sync
gene rator simultaneously starts the 10 MHz counter and initiates a pulse
transmission by the transmitter. Since there are variable delays in the
transmitter , a sample of the transmitted energy is brough t back , compared
with the counter , and used to adjust a variable time delay if necessary .
T ue t r a n s m i t t e d  pulse is then radiated , reflected by the target , and
returns to the receiver at a time delay of roughly 2 nsec pet foot of the
range. ;atea 4 and 5 sequentially sample the return signal and their
diuf * ’rence is averaged . If the return was centered in the two gates , the
result will be zero. However , if there was a time (or range) difference ,
a DC voltage will exist. These differences are averaged over 16 radar
transmissions and then converted into a digital measurement of the difference
between the target return and the transition time of gates 4 and 5; i.e.,
Fine .~.R.

An explanation of the manner in which the 16 bit range word is used is
in order. First bits 1 to 3 (having values of 0.36 to 1.46 feet) are not
felt to have any real meaning since they are far less than any expected
resolution or accuracy of the system. They are , however , used in order that
no underf low exists when a velocity update is made in the Autonomous Mode.
For the 23 foot per second velocity LSB to have any effect in the 1/64 sec
updates of range , the range regia’er must be able to accumulate the
0.36 foot increments.

Second , only the 9 most significant range bits are used in the 10 MHz
counter; i.e., to position the range gate. Accordingly, the AID output of
range difference (Fine t~R) includes the seven least significant bits of the
range number. The measured range register correction then is the difference
between the output of the A/D converter and the seven LSBs of the range
number. It is this measured range register correction which is added to the
range register in Augmented Mode to provide a total range measurement .

Errors described herein are evaluated as to RI-IS (root mean square)
amplitude and , in general , it is assumed that errors which have nearly the
same correlation time are combined in an RSS (root sum squared) manner.
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(~ ‘rre1ation time is that time period over which a knowledge of the error
value a~ one t ‘n i t -  wo uld have some value in predicting t h e  error at another
time . It a l s o  las the interpretation that averaging a number of readings
of the same v a r i a b l e  t aken  d u r i ng  that t ime period will have little effect
in reducing the error. ‘the correlation time can be considered a function
of t h e  r e cip r o c a l  of .s noise bandwidth of the error.

The impor tance  of the error correlation time can be seen by considering
t h e  e f f e c t  of different correlation times on the calculation of range rate.
A short correlation t ime such as one of less than 1 millisecond is produced
by receiver noise. Accordingly, this error will average down from pulse to
pulse (at a ],02’i PRF) and its effect on the range—rate estimation will be
s m a l l  in comparison to the R~4S value seen on a single received pulse. It
also can be seen t h a t  an error due to receiver delay , w h i c h  would have a
correlation t ime of days , would have no effect on the range—rate estimate.
It would effect the- range estimate , however.

Al though errors with both short (millisecond) and long (days)
correlation times can be tolerated in a range—rate calculation , an error
with a correlation time of 1 second can have a very serious effect. The
wander of the center of reflection on the target (range glint) is an
examp le of an error which can have such a correlation time .

5.2 SOURCES OF RANGE ERROR

Sources of range error in the SSR—l are :

1. Clock and propagation errors
2. RF to clock t ime errors
3. Radar signal—to—noise errors
4. Receiver t ime gain stability
5. Variation in IF and Video amplifier delays
6. A/D window variations
7. Differential gain in early and late video
8. A/D converter bias or offset
9. Noise pickup in video circuits
10. Target re fl ect ion characteristics.

‘ .2.l Clock_and~~ s t io n  Errors

Clock and propagat ion errors stem from the tolerance on the crystal
oscillator in the radar (50 ppm) and the variation in the speed of light
in t Ire atmosp here’. The speed of light or radar energy is a direct function
1)1 tIse index of re fr ac ti on n. For radar purposes , this is measured in
I - Irs. , oh a normaliz ed and magnified unit N where:

N = (n — I) x 106

Mi ) t h a t  N rvpr -sents t he  erro r in radar range in parts per million.
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The variations in N which are of concern here are illustrated by the
following examples :

ATMOSPHERIC COND iT iON N

Vacuum 0
Sea leve l , 0% relative humidity 270
Sea level , 100% relative humidity 330
40,000 foo t altitude , 50% relative humidity 65

If a design center value of 200 is used , which corresponds to the
normal velocity of propagation at 10,000 foot altitud e, maximum variations
in N of 130 will be encountered . The maximum expected errors due to
propagation and oscillator timing amount to about 150 ppm or an error of
2.5 feet at the Marcum range of 16400 feet. For analytical proposes , this
is taken as an RMS error of 0.8 feet.

It can be seen that this error consists primarily of that due to
altitude changes and accordingly it is felt that a correlation time of
5 minutes is a suitable figure for the error.

5.2.2 RF to Clock Time Errors

RF to clock time errors are caused by: 1) jitter in the turn—on time
of the transmitter; 2) unbalance in the gate and phase comparator (used to
lock the modulator sync to the range tracker clock); 3) noise pickup on
the detected RF line; and 4) offset due to the combination of RF detector
nonlinearity and nonsynunetry in the transmitted pulse. Some of these
result in errors which are independent from pulse to pulse , while others
tend to resemble bias errors in that they have a correlation time of days.
The 1 millisecond componen t of the error is primarily that due to power
supply ripple and magnetron jitter and is expected to be 5 nanoseconds RI-IS
or 3 feet. The error due to modulator pickup on the detected RF line and
unbalance in the compara t or circuit s is expected to have an RI-IS amplitude
of 10 feet and a correlation time of 1 day .

5.2.3 Radar Signal—to—Noise Error

Radar signal—to—noise error is described by the relationship,

E C * T / (2 * K * ( sNR) * * 0.5)

where E is the RI-IS error , C is the velocity of light , T is the radar pulse
width , SNR is the signal—to—noise power ratio and K a constant with a
value of 1.0 to 1.5. K is determined by the exact shapes of the transmitted
pulse and the tracking gates as well as the receiver bandwidth. For the
purposes of this ana’lysis the worst—case value of unity is used . SNR is
an inverse function of the fourth power of range in the usual case where
the noise is established by the front end of the radar receiver. Th i s
cond I t ion is generally true from the maximum range in to about 20 percent
of the maximum range. At still shorter ranges, noise sources at the back
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end ot t h e  receiver and in the video circuits begin to dominate 3 f l r ~
f u r t h e r reductions in  r a n ge  do not produce art improvement in SNR.

For the characteristics of this system at R , where SNR = 1, the

single pulse RMS erro r ~.s 200 feet for a 2 square meter target. From this
the errors due to sIgnal—to—noise ratio at various ranges are:

SIN GLE PULSE 16 PULSE

Range Feet Error Feet SNR , db Error Feet SNR , db

16400 200 0 50 6
8000 50 12 13 18
4000 13 23 3 29
2000 10 30 3 35

The correlation times for these errors are 1 millisecond for the single
pulse case and 16 milliseconds for the 16 pulse case. However , an
additional complication stems from the fact that these numbers are based
on an average minimum target cross section , whereas a real target will
have a return which fluctuates above and below its average value
(scintillation) . The fluctuation will have something close to a Rayleigh
distribution and will have a correlation time in the order of 1 second
depending upon target motion. This results in a degradation in overall
accuracy since the effect of increased error during nulls in target return
has a larger effect than that of the decreased error during peaks of
target return . To some degree, this effect is improved by the fact that
severe nulls in target return cause the signals to drop below the AGC
(Automatic Gain Control) threshold in the radar and thus reduces the scale
factor of the radar output . To a degree then , this attenuates those
outputs with a large error content. Since the computer is also being
supplied with the fade signal in the status word , this can be p a r t i a l ly
compensated in the ATS computer .

For small targets or long ranges , it must be noted that the target
return will fall below the AGC threshold . This is due to the fact that the
AGC threshold mus t necessarily be above the detection threshold . The
range digits up to +23 feet are handled in an analog manner through the
Alt) converter. If a target return is just at the detection threshold or
about one hal t the AGC threshold , the input to the A/D converter will be
about h a l f  w h a t  i t  shou ld  be. In other words , this condition will result
in a 22 f o o t  range d i f f e r ence be ing measu red by the A/I) converter as
lei ng onl y i i  f e e t .  This  s i t u a t i o n  wi l l  then resul t  in about  a 3 feet RI-IS
error at 16400 feet with a correlation time depending upon range rate
b u t  generall y having values near 100 msec.
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From the above considerations a reasonable value for RI-IS e r ror  versus
range for the 16 pulse case with a 16 millisecond correlation t ime is:

Range Feet RI-IS Error, Feet

16400 65.6
8000 22.9
4000 6.5
2000 3.2

5.2.4 Receiver Time Gain Stability

Receiver time gain stability is a short range error which results from
the finite time required for the receiver to return to full gain after a
t ransmitted pulse. This variation in receiver gain vs time results in
greater attenuation of that portion of the signal in the early gate than
that in the late gate. Targets at close range accordingly appear to be at
a greater range. It is estimated that at a range of 500 feet this outward
shift will be approximately 80 feet. At a range of 1000 feet the effect
will be about 13 feet, and at 1500 fee t and more it will be under
3 feet . A reasonable empirical equation for this error in the range of
500 to 2000 feet  is:

(2000 - R I 650) * * 4

The correlation time for this error will depend upon range rate , but for
analysis purposes is given a value of 10 seconds. Compensation is
included in the ATS computer program to accoun t for this effect but some
portion of this error is unpredictable and as such could not be eliminated .
The RI-IS value of the remaining error would amount to 35 feet at 500 feet
and 3 feet at 1000 feet. For normal closing rates, it is expected that
the correlation time for this remaining component would be about 3 seconds.

5.2.5 Variation in IF and Video Amplifier Delays

IF and video amplifier delay variations are based on the unpredictable
part of the overall delay ; overall delay is in the order of 300 nanoseconds.
The maximum variations of this delay are about 75 nanoseconds and accord-
ingly an RI-IS deviation of 25 nanoseconds is expected . This corresponds
to 13 feet RI-IS error. The correlation time of this error is in the order
of one week.

5.2.6 A/D Window Variations

Gate delay variations in the clock to the video gates consist primarily
of two components. One is that due to power supply ripp le and noise for
which a correlation time of 1 millisecond is applicable. The other is
that due to logic delays and accordingly is substantially a function of
t empera tu re  and component aging for which a correlation t ime of one hour
seems appropriate.
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he I m l 1 .1 -a- cond component is expected to hi ve an P~ S value of 15 nan-i —
~, e- ~~~ii ds or  ie .5  I t o t  - A v e r a g e d  over  16 pulses  to  g i v e  a i o rr e l a t  Ion t ime - o~
I ’  m i l l  i’~ec iid ~~, t h i s  is r c d i r - e d  to  a value of 3 .3 fe-c t. The- v a r i a t i e ns

t o  t e-I - i ~ e ’ r , j t u r - r I  o t h e r  e t  f e c t s  w i t h  a c o r re l a t i o n  t ime of one h o :r
sln’u I d  hay .- in i’d-IS v e t  tat ion in t. ime -h 25 nanose- - e)nds or 1 3 fe e - in

.2 .  / D i t f e - r - n t i a 1 Gutn in Ea~~ y~~tnd :.at~ V i d eo

I icr out lal ga in  in lice early and late video is produced by changes
in tI ~~ r e s i s t a nt - c and : w it c l r in g  t i m e  of the v i d e o  analog gates , o f f s e L
and d r i f t  in t h e  b u f t t - r amp l i f i e r s  ar id  c o mp a r a t o r s , and d i f f e r e n c e s  in
- - e ~cc~ il~~V e ’ t i’eithrough . The overall accuracy In such circuit- is typicall y
- H u t  3 p e r c t - f l t which c o r re s p o n d s  to 3 feet I’d’S. The c o rr e l a t i on  t i m ~- f ~r
this t- r r r is  one day  -

5.2.~ AID Converter_ Bias and_Offset

A I D  c o n v e r t e r  a c c u r a c y  includes the effect of scaling errors which for
~~~e St -~R — l  a re  3 f e e t  RI-IS. The correlation time for this error is ty p i c a l l y
one week . In addition , the granularity of the converter produces an RI-IS
error oh 1. 1 feet. Although in any dynamic case it might seem that
th io e r r - or  would  he i n d e p e n d en t  fr o m  o u t p u t  to ou tpu t , the  excep t ions  to
this dr i ’  si g n i f i c a n t .  Accordingly, a correl ation time of 100 m i l l i s e . . u n d s
is ass i gned rather than 1 millisecond .

5.2.9 NoIse Pickup in Video Circuits

Video noise pickup is expected to be about 30 millivolts RI-IS. Since
video signals of about 3 volts peak will be used , this will correspond to
an error of 2.0 feet RI-IS and will be independent from pulse to pulse ,
giving c correlation t ime of 1 millisecond .

5.2.10 1 j~~t R ~~fle-ction Characteristics

Target reflection characteristics produce errors due to t h e  fact that
the apparent radar center does not coincide with the center of gravity of
t ie -  target and change’s the return time . In general , the RMS value of t h i s
‘i ror is 20 to 25 pe rcen t 03 the ph y s i c a l  d e p t h  of the  t a r g e t , a c c o r d i n g ly ,
for a normal fight~- i a i r craft , an RI-IS error oh about it) feet would be
ox pe.’c te-d . Itt’ correlat ion t ime i or t b ’  error depends upon the rate of
th e - change of aspect angl e - f the target and to ii lesser extent on the size

ct the t a r g e t .  For a l a r g e  t a r g e - t  , with a constant aspect , correlation
t imes  of lc’ns of seconds would be expected . For a large target with a
large angular rat e- , t h e  t tine might be under  0 .1  second . The b a n d w i d t h  of
t h is er ror  i s  -orr elic ted with the bandwidth of signa l amplitude variations
arid can be’ est imated from ~imp1 itude data to the extent that these tire not
c - I  i m i n a te-d by the ccl ion of the  r a d a r  A (d:  c i  r c u i  t . Where t ie a m p l i t u d e
v ar  I a t  IonS are r emoved b y AGC , t h e  A l ; C  v o l t  age - s t i l l  r e t  a i n s  t i  is
in f o r m a t ion.
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