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Design Factors in the Tuned
Synthetic Aperture Radar

I. lNTROt)UCTIO ~

Since the late 1 930s , one of the most impressive areas of technological
development has been that of radar. However, in spite of our present expertise,
the operational capability to detect and track slowly moving targets accurately,
on or near the ground , from a swiftly moving airborne platform does not exist.
The Tuned Synthetic Aperture Radar (TUSAR ) technique aims at achieving that
capability. The development of TUSAR would have its application in long-range
battlefield surveillance. If mounted in a C-130 , for instance, such a rad ar could
inform a ground commander of the entire situation of moving men, armaments,
and supplies, and never get closer than 40 miles from the action.

The mathematical and theoretical foundations for the Tuned Synthetic Aperture
Radar have been laid. 1 One realization of the Tuned Synthetic Aperture Radar
processing is evaluated in this paper. * The evaluation requires a computer
program of sizeable magnitude. The program can be broken down readily into
several sub-programs. The sub-program described here-in determines the

(Received for publication 24 August 1977)
1. Schindler , J.K. and Goggins, W. B. An Airborne Radar Techniqu e for Moving

Target Detection, Location and Tracking, AFCRL-TR-73-07 19.

* This work was conducted while one of the authors (HAL) was participating in
a cooperative research program from the US Air Force Academy.
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numbe r ot radar outputs , par t ic ular I Iutj Iut -1 • and n umber  of data sets required for
p t Il e t’ s -~ing. Ilu (l(.vI l(II)tI i( nt of t h i s  s ub — p r o g r a m  came about in three stages ,
t t l $  f i rs t  ( I t  which was determining the ( x act  f un c t ion  to be performed and the use
t ( I  W h i C h  t i l t  results will be app lied. r u e  51 ( 011(1 stage involved developing pro—
grat is  logic , and th . ’ t h i rd  stage involved using actual data in the program to deter-
mine trends which t o  igiit he useful in later design stages.

~~. PKO(;K ~‘i

t u e  d ig i t a l  ~~ Ii’1 processing employed by the TU SAH technique is to be evalu-
ated wi th  a t ruck-born e  t e s t - b ed  radar operat ing at X band . The inphase and
lu aci ra tur e  co i s ip onent s  of the  received si gna l are digitized and processed in a si g—

rial processing oriented MAI ’300 m in i - r o n l p u t e r  for doppler frequency selection.
• The signal is passed through a Fast Fourier ‘l’ran sform (FFT) of as yet undeter-

rt i ine d S I Z I , and successive , contiguous dopp ler frequency outputs are linear1-~ and
coherentl y combined aad detected to y i e ld  target detection data. Specifically, as
the radar test vehicle moves , the complex amplitude of the received si gnal from
each transmi tted pulse is observed . When the returns from N pulses are received ,
they are ba tch processed by an l’FT , y ie lding N doppler frequencies .st the output.
T h i s  process is repeated over M successive but not necessarily contiguous time

• pe riods of N pulses , allowing one to track the target by following its linear doppler
f requency modulation over the N ~ M pulse period of time.

In general , the processor has N ’< M doppler frequency dat a points a~~ilable.
If onl y slowly movin g t ar gets are considered , a small portion of these N x M dat a
poin ts are needed. For instance , selecting the initial doppler frequency of the
target in the range - . h em to + . h c,n ~~cm maximum doppler radian frequency
of the ground clutter) and a maximum frequency change of . over the total
radar integration time means that moving targets must appear in a doppler fre-

• quency band of width . 4I cm~ The Nyquist sampling theorem requires a pulse
repetition frequency of at least twice the highest frequency. That means the
available FFT outputs cover a bandwidth of 2

~cm or more. Needing only . 4(II cm
bandwidth to observe slowly moving targets allows us to ignore at least 80% of the
possible FFT outputs. The resulting simplification in the processing, through
pruning of the FFT algorithm, will be utilized here.

*The MAP300 is a high-speed digital signal processor manufactured by CSPI ,
Burlington . MA.
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na tune d S~ t i t t u t se A p er tu re  Radar t e C I t I t i 100 is t i tsI ti Ott th e ’  t J t ~~ t h a t  w i t l i t i t
_ i l imi ted  seg i t ie l i t  of the along t rack  pat it of t u e  radar , t to dopplet’ fre ’&t ut ’t tc ~- ~ i t t  f t

~tf bot h co t i s t a t i t  vt Ior i t \  t t t o v t  t ig t a rge t s  u t t i t  ~ t (it to t ia !-~ d olt 01’ is l i ne ar  (F igu re 1).

t i gure I . A t \  I)iC~tl l)oppler  h i s tory . Show ing
Region of I tne ’ar i t v

This  approxin i a t  ion itsip i’oves as the  doppler f requet ic~- h w i d w j tt is  ot t ho I i ug

target  and t h e  l imi ted  segment ot along t t aok p att i  dt ’(’ c ases ‘ t h e  Ii  l i t - a t -  fcc’ —

queney approxiusat  ion simpl i f i es  t h e  pr e de ss of d e t e c t i n g  a t i io v  t I l i ~ t a t •gt ’t t o  pos —

ata t in g  th e  slope and in i t i a l  fr eqt ency 1f  the I a rgt t and thets  i t lcr oni t ’n t  i t i g  a t i ~t

coherently combining the doppler f requency output  of the s i tce t ’s5tvt  N p o i t i t  t - I- h~
to coherent ly t rack the  doppler t requel ic~ - of the t a rge t . I h i s  is the  h i s  Ic  l r ~~~t

-~ assumed in the development of a program whic h , given the freiiuenc~ ~ I t ent ry and
rat e of frequency etec roast s of th~ moving t a t - g e t  • ~ t’( )V t I l t S B sequence of t 

- h- I
output s that coherently t r acks  t h e  I l i uv ing  t a rge t  over the t i l t  egrat  i t S  t lute ’ of t h e’

• 
- radar.

I \ h ( ;  ~l’I~ F FRF~Q(F \ i IES

As indicated in 1-igur e ’  1 , t he ins tan taneous  doppler frequenc of a moving

t a rget dec reases with t ime .  l’arget s will  then  exhibit  negative frequencies.

t h e program tinder development must allow for th is  problem in a sy st e ’iis ~vhe’re ’
nominally only pos i t ive  f re ineucies  occur at the 1’ I T  outputs . The sampling
theorem is once again the  k e y  • Figure 2 shows the  sample ’ r e tu rn  freqt tene~-

spectrum with its recurr ing patterns at ha rmonies  of t h e’ radar  pulse’ repet i t ion
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f requency, p~ f• Ne gative frequencies are shifted to t h e  next h i arn i onic  ( S e e-

Figure 3), and read as pos i t i ve ’  f requencies  jus t  1( 1( 1W 
prr 

As t h u e -  targct t s
- doppler frequency decreases, it moves from r ight  t o lef t in the shaded area

commencing at A. When the target reaches zero doppler frequency it jumps to

t prf ~ then continues to shift from right to left as thoug h passing through negative

frequencies. The output of each N point I- ’ I - ] ’  is N di fferent  frequencies ranging
from zero to prr Number ing  cacti of these wi th  an integer  ~‘alue from I to N

provides a convenient way of re fe renc ing  the par t icular  outputs to ho ’  used , as well

as telling us how many of the outputs are needed for slow -moving target detection.

W
cm 

f&
p f

Figure 2. Received Signal Spectrum With Range
of Target Frequencies

A

Figure 3. Received Signal Spectrum With Shifted
Range of Target Frequencies
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Assuming that t h e  i t uov i l i g  t a rget s  occup~ 4 0 ’ - of t h e  n i a x i n t u t u i  c l u t t e r  f requency,

e , and t hat c l u t t e r  is barely  unambiguous, U 2i -  ) ,  t I t e r s  t h i t ’  t i u t i t be r ofcm pr f en s
h- V t ’  outputs required a

.4,i- .4 t  \‘
( l i i  - V I 

~
pt’f

Her e f 1~ is the  r a dar  c a r t - i c r  freque ’ncv , \‘ is plat (orni veloc t t~ , I ‘II I- ’ is pulse’
re - pe t it  to t s  ft’ t ’ i ue t i c~ , st at  .‘ is — p e e d  of l ig ht .

~i. F R F Q I  I \t~~ I~~I’IR~ ~~~

The frt ’queiic ’ •ut ~t I i t i s e  scales of the ’ observations are conveniently divided
i nto b locks  of NI I ti h- t - me ’ unit s , and I’H h - i  N frequency units. These units are
de rived fro t i s  the f,tc t  that  each 1’ h-’T requires N pulses, and cacti interpulse t ime
is 1 / i’ll 1-’. h e n ce, ther e are N/ I’ll I” t m i t ’ un i t s  per block. Since the frequencies
at the ’ outputs range from 0 to 

~prf ’ and th i ere are N of these output s, there must
be’ l’RF/ N radian s per secor i l l  per block. Fi gure 4 depicts these “Ll ocks graphi —
(‘(ill\ . Thse ’~’ are intervals of in tere st  with integer ass ignments  and c i ~, -‘ant width

or height.

t . I ~~~~ ö’ •‘ e’ ‘ —,

Figure 4. Division of Time and ‘ ‘ I
Frequency Intervals With  Postulated ‘ - - ‘
Ta rget Type Supe r imposed 

- -

‘I’hese blocks , or “bins , I represent the possible time—frequency combinations
that a target can attain. In Figure 4 , a line has been drawn to represent a pos-

tulated moving target. Each box through which this  line passes Indicates an I-’ FT

output at a certain time wh ere the target signal will appear. Not ice , however,

hi 
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t h a t  the re  ar( ’  l i r i s  wh i ic hu are barel y t 1’u ( ’he (h  by the  target  and w hi i  cl i  should  per —

haps be ignored s t i l e- 5 ? , ’ c o r i t r i b u t i o t t  to in ip r Iv i t i g  the  t a t ’ g e - t  s i g t i a l  t o  ch il ler  of

these b itis is t i i n i t s s a l .  ‘I’hiis condi t ion , indicated t v  shaded boxes , t n t -a i l s  tha t

one should st -he- c t  i v t - l \  at  i t  certain b ins  tr ans the ’ ou tpu t  processing. This  ~r~ —

COSS nia\  be acco inp l  1 shI  -d hIV a percentage lop—off  pr oced~ti’e, wh ich a? serv e-s

the f rac t ion  of t i in  I - S t a t g e ’t  spends pass ing  t h rough a b in  and t gta t’ I -s I hose b ins

that contribut e little.

6, L IMIT S I)  \ ‘11fF (‘K ~( :i:

The h a s ic  I)rob lens at han d is to f i l ter  c lu t t e r  and improve t h e  target s ignal—
to—clut te r ratio . A decision mus t  be made at t h i s  point . Should the  search for

a postula ted target pass through a fixed nun -ibe r of frequency bins , allowing the
nu mber of t ime intervals to change, or would t h e  S( ’1~ be greater by t racking each

target type for a given number of t ime periods , allowi n g t he number of f requency

bins occupied by a target  to vary ? Although no quanti tat ive analysis  was P ’t’-
‘I fo rmed , in tui t ion coupled w i th  quali tat ive argutsients suggested using a fixed

numbe r of frequency bins for each target , regardless of the t ime fram e needed.
Thus , the algorithm was designed to select a s+ ar + frequency and t erminat e t r ack

af ter a frequency change of 0. 2-c was achieved .
- cm

Pt ’RPO SF Oh” Fill PROCH ~M

‘Flue purpose of t h i s  progran u is twofold. The f i r s t  is the most obvious; it

shows the exact succession of FFT outputs needed for tat -get detection , how many

are required for each t im e period , and how much memory is required.  The

othe r purpose is more subtle. The FFT output in each t ime-frequency bin is to
be weighted and coherently added to others to form a single detection statistic.
The relative weighting factor can be found by apply ing signal-to-clutter n-c aximi-

- - - - - l~~~ - -zatton techniques described by Goggins and Sch indler. ‘ The matrices involved

in determining the maximum signal-to-clutter weighting factors are dependent
upo n the sequence of FFT outputs which are assumed to be combined. The pro-
gram described here was designed to evaluate the successive FFT outputs re-
quired for processing. Future work will address the design of the relative weights
required for coherent processing of these FFT outputs.

2. Goggins , W. B. and Schindler , J .K . Processing for Maximum Signal-to-
Clutter AMTI Radar ,~~ AFCRL-TR-74-0577 .
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h o w  are specific target parameters chosen for design purposes? Obviously,
there is an Infinitely large set of unique velocities and ranges to be considered.
Initially, this set of target parameters must be constrained to lie within certain

bounds determined by the maximum ground speed of the target and its maximum

and i’n in imum range. ‘l’tuen , a finite, discreet set of target speed and direction
pairs , as well as a set of target ranges, must be selected to serve as design
parameters. Targets whose par am eters fall in the gaps between the selected

design parameters must be detected by virtue of the finite resolution of the pro-
cessing. With the speed available in modern digital processing equipments , it
appears quite possible to think of processing 200-300 general-target types in the
time required to gather 512 pulses of raw data at 11111-’ radar frequencies.

8. h’RO( ;ht AM I OGh( :

Having provided the basis for the program ’s development , it is t ime to

discuss t h e  logic involved. The program , written in Fortran (extended) f o r  the
(‘DC6600 , consists of five basic stages. The first stage is a simple interactive
scheme for i nputting dat a through a remote terminal and spotchecking input data.

This stage includes program lines 100 through 330 (a listing of the computer pro-
gram is given in Appendix 1.)  In the next stage (lines 380 to 590) , the radar and
target parameters discussed by Schindler and Goggins 1 are evalu ated.

Lines 590 throug h - i 1280 contain the main iteration loop. After calculating the
doppler frequencies where the target enters and leaves a specific t ime interval,
the first step is to determine whethier the target contributes significantly to the
output power from an F1’T filter during that interval . The procedure is to com-
pare the portion of the frequency axis intercepted by the target with the total
length of the frequency int erval, that is, the bandwidth of the FF’T filter. If a
specified percentage (LOP) is not met or exceeded , that frequency-time interval

is eliminated . Figure 5 Illustrates this process at entering and exiting sides for
slopes for less than -1. This case applies when the target doppler bandwidth
during the time observation interval N/PB F’ exceeds the FFT filter cycle band-
width , PR F/N.  When the slope is greater than -l (Figure 6) the time excursion
of a target is compared to the whole time interval, N / P R F , to determine acLept-
able targets. In each figure , line segment 1 as a percentage of line segment 2 is
compared to the parameter LOP to determine acceptable targets.

h aving decided what bins to ignore, the program goes on to store acceptable
bin numbers for later output . There are three possible cases here, Eith ier the
time interval contains all positive frequencies , some positive and some negative
frequencies or all negative frequencies. After recording all the bin numbers for

11
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I’igure 5. LOP h late;  Slope < —1 1”igure 6. 1,01’ Rate; — l < Slope < 0

the interval in one of th ie th iree categories , the  program steps to the next t ime
interval and repeats. Lines after 1290 then output the computed information in
three forms: input parameters , specific outputs nunthered sequentially and within
each i”F T, and number  of outputs , chiops , and t ime Intervals involved .

9. I\I )hI -VI’h~ F i’KF~ 1)5

Once completely debugged , the program was ready for use in theoretical case
studies. 0n~ of the fi rst s tud ies performed was to change the FF’T size and 1k)P —

rat e, holding all radar and target parameters constant , and observe the number
of I” I”T outputs required. The results of this stud y are plotted on two graphs ,
I” igures 7 and 8. Figure 7 shows a linear decrease in the number of F’FT outputs
required as a function of the IA)1’ rate. This fact indicates that we can freely
change the LOP rate to achieve the desired number of outputs. Figure 8 points
out two interesting facts, l”irst , as a function of F1~’T size and hence FFT band-
widt h , there is a poi nt where the number of bins accepted is at a minimum. The
minimum occurs when the average frequency change during an Fl”T observation
t ime , N / P R I~’ equals the 1”I”T bandwidth P H F/ N .  The curve is parabolic when the
abscissa is defined in log2 units. The second interesting fact ii’ that , at the ru in-
imum , the number accepted is a sensitive function of the LOP rate. This is
manifested in the spread between the curves at the minima, as compared to else-
where on the curve.

Another interesting effect was noticed. As the F’F’T size increases , the num-
ber of time periods required decreases. The overall effect is to produce a
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• reasonably constant total number of O u t p u t s  t o  hue stored for processing. Should
mu designer , for reasons ot ’ resolution or computat ion  spe ’eeh , want  Ic c change’ th it ’
I- ’ (- “I’ si re  • hit ’ can Ice ius s umm’ e ’th such u a change w ill not drast ical l y affect th e’ n ie ’nu —

ov~- allocations.
)it the ’ other h and , adehi t j onal  s tudies indicated tha t  t he re  eon l’m ’ mis ocuch mis B

4 71) 1 change cii the nt. ’cimorv re ’qui rencents when target and platfor m - i s veloci t  it ’s mire ’
adjusted.  ‘I’his means that th ut ’  i’anges of all pam’anuet er s  will necessaril y have ’ to
he e lcL’ieIeeh upon ju st before the ’ nuemory st ructure  is des igiue’d.

Also of inte ’r est was the fact that , in the ’ 0 1  I.OP case’, changing the h ’ i” ’l’ sire
produces ‘‘glitches in the parabolic curves cit l” igurt ’ Lh — ar ’t’as of spikes where t ime
number of outputs  accepted suddenl y t c( ’i’e’tises . ‘l h ts is diii’ to the d i g i t i z a t i o n
process wh ui ch u t r i t ’s  to fit the str uui ght  —l in e  doppler h i st ory  In to  a series of inter-

vals. ‘l’he’se spikes, hnc w e ’vt ’i’, tend to hi’ smoothed at hc igh it ’m ’ 1 A) 1’ rates.
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II). SIAWF-I”fl’ SI/F C.-U.CI’I. -V~IONS

‘1 As si-iowa in Figure 8, there is an FFT size where the fewest number of out-
puts are accepted. This occurs when t u e  average slope of the target doppler

- history is negative unity.  The doppler rate or slope is proportional to the change
in target doppler frequt ~iicy , ~f , obse rv ed in a t ime pe r iod com par ed t o t he si ze of

- the 1” 1.1’ frequency interval , 1” 1. ‘I’hat is, t he slope , in , is g iv emi  by

ni~~~f/ I”1 .

- Now ,lf can be expressed as the target doppler rate times length of tinse considered.
The frequency interval, I”l , is merely PHF’/N. Thus

• 
m~~’L_ _ ~_ /  PflF’/ N~~ 

SN 2

2rr PH !” 2rr (PH h” )

:\ reasonable set of target doppler rate parameters lies between 1. 2 1- i  and

- . 8l i-~~~, where i- is the nu a.ximum doppler rat e of stationary clutter elements.
‘l’his range corresponds to ground targets traveling at a speed which is , at most ,
10’: of the radar platform speed. It is thus reasonable to use ‘ ‘cis~ 

for the target
doppler rat e in the above formula form , since is at t he approxinrnte mean of
the target doppler rates.

l” rons ( I )

cm R
~
C

- 
. where = range to the target.

- H  Then

4~ f V 2 N 2 
.

as = — 

~~ ~~

2f
= - 

Rt C (I~RI”) 2
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To find the relative minimuns in the curve of accepted outputs versus F F”I’
size (Figure 8), allow n-i -l and solve for N:

N = f ~~~~~~~ 
(

PHl~.)

The value of N specified here gives the optimal match of 1”l”T bandwidth of ground
clutter doppler excursion during the N/PR !” integration tinse. Individualities in
the moving targets doppler properties may change sli ghtl y where this minimum
occurs.

I I .  I’Ito(:Kssoul RFQtIII{ K~IFr ’~’rs

Numerous calculations and estimates were made to insure that the entire
processor function could be performed within the time and memory limits of the
truckborne CSP-30/MAP300 processor, and would later be practical in an air-
craft . To start with s , the processing time requirements in the truckborne case
were examined. There are basically four functions for the central processor to
perform : multiplication, addition, memory retrieval and counter update. The
max imum time allowable for any processing of a given data set is going to be the
time it takes to collect N dat a points. After calculating the computational times,
a good estimate would be to double that time to allow for program execution. The
chart given in Figure 9 shows these times. The times are based upon the truck
case requiring summation of 50 complex numbers, each multiplied by its own
weighting factors. It is assumed that the radar PRF is 1831 Hz , and 512 poi nt
FFTs are required in a test for 200 possible target doppler/ doppler rate com-
binations. The reader should note that these are not intended as exact numbers,
but rather are approximations to prove that processing time will not be a limiting
factor. The FFT process will be run simultaneously on a different part of tim e
processor, requiring only 4. 5 ms for a 1024 complex point FFT, and will be idle
98. 4 ’l of the time. Overall, the speed with which the computations take place
allows a vast number of target possibilities to be examined without stressing the
real-time processing capabilities of the CSP-30.

The other major constraint on computational abilities is the size of the mem-
ory. The CSP-30 has an existing 32K word memory available , each word h aving
16 bits, Figure 10 shows a breakdown of the various memory requirements.
These numbers assume the truckborne case of 40 time periods, 200 tasks , 50
summations per target , and only 1 memory access value needed for each data
point. They also assume a rectangular matrix structure for memory, for which
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FUNCTION U N T  l I E  TOTAL TIME

200 ~ JLTIPL I ES I I 0 0  nssc 220 ~.isc
cOO ADDS 400 cisc 40 M iSC

laO MEMORY RETRIEVALS 300 ns.c 30 ~ssc

50 COUNTER UPDATES 200 nisc lO ~ sic Figure 9. Computation Times
300 ~s.c

200 RE PETITION S 300 ~sec 60 misc

PROGRAM EXE CUTION 60 misc

TOTAL 120 misc

DATA COLLECTION TIME 1512 p1 FFT) 280 misc

DATA POINTS

• 40 TIME PERIODS
103 POINTS SAVED EACH FFT
* 2 WORDS PER COMPLEX WORD

8240 TOTAL WOROS

ME MORY REFERENCE SEQUENCES

- ‘ 50 POINTS / SUMMA TI ON
- ‘ * 200 SUMMATIONS

10.000 TOTAL WORDS Figure 10, Memory Requirements
WORDS

DATA POINTS 8240
-
~ WEIGHTING FACTOR S 8240

REFERENCE SEQUENCES 1 0000

RAW DATA FOR FFT 1024

TOTAL 27504 WORDS
- 

I MEMORY REMAINING FOR 5264 WORDS
PROGRAM EXECUTION

an alternative will be discussed later. Once again, the estimates provided in this
fi gure are not exact . Rather , they are estimates which show that memory limita-
tions appear to be more severe than processing time limitations in implementing
this form of TUSAR processing. Stress should then be placed on programs which
economize memory should actual requirements dictate.

Figure 11 takes a look at a block diagram representation of memory
allocations .

It is important to remember that evaluated processing time and storage
requirements apply to 200 moving target doppler/doppler-rate combinations in a
single range “bin. ” At a distance of 400 m , we will be confined to observing
objects within an 18 M range resolution cell. For other range resolution cells,
one must add another dimension to the time and memory requirement calculations
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4 or reduce some of the 200 dopplers/dopp ler—rate combinations! in favor of add i—
tional range coverage . F’or th ic truck case, it will generally be i iecv .ssarv to
consider only one range interv al at a t in - i c .

12. ShIOK ’ITht ~Ih %h1 ) H%

() m e unique method for cutting down on memory requirements is to use a
triangular rather than rectangular array of dat a storage. Once the size of the

h - ’ h- ’!’ has been established , there are a fixed number of frequency bi ns an d t ime
periods to be considered. In the previous memory calculations, a rectangular
array of fixed s ize  was used to compute t h e  memory size , and was valued at
80 x 103 words . This rectangular array of data assumes a need to keep every
output from all integration time intervals for all calculations, which is not neces-

sarily the case. Because of the linear decrease in target doppler frequency with
tin - ic, the later in tin -ic an F’l”T output is required for a particular coherent sum-
mation , the less likely will be the requirement for a high-frequency output. It
becomes clear that reduced memory results from saving only those low-frequency )
F1.”r outputs likely to be used . If , after F L”!’ processi ng, new F F”l’ output data is
stored onto the highs-frequency dat a points of previous FFTs , a triangular matrix
results that requires 25’~ t o 50’~ less memory .  The reduced memory formation
requires additional memory and tin - ic for keeping track of all the dat a locations
presently in the memory structure.

A highly simplified version of the trian gular storage format is displayed in
FIgure 12. With In each-i triangular memory array , a column represents a specific
h” F’T frequency out put. Numbers represent the time sequence during which the
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4 Structure (Sinsplified) . Circled

D 

numbers represent outputs
- ~ summed that t ime period ,

6 6 6 6 6 columns are f req uencies,
- -  

-
~~ numbers are l”FT number

5 5 ® (6~~ 5 1 (highest most recent).

-
, 

~~~~~~~~~~6 

_9 8, j~~~~~j

S

I- ’ I- ~ ’ output s are generated and stored. Circled numbers represent dat a which is
combined to produce the detection statistic and hence memory locations available
for new data. In progressing from (a) to (f) in Figure 12 , it is clear how new FFT
data replaces data which has just been used. Only the low-frequency outputs ,
which will be used as the FF1’ grows old and the time axis shifts , are saved the
whole time. The higher the frequency, the sooner it is used and discarded. Of
course, this procedure will work best if the FFT size is predetermined, allowing
the programmer to be sure that certai n output s can, indeed , be overwritten.

In greater detai l, here is how the data structure of Figure 12 works. The
data front FF1’ is initially set along diagonals, and counters for each frequency
column are set to t i-ia base of the triangle. Each time period , circled dat a points
are used. These memory locations become available to store the next FFT outputs.

Note in Figure 12 that the column counters only need to count up to thse top of
each column, reset , and begin counting up again. Thus , one needs only as many
counters as one has frequencies.

The properties of t i e  triangular memory structure as assumed target param-
eters change are of interest. The closer the target slope ns is to -1, the more
triangular is the structure. As the slope shallows, the data structure appears
more like a cornered rectangle (Figure 13). This is due to the fact that at shallow ‘ -
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b. $L O PES -2

slopes, a given frequency will be used a few times , rather than once. At steeper
slopes, several frequencies may be thrown away at once, so an even smaller tn-
angle is required in terms of relative dimensions , but the number of dat a points
Included Increases, so that a tradeoff does, Indeed , occur.

h3. CONC LUSION

It Is clear that the design of an efficient TUSAR processor is not a simple task.
Care must be taken to trade off Integration time, memory and computation load in
selecting the appropriate FFT size, Interface between the radar video dat a and
processor, and between the summation output and display, must be considered.
One must also consider the magnitude of the problem: a postulated target can have
any velocity vector magnitude and direction, and the radar platform can look at
any of a number of ranges for a variety of platform velocities, yielding a four-
dimensional array of reference data.

Despite the obvious complexities, the project is by no means hopeless. Time
and memory restrictions do not severely limit laboratory project scope or
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capabilities. Programming parameters are not highly sensitive to target and

radar parameter changes, particularly if a triangular memory allocation system
is used.

In the final analysis , an operational model will be an order of magnitude more
complex than the laboratory model of the radar. As few pilots are willing to fly

at a constant speed oven a straight course for any length of time in a combat

environment , larger memory is required along with the use of plug-in PROM
cards to accommodate different aircraft speeds. The use of the TUSAR technique
on board a C-130 or similar aircraft is realistic, and apparently lies within our
progressing digital processing capabilities.

IL
Ft I

t -
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Appen dix A

Listing and Sample Outputs

This Appendix contains a listing, and sample outputs f o r  the computer pro-
gram described in Section 8.
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DELW.2 ’FZ’PRF/NU’0 0001.00
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~ 00)0. 2 0
F€SO(.VE THE AN GLE S TO PADZAN S 00 f l~~~0

0 7 0 4 1 . 1 1
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10 R’M— j  0 0 0 T O O
IF ( ( I 4 ’ O E L W ) . G T .W S T O P ) l O , I l  1 5 0 0 7 9 0

11 IF I N .L E . L r ) C O  10 12 0 0 0 8 0 0
C 0 0 0 15 10
C 

IF ( — W C O I T ’ T I N C . L t . O E L k I St , ’q
39 IF 101w ’)EG—(t...t )’OEI_ W)).Lt. (LQP’O(LIfl)30.31 -— - 00071.0
30 IL .L—t S 115.09.1 5 GC TO 35 5 5 0 0 8 5 0
31 1L’L 0071560
35 iF (IHM.1 ) ’CELW—W STOPfl. tT .(LO P ’OELw fl 32,3 3 07 7 157 0
32 IH.M~ 2 £ !R.i~~’1 V GO In ‘~~ o oo880
33 I14 ’M ’i I GO TO 36 0 0 7 1 5 9 0;g ~~~~~~~~ I~~~~

)(
~1~

0tT ) ) .11. (LO P ’ TINC) )SO ,St
- 51 -- IL’L - 007970
55 IF (( 1 (14.1)’O FLW —WST O * )/ I—WflO TT)) .1!. (LO P’IINC))52,53 00 159 3 0
~2 1N’N *2 S 15.09.1 P ~O (C I 30 Q fl ’SQ1.0
53 IM.M.1 5 GO TO 3* . 0 0 7 1 5 7
C 0 0 0 9 6 0
C W E H&V E JU ST A LLO WED PC’ ‘W FF P WHI C H 0001 501 fl It A LARGE 0 10 970

ENOUGH CORNE R FOOM A TIME-FRE OU INrY INTE RVAL (BOX) .

36 - IF 1 1 1 1 5 . G T . T L ) G O  TOt 22  0ttt11~~0IF (1M .G ’T .G. 6.C . X L . G 1 . 0 )  13,1’ . 0 0 1 0 1 0
13 (SQ 15 0.15 II 0 7 0 0

W I R F S ( IZ ) . IN—t  ) ‘ NU*•I  0 0 1 0
15 T Z . 1 ’ . t  0010 1.

GO T O 22 0 0 1 0 5
C 001050
14 IF ( IL .GT.0  .150. IM.L!.0) 16,17 0 0 1 0 7 0
16 DI) 18 1.1,11 — 001080

W I R E T ( I Z ) . ( N — 1 ) ’ N U W + I  -  - on io •o
18 17 .07 .1  07 1100

ZNUM .NUM4TM 001 1 10
00 19 T ’ ?N ’ IM . NUH 0 0 1 1 2 0
W IRF S ( I Z I . ( N — 1 ) ’ P I t ’ N 4 I  0 0 1 1 , 0

19 IT’IZ’l 00 111.0
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C — 071151 )
*7 IF (IL.LE.0 .&5~O. !N .LE.0)20,2i 
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C 0012*7
22 1.11.1 1 5.5.1 5 WPEC ~sW$T OP 0*11 70
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g
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1’ W O O l T  • ~5 .7, T I M ES Wfl OT~~H.’) 
- 15 0 14 0 0

75 FO9MA T (‘0 W~ REQUIDE • I’ .’ OUTPUTS AS FO 5LOWS ~ ’,/, 0 0 15 0 1 1
I’ °O~~I T t C ’ N  ~ FT OU’°UT I •) 0 0 1 5 1 0

76 FO RMAT ( 1 W  13, 7 X  16, 015 7 ’ .) 0 0 1 5 2 0
PF PDO1.Wn0T1/W ~ 0 ?CM V CE00 .WO/W~ H 00 1530
P D j s 7  (s. 74 ) FrRo, pEorOl 0015 1 .
PRI NT (6,75)07 00)55

~ U’O 0 7 1 5 5 0
42 L 2 . w 0 1 5 r s ( t 5 ) -Nt’N’J 0 0 15 7 0
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IF (~S.GT. (IZ — I ) )  k3, L.2 00161.0

1.3 PR I NT (6,101 ) IR , IQ 001650
5975T 101,19,10 - 00I&S~0• N”~~1 001670
PRINT tOZ,N 001660

1$1 IT~~~~~
O
~~~

N II  ‘ CHOPS SLOE.’ / 5X II, ’ OUTPUTS LE FT .’)102 ~2R”AT (5X ,13 ,1 TbS E PERIODS ELA~~S~ D.~~)
— 
~~~ YOU WANT TO TRY AGAIN? (0.MO, 1.YES)’) — —

~~~~~~~~~~~~IF (AS15S.EO .1)7,O TO 04 0151750
STOP 001760
END 00 1710

TARGET IS AT lANG E 50000.0 METERS, BEARING 90.0 DEGREES FROM FLIGHT PAIN.
TARGET VELOCITY 75 3.86 METERS/SEC AT RELATIV E 8EAR ING 45.0 DEGREES (RIGHT WING POSITIVE).
LOP RATE IS 50.8 PERCENT.

RA DAR IS SET UP AS FOLLOW S\
VEL OCITYS 154.33 METERSISEC .
PRF\ 250 HERTZ.
CARRIE#\ .IO OE.04 HERTZ.

- EACH FF1 IS 512 POINTS LONG . -—

4 NO. — .02 TIMES Wc M .
• SOOT? a .96 TIMES 5007CM.

WE REQUIRE 39 OUTPUTS AS FCLL 0NS~
- 

I POSITION FFT OUTPUT I
0 - - 508 - 508
1 509 509
2 1019 507
3 0129 505
4 1570 506
S 201. 0 501.

• 6 _ _ . 2 5 5 1  - 503
7 3062 5 0 2
$ 3572 500
9 3573 501

10 4 0 6 3  499

12 510’.  496
• 13 5105 497

14 5015 495
15 6126 ‘.94
16 6637 ‘.93
17 7141 49 1
18 — - 7148 1.92
19 1658 490
20 8169 1,69
20 8619 657
22 8680 1.85
23 9190 486
24 4701 605
25 20212 664
26 . 10722 662
27 10723 463
28 . 11233 481

4 29 1114’ 1.80
30 - 12254 - -   4 75
31 12255 479
32 12765 477
33 03216 1.76
31 i3781 475
35 14297 473
36 14298 - — 474
37 14805 472
36 15319 1.71

31 CHOPS MADE.
39 OUTPUTS LEFT.
30 TINE PERIODS EL APSED.
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PA~E1S 
B!SI ~JAL1TY

oo~”i FUE~IS~~ ~~ DDC . ...—

TAR ~~T IS AT RANGE 50000.0 MET ERS, SEARING 93.0 DEGREES FROM FLIGHT PATH.
TARGET VEL OC ITY 15 3.86 METERS/SEC AT RELATIVE REAR ING 0.0 DEGREES (RIGHT W ING POSITIVE ).
LOP RATE IS 50.0 PERCENT. ._~~ — - - - - — -  V - -  —

RADAR II SET UP AS FOLL ON S~
VELOC ITY\ 154.33 ME TERS/ftC .
PRFS 750 HERTZ.
CAR RIE R \ .1001.09 HFRT?.

- - EACH FF1 IS 512 POINTS LONC .~~~
NO. — .00 TI ME S 5CM .
SnOT? ‘ .95 TIMES 5007CM ,

WE REQUIRE 39 OUTPUTS RS FCLL O4S~POSITION - ?PT OUTPUT I
- 0 Si? - - - - .. - - 512 -—

1 1072 510
2 1023 511
3 1533 504
4 20’.’. 50$
5 2553 307
6 __  3065 

- - - 505
7 3066 1505
$ 3316 5081
9 8067 503
10 4596 502
11 5106 500
12 5109 

~~~~_ .  301 -
13 3619 899
14 $131) 49$
15 6*41 497

• 16 7151 495
ii 7132 1.96
18 7662 494
19 8173 - 493
20 - 8687 491
21 8688 49!
72 9194 890
23 970’ 1.59
24 10216 885
23 10726 485
2$ 10727 46?
27 . 11231 ‘.65
28 11748 884
29 12259 863
30 12769 460
31 12770 ‘.0?
32 13280 480
33 13791 479
34 14302 478
35 14812 476
36 14813 - 477 -
37 15323 475
U 05838 474

32 CHOPS MADE .
39 OUTPUTS LEFT.
31 TINE PERIODS ELAPSED . -

25
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1”BXS PAQ~ IS BES- •. 

- 
~~~~~~~~ ,l~24~~~~iALIT PRAcflc.&aL~

TAR GE T IS AT “ANG E 5 0 0 0 0 . 0  MET ERS , REA RING 90.0 0EGREES FROM FL IGHT PATH.
TARGET VELOCITY IS 3 .$1 METERS/S EC AT RELATIVE BEARING 135,5 0(6*2(8 (* ISHT WING POSITIVE).

-. LOP R ATE 15 50.0 PERCENT.

• RA OA ° IS SET UP A S  FO LLC WS1.
V E L O CITY S 154. 37 MEI ERS# SFC .
PRF\ 250 SlEPT?.
CARR IE RS .1001.09 NEST?.
EACH FF1 IS 31? POINTS LONG ._..

so. — .oz TINE S SCM.
WOO TT • 1.0’. TIMES 5501CM.

I WE REQUIRE 39 OUTPUTS AS FOLLOW S S
POSITION FFT OUTPUT •5 0 506 5051 )

- 1 309 309
- 2 1019 507

3 1529 505
4 0530 506

• I 
3 2 04 0 304.
6 2551) 302

- 
-

- 7 2551 503
8 3061 50 1
9 3372 500

10 4082 498

4 11 4 0 63  4911
12 4 1593 497
13 3* 03  4915

- 04 3184 496
• 13 156) 4 444

16 6123 493
-- 1? 6635 1.91

18 5635 - - 497
- 14 7* 455 .  -

- 20 763? 489
• 20 6061 46 7
I 22 LISA 488

23 667$ 466
• 28 90,11 - - - 45’ .
I 23 9169 885

26 9595 1.63
27 10 20 0  462

- 28 10720 460
• 29 1072 1 ‘.61
5 30 - 1*231 479
- 31 11742 

- 1.78
32 1225? 476

4 33 12253 477
4 34 12763 475
- 

35 t 3 273  473
36 13271, - 474
31 13761. 872
38 *4293 471

- 
29 CHOPS MADE.

- 39 OUTPUTS LEFT.
2$ TIME PERIOD S ELAPSED.
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TA SOFI IS AT P0N~I 5 0 8 0 0 . 0  MEtER S , 117*11147. 150 .)  DEGREES PROM Fl_ T INT PATH .TA RG ET V~ L O C I1S  03 3 .83 W(T(R5/5(C AT R? l *T1v 11(1100140 43.6 DEGREES IRIG HT RING POS ITI V E) .LOP RAT E IS 150.0 PER C EN T.

RAD AR IS SF! UP 115 FOLL OW SI
V ELO C ITYS 153 . 3 1 1  MET ERS /SEC .

250 ‘4(807 .
CA RO lERS .IOOE.)8 HERTZ .
EACH F Y I  I’ OS4O POINTS % 0 l ~~ .NO. • .S2 0 1 W 0 %  NIH.

NOOTI • .915. lIMPS 500,014 .

Sf 8(1.111* 01.3 OUTPUTS 115
POSITION FF7 OUTP UT 8

• P h ’. 791’ .
O 20 )3  lO IS
2 2801 0001.
1 78 *7 20 17
1. 2010 iSIS
3 2004  7 0 $ )
1. 2070 2020
7 7021 202 1
S 7827 2822
I 2823 2071

18 702’ . 2)24
I I  2023 20215
02 7076 1820
*3 202? 2877
13 2025 2020
*8 2029
iS 283 0 2038
0? 203 0 003 1
1* 2032 2032
19 2013 2033
ii 2034 2033
21 8081 $ 9 151
22 ‘.0’.? t qq ’ .
23 8083 149 15
28 ‘.01.4 1991
2; ~0’.15 1915?
26 ‘.01.1 (9158
2? 1.037 09915
ii ‘.01.5 20 0 0
23 4039 200 1
IS 80911 2007
3$ - 

‘ .050 000 ’32 4082 *801.
33 ‘ .* i3 2001
34 ‘ .084 2001.
33 1.893 150 0?
3* 32153 2000
37 3057 2509
38 8010 1810
38 3 S 9  28 ) 1
65 3530 2012
6) ‘.111.1 2503  

562 ISIS 131?
83 1.0315 0971
8’. 6000 0978
43 6070 1379
8$ 6072 1976
67 1073 $977
68 1576 09 75
43 4373

27
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THIS PAGZ IS BEST QUALITY I’BACTICABLI
J M QOFY FURNISH~ D T O DDC

TARGET 15 AT RANG E 30 0 60 .0  METERS, SEARING 110.0 DEGREES FROM PLIGHT PATH.
TARGET VELOCITY IS 3.65 METERS/SEC AT RELATIVE SEARING 1.8.0 DECREE! (RIGHT WING POSITIVE ).
LOP RATE IS 50.5 PERCEN t .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

RAD AR IS SET UP AS FOLL OW IS
VELOC TT YS 134.33 I4 ET ERS#SE C .
PQ F\ 230 HERTZ .
CARRIERS .1002.09 ltR1Z.
EACH FF1 IS 256 POINTS LOMG. _

50. .00 T IMES SCM. —SOOTY • 1.05 tI MES 5001CM.

NE REQUIRE SI. OUTPUTS IS FCLLOWS \
POSITION rET OUTPUT I

0 - 256 - 256
-

- 1 Si? 256
-
~ 2 102 3 255

3 1279 2’5
4 0790 25’.
S 2 0 4 ,  254
6 - - - 2557 251
F 7613 253
0 3066 25*
11 3069 253
10 332’. 252
11 3566 252
12 - - - —  3833 215 1
13 3036 252
14 4 0 9 0  251 5
13 4 3 4 7  251
16 1.602 250
17 4603 251
16 - 4655 _______ - 25$)
19 5 0 14 .  250
20 5369 21.9
21 5370 250
22 3623 21.9
23 6135 21. 11
2’. 6 392 21.6
23 6903 24.1
20 1159 74 7
27 755. 70 24F.
28 7926 2455.
29 8161 24 15
30 - $162 - 21.6

- - 31 61.37 243
32 66117 2415
33 •91,6 2’.’.
34 $945 2415
33 920’ .
36 - - 91.60 244
37 91*5 243
35 9716 241.
39 9971 243
40 10227 243
1.1 10462 21.2
‘.2 - 101.113 243
43 1073$ 2’.?
44 11249 24 1
43 11505 241
‘.6 12016 240
41 1227? 240
46 12783 2311
‘.3 - - 301’. 

-
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MISSION
of

Rome Air Development Centi~r

RAZE’ plans and conducts research , •xpl oratory and advanced
development p rogrw in ca.unand, control, and co..unications
(C3) activiti.s, and in the & areas of information sciences
and intelligence. Th. pri ncipal technical mission areas
are coaununications, electromagnetic guidanc. and control,
surveillance of ground and aerospac, objects, int.’ligenc.
data coll.ction and handling, inf ormation system technology,
ionospheric propagation, solid state sciences , microwave
physics and electronic reliability, emintainabilitu and
compatibility.

PrIs~~ ~Uod,.d Sisi.. Al, P.,..
Hsuosco,u API. N... . O17~1
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