AD-751 9235

A THEORY FOR OPTIMAL MOVING TARGET INDI-
CATOR.(MTI) DIGITAL SIGNAL PROCESSING ! b
SUPPLEMENT 1

1

Robert J. McAulay

Massachusetts Institute of Teechnology

Preparéd for:

)

Air Force Systems Command ‘ * Ol

31 October 1972

!

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
528§ Port Royal Road, Springfield Va. 22151




ulay

R J. MeA

a
e
™

tober i ‘7’-2,’:’7

31 Qc

R LB o 2 Gy

1

mal MTI

- ®

M

or

»

‘

eorv f

sing

pui
ignal Proce

)1

x

8

tal

-a

18!

»

lement I

Supp

ir Fovge

. Prepared for the Department of the A o
~undyr flectronic Systems Division Contract F19628-73-C-0002 by

- MASSACHUSETTS INSTITUTE QF TECHNOLOCY

LEXINGTON,

SSACHUSETTS

Ma

RGN

e

wucdbiod o




PR SR f&??’-*‘;"-P?f:"'».f&"ﬁ"'“‘—'f-?if\,nWW%aﬁ{%ﬁmgmb e

AL ERTATI S e L L

R SR

UNCLASSIFIEL
Security Classificat‘on

DOCUMENT CONTROL DATA - R&D

(Security claasification of title, body of castract and indexing snnotation muat be cntered when the overall report ia clasaified)

1. ORIGINATING ACTIVITY (Corporate author) 2a. REPORT SECURITY CLASSIFICATION
Unclassified
Lincoln Laboratory, M.LT. 2b. GROUP
None
3. REPORT TITLE

A Theory for Optimal MTI Digital Signal Processing
Supplement T

4. DESCRIPTIVE NOTES (Type of ropor! and inclusive dates)
Technical Note

S. AUTHOR(S) (Last nemo, firat name, initial)

McAulay, Robert ],

6. REPORT DATE
31 October 1972

7a. TOTAL NO. OF PAGES ?b. NO. OF KEFS

A 20 3

Ba. CONTRACT AR GRAT No. F19628-73-C-0002

b, PROJECT NO. 649L

c.
d,

Sa, ORIGINATOR'S REPORT NUMBERIS)

Technical Note 1972-14 (Supplement 1)

9b. OTHER REPORT NO(S) (Any other numbers that may be
assignad thia report)

ESD-TR-~72-243

10. AVAILABILITY/LIMITATION NOTICES

Approved for public release; distribution unlimited,

11, SUPPLEMENTARY NOTES

This report is Supplement I to ESD-TR-72-55
and ESD-TR-72-217.

12, S5PONSORING MILITARY ACTIVITY

Air Force Systems Command, USAFR

t3. ABSTRACT

In the report, “A Theory for Optimal MTI Digital Signal Processing. Part 1. Receiver
Synthesis," (1), the problem of eliminating scanning ground clutter from an aircraft surveillance
radar was examined from a statistical decision theoretical point of view.
was derived which could be approximated by a clutter filter followed by a discrete Fourier transform
(DET). In this report, additional numerical work is documented that compares the performance of
the pulse cancellers, pulse cancellers with feadback and the DFT with that of the optimum processor.
The 1ssue of coherent vs incoherent integration gain is considered by comparing the filters only on
their ability to reject clutter. A clutter rejection improvement factor is defined and used to compare
the various filters, It is shown that the pulse cancellers can be quite effective in rejecting clutter
provided the input clutter power is not too large and that additional gains are possible using the DFT.

An optimum processor

1

4. KEY WORDS

digital signal processing

aircraft surveillance radar
discrete Fourier transform (DFT)
moving target indicator (MT1)

signal-to-interference ratio (SIR)
pulse repetition frequency (PRF)
clutter reflection

plE-1800

UNCLASSIFIED

Security Classification

e A Mo Y s ek e =

@ A bt e =

PR TIIE AT 0

4




MASSACHUSETTS INSTITUTE OF TECHNOLOGY
LINCOLN LABORATORY

A THEORY FOR OPTIMAL MTI DIGITAL SIGNAL PROCESSING
SUPPLEMENT I

R. J. McAULAY

Group 41 -

4 \
3 i
i
I % H
# E: '
3 k i
B 4 l
' L
i g
. F

:_ TECHNICAL NOTE 1972-14
: Supplement I)
i b

31 OCTOBER 1972

g
o
L
Ly -
Lo
o A
'y T

3 ; N

T -1

3 Approved [or public release; distribution unlimited.
_ -

p - {f LEXINGTON MASSACHUSETTS




< .
. 'A.‘.e.-,_:;...l R ,

LY e

.
MBZ ek ai s

;
'
<4

!
>
]

!
1.
¢
|
1}
2

.

The work reported in this document was performed at Lincoln Laboratory, a center
for research operated by Massachusetts Iastitute of Technology, with the support
of the Department of the Air Force under Contract F19628-73-C-0002,

This report may be reproduced to satisfy needs of U.S. Govemment agencies.

-t~




I. INTRODUCTION

In the report, “A Theory for Optimal MTI Digital Signal Processing, Part I:

Receiver Synthesis," [1], the problem of eliminating scanning ground clutter from an

aircraft surveillance radar was examined from a statistical decision theoretic
point of view. In this way, an optimum MTI processor was derived whose perform-
ance could be used as a benchmark to compare practical receivers that have been
in use for the last two decades. Furthermore, it was uf interest to determine
whether or not digital processing techniques would be of any use in improving
the ability of a radar to reject clutter. It was found that the optimum filter
could be interpreted as a clutter filter followed hy a bank of doppler filters
matched to the two-way antenna scanning modulation. It was suggested that a
good approximation to the optimum processor might be a classical clutter filter
followed by a discrete Fourier transform (DFT). This would then provide the
link between digital signal processing techniques and improved clutter rejection.
It was originally intended that Part I be principally a theoretical document
to demonstrate the thought process linking the digital processing of data to MTI
clutter rejection and to show the derivation of the tools needed to effect a
comparison of the old schemes with the new. In our haste to get the ideas in
print, a figure was drawn which compared the performance of the pulse canceller
MTI filters with the optimum performance possible. It was intended to show how

the signal-to-interference ratio (SIR) performance criterion could be used to




evaluate filter performance. Unfortunately, a conclusion was drawn from
the curves which has become quite controversial. In fact, the comparison
was somewhat unfair because the optimum processor was permitted full use of
coherent integration gain, while the pulse cancellers were evaluated allowing
for no incoherent averaging. Of course, if the clutter is of such a level that
the canceller leaves little residuai clutter, then there will be 1ittle loss in
using incoherent, rather than coherent integration since the number of pulses
available for integration is small. On the other hand, if the cliutter saturates
the cancellers, such that significant residual clutter is produced, then incoher-
ent integration ought to result in 1ittle improvement in the overall performance.
To clarify these issues we have performed more numerical work to compare
the performance of the pulse cancellers, pulse cancellers with feedback and the
OFT with that of the optimum processor. This is done in Sections Il and III.
Then, in Section IV, we address the issue of coherent vs incoherent integration
gain, by comparing the filters only on their ability to reject clutter. We
define a clutter rejection improvement factor and compare the various filters
once again. It is shown that the pulse cancellers can be quite effective in
rejecting clutter provided the input clutter power is not too large and that

additional gains are possible using the DFT.




. IT. PRELIMINARY DEFINITIONS

In this section, we plan to perform a more detailed comparison of the
performance of many of the MTI filters that are found in practice. The criterion
: on which this comparison is based is the signal-to-interference ratio (SIR)

derived in Part I, [1]. For the optimum linear processor it was shown, in

Eq. (89), that the SIR was given by

1/2T
Iy, |12 P IF(F - v )]
P (v) = | d s ; df (1)
opt'To 2N01p 02’ ’
. ] 2
2T g e IR ()€ +0
where Fg(f) is the Fourier Transform of the two-way antenna pattern and
!‘rol2
- ° predetection signal-to-noise ratio (SNR),
0
02
NS = predetection clutter-to-noise ratio (CNR),
()
Vo = target Doppler,
Tp = interpuise period,
TE = effective time on target,
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B one-way antenna 3 dB beamwidth,

rate of antenna scan.

]
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It was shown that the optimum filter could be realized as a clutter filter
followed by a Doppler filter bank. ior any other linear filter the SIR per-

formance was shown to be given by

1/2Tp
‘~/~ HEYF(F = v,) af
A v,
\V] = .
Psub Vo Zﬂofp 2 ]/zrp , ']/Np
2}3"717"[ MO gt df+] M2 o
0 pE ’]/ZTP ~1/2Tp
(2)

where H(f) is the transfer function of the filter of interest.
A1l of the results that follow are based on a Gaussian antenna pattern,

In this case, the one-way antenna voltage pattern is
G(o) = e ' (3)

where A0 is chosen to make the 3 dB beamwidth 38' From this we compute the

two-way pattern as

g(t) = G(“’st) ’ (4)

and taking its Fourier Transform we obtain




Fg(f) =\/z e ’ (5)

where a = %-39-. The system parameters used in all of the comparisons are those

s
used in the FAA Airport Surveillance Radar. They are:

T =1/1200 sec,

P
6 = 1.5 deg, (6)
W = 15 rpm

The SNR parameter is chosen such that in the absence of clutter the SIR of the
optimum processor is O dB. For the above parameter values this requires that
the SNR be -8.75 dB.

In the next section, we will specify several NTI filters of current interest
and compare their performance with the optimum as a function of target Doppler

and CNR.
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III. MTI FILTER SPECIFICATION

In this section, we shall briefly review the MTI filters that will be used
in the comparison. Then in Section [V, their performance will be compared in a

variety of operating environments.

A. The Optimum Filter

In Part I it was shown that the best detection performance was achieved by
the filter having the transfer fynction

*
F (f « vo)

a

" 2
<~ |F {f + M T
fE | g( &+ 2 bTo

provided the true target loppler is Vo Using a bank of these filters then gives
an upper bound on the SIR that can be achieved by the class of iinear processors.
This bound is given by (1), In addition to the clutter rejection properties of
this filter, the overall performance is enhanced by the target matched €ilter
which provides the maximam coherent integration gain for the target in vreceiver

noise.

B. The Pulse Cancellers

In Part 1, it was shown that the denominator in {7) couid be interpreted as
a clutter filter as it produced a null about DC. Although optimum, this would

be hard to realize in practice because it reguires precise krowledge ¢f the
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antenna pattern and the average clutter power. Based on classical theory it

seems reasonable to approximate this clutter filter by the pulse canceller filters

that have the transfer function

~§24fT p)ﬂc

H(F) = (} -e , (8)

where n. ¥ 1 is the number of pulses involved in the cancellation. In other

words for the simplest two-pulse canceller n, = 1. Since
e
H(f)| = [sin'npr[ " ()

the pulse cancellers locate a zero at DC and in addition, as n_ increases, the

c
width of the null increases.

C. Feedback Cancellers

Although the above clutter filters can effectively eliminate clutter, the
price paid is a loss in signal detectability because of the overall poor shaping
of the velocity response curve. In order to regain §ome of this loss in
detectability, féedback is introduced to shape the overall response curve. It
is obvious that the best clutter filter would provide a wide notch about DC to
null out the clutter and then a flat response elsewhere. This type of re:ponse
curve can be achieved using feedback. A common realization is the dual delay-

1ine canceller with feedback. This has the transfer function

2
H(F) = 2= 1) , (10)
z° - (a] + az) z+a
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where z = ¢ P It is expected that as the response is shaped to give better

target detectability the clutter rejection capabilities will degrade because

the depth of the notch about DC must move as the bulk of the response moves

upward.

D. The DFT Processor

The optimuim processor was shown to be a clutter filter in cascade with a
Doppler filter bank. In addition to the difficulty is realizing the optimum
clutter filters the velocity filters would be very difficult to construct using
analog hardware especialiy if many range gates are to be considered, Using
digital hardware, however, the problem becomes tractable since the Doppler filter
bank is well approximated by a Discrete Fourier Transform (DFT). If the data is
first passed through a standard pulse canceller before the DFT is taken, we
should have a fairly good approximation to the optimum filter. In this case,
if r(nTp) represents samples of the incoming data, and rc(nTp) the output of the

clutter filter, then the N-point DFT of this latter sequence yields the frequency

samples

3

-jorim
n=EEg+] rc(nTp)g[(n + g-- k) Tp ]e N . (1)

E(kTp;mAv) =

where Ay = 1/NTp. This can be expressed as the output of a filter whose impulse

is

2
h(nT smav) = w(nTp) g[(- n+ %)'Tp] eJ " ) (12)
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X where
| 1
w(nTp) = {
: . 10 otherwise N
N Furthermore, the output of the'éluttgr filter is
. ® ) ' : i . 1
() = ) r(KT,) hef(n - k) o (1)
k== : .
. where hc(kTp) s the sampled-data impuise reshonsé of any one of the previously
L t ‘ , :
B described filters. Then the overall DFT-clutter filter processor has the transfer
H . . : ; ; - \
3 function _ ; :
| ! ; ! :
; H(fimav) = Ho (F) ng(f ~ mAv) o {15)

. tfﬁ;“

; : }
N

) \
: 3 where ng(f) is the Fourier Transform of the waveform w(t) g(- t + g). 1t is

4 worth noting that the pulse canceler frequency response changes slowly relative _
f% to that of F g(f - mAv). Therefore, the detection performance of the processor i
Ty can be improved with no loss in clutter rejection by norma11L1nq each of the DFT

coefficients by H(mav). Therefore, the approximat1on to the optimum MTI pro-
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cessor is taken to be |
) 1 . H (f) i : _ -
H(f,m/_\\)) = *,- m m ng-(f - mA\)): . R - {16)

v
i

This expressior is used in (2) to 'generate its SIR perfofmance.‘ In the resullts
to follow we shall take Hc(f)

to be the three pulse canceler. (i.e., nc=2).

H
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IV. COMPARISON OF PERFORMANCE

In the last section, several MTI filters of theoretical and practical
interest were proposed. In this section, curves showing their SIR performance
vs target Doppler for various CNR's will be discussed for the ASR system para-
meters. We begin with Figure 1 which shows the optimum, two and three pulse
cancellers and the DFT processor for a CNR of 48 dB. The curves show that the
DFT-3 pulse canceller is a good approximation to the optimum. It appears that
the classical pulse cancellers are performing significantly poorer than the DFT
processor. However, part of this performance loss is due to the fact that the
DFT impiicitly utiiizes coherent integration gain since each DFT coefficient
represents the output of a perfectly matched filter. Since the puise cancellers
will undoubtedly be vollowed by some incoherent integration of pulses or at
least by an operator at a cathode ray tube, the SIR performance measure is an
unfair criterion for comparing the clutte, rejection capabilities of the
various Tilters. iv is useful in evaluating various I'FT processors (i.e., using
fewer data samples) as the degradation from the overa)i optimum SIR performance
can then be determined directly. However, to fairly compare the pulse canceller
with the DFT processor, ws adopt another perfornance measure, the output peak
signal to average clutter ratio (SCR). This is obtained from (1) and (2) by
neglecting the effect of filtering the receiver noise. In this case, the

optimum performance is given by

10
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32 POINT DFT AND 18-4-44778

3 PULSE CANCELLER OPTIMUM

16 POINT DFT AND
3 PULSE CANCELLER

\3 PULSE CANCELLER
WITH FEEDBACK
(a,=0.5, a, =0)
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DOPPLER FREQUENCY SHIFT (H2)

Figure 1. Signal-to-interference ratio for several practical MT! processors.
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0
B (\) ) = I [N .

P IFg(f - v)]

df , (17)

while that of the suboptimal processors is given by

1/2Tp )
lf H(f) Fg(f - \;0) df |

A -1/21
] - ) p
fubl) = T+ =7~ 7T
c MRV P [Fg(F) (2 af (18)
1/2T,

It was shown in Part I that the average clutter power per sample was given by

02 1/2Tp
|C(nTp)|2 = T‘é/ |Fg(f)|2 af . (19)

1/2‘Tp

Therefore, the input peak signal-to-clutter ratio is

2
ly, |
B1 s =2 (20)

C(nTp) 2

Then, we define the improvement factor to be

8°(v,)

H(vg) = —= . (21)

12




For the optimum processor this becomes

' 1/21 1/27 2

p |F (F-v)

I (v) = P IF (F)]% df IFy )| af ,  (22)
172, -1/, g

while the suboptimal processors result in

12T,
lv/ﬂ HF) Fy(f = v,) df|?
/ety ) VA
Lsub(%) =f [Fg(f)I" af T/?Tf,
Ve, O Z2F (112 af
/2
(23)

The improvement factors were computed for the optimum, DFT and pulse canceller

processors and the results are shown in Figure 2.

13
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V.  CONCLUSIONS

In Figure 1, it is clearly demonstrated that shaping the velocity response

of the clutter filter can improve the low-frequency performance of the filter
at the expense of a greater loss in the high frequency region. Furthermore,

the loss in performance is of the order of 15 dB and is due principally to the

presence of residual clutter which will not be eliminated by incoherent integra-
tion.

Figure 2 shows that the pulse canceller and DFT can be very effective in
eliminating scanning ground clutter. This curve shows that much of the improve-
ment shown in the SIR performance curves is due to the ability of the DFT to
further reject the residual clutter. By making the data window longer (16 Tp to
32 Tp). the frequency sidelobes of the matched filters are reduced, resulting in
3 less interaction with the residual clutter. This is the principal reason the

DFT can lead to significant improvements in the rejection of clutter,

Finally, it can be concluded that if the clutter background is not too
severe, then the pulse cancellers can eliminate it effectively. For example,
Figure 2 shows that the improvement factor for the three-pulse canceller is
more than 2) dB over 75% of the total frequency range. Hence, if the input
SCR is at least -15 dB then the output SCR will be +15 dB and the clutter will

become a fructional part of the noise background.
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