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MEMORANDUM

Subject: Airborne Radar Motion Compensation Techniques, Evaluation of
TACCAR

Background

As a part of the Airborne Tactical Control System (ATCS) program,
the Airborne Radar Branch is developing AMTI techniques to increase
the detectibility of moving targets in clutter. Investigations are
underway to determine the limitations of existing systems. Since good
AMTI performance depends heavily on motion compensation, an analysis
of motion compensation techniques was initiated.

Findings

The component of aircraft motion which is perpendicular to the
antenna aperture causes unacceptable losses to AMTI performance for
AEW applications. TACCAR only partially compensates for this motion
and therefore will limit the capability of advanced AMTI systems.
However, an extension of the TACCAR concept can reduce this limitation
to a point well below other system limitations. This extension con-
sists of making doppler corrections at more than the one point normally
made by TACCAR.

Recommended Action

Advanced AMTI systems attempting to obtain high cancellation
ratios should use multiple correction points. The number of correction
points depends on the desired cancellation ratio. A complete develop-
mental program should be conducted to determine (1) optimum
implementation of such a system and (2) the effect of operating
conditions on the phase-look loop design for such a system.

R & D Implications

A thorough motion compensation philosophy using combined array/
time processing should be developed to prevent advanced AMTI systems
from being limited by platform motion.

G. A. Andrews
ATCS Section
AIRBORNE RADAR BRANCH
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C:

Abstract

Coherent signal processing in many classes of airborne radar
systems is limited by the methods used to compensate for platform
motion. Platform motion causes doppler shifts of returns which vary
with the angle between the velocity vector and the scatterer. Because
of the finite antenna beamwidth and finite transmitted pulse length,
the returns from many scatterers are received simultaneously. These

returns have different doppler shifts which result in a spectrum of
received doppler frequencies. This spectrum degrades the performance
of radar systems that coherently process these returns.

Time Average Clutter Coherent Airborne Radar (TACCAR) is a widely
used technique to compensate for the component of motion which is
parallel to the axis of the beam. This report evaluates TACCAR in
terms of its improvement to moving target indicator (MTI) performance.
It is shown that MTI performance can be improved significantly with
extensions to the TACCAR concept.

Authorization

NRL Problem 53R02-29
A360-5333/652B/2FO0-141-601

Manuscript submitted February 16, 1972.
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AIRBORNE RADAR MOTION COMPENSATION TECHNIQUES

EVALUATION OF TACCAR

Introduction 2

The application of digital processing techniques to airborne early
warning radar systems has made it practical to coherently process many
radar returns using multiple-stage MTI cancellers and coherent inte-
gration (narrow-band doppler filtering). The resulting clutter rejec-
tion capability improves the detection of moving targets in clutter to
the point where limitations other than those imposed by these proces-
sing techniques prevent further system improvement.

Existing systems may be limited by factors such as system stabil-
ity or on-aircraft antenna sidelobes. As these or other limitations
are alleviated, the motion compensation techniques may become the limit
to system performance.

It is in this context that Time Average Clutter Coherent Airborne
Radar (TACCAR), which was originated by the NIT Lincoln Laboratory and
has performed very successfully with past radar systems, is considered.
TACCAR, which corrects for the component of platform velocity parallel
to the axis of the antenna beam pattern, and Displaced Phase Center
Array (DPCA), which was developed by the General Electric Company
and which corrects for the perpendicular component of platform velocity,
make up the motion compensation techniques which are being applied to
present airborne early warning radar systems. An evaluation of DPCA
will follow in another report.

The success of a motion compensation technique must be evaluated
in terms of the improvement it provides to the signal processing in
the radar receiver. Since many airborne radar systems now (and will in
the foreseeable future) involve moving target indicator (MTI) process-
ing, the improvement in MTI gain will be used to measure the perform-
ance of TACCAR.

Description of TACCAR

The assignment of the processor in an MTI radar is to discriminate
between moving and stationary objects. Although for some radar appli-
cations, the returns from stationary objects are of interest, these re-
turns are "clutter" in an MTI radar and must be rejected. The rejection
decision is based upon the doppler shifts of the returns. If the radar
is on a moving platform, the returns from stationary objects contain a
doppler shift which must be removed to provide good MTI performance.

A detailed description of TACCAR may be found in Ref. 1. The de-
tailed block diagram for TACCAR has many configurations in practice.
In all cases, the processing takes the form of estimating the average
doppler shift of the returns from all objects within the antenna pat-
tern and within some sampling interval. This average doppler is re-
moved by shifting either the transmitted or local oscillator frequency.
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The technique that is common to the various configurations of
TACCAR is a gated phase-lock loop which is used to correct for the aver-
age doppler shift during a selected interval of time as shown in the
simplified block diagram in Fig. 1.

This widely used technique in coherent communications systems is
thoroughly analyzed in Refs. 2, 3. For TACCAR, the phase-lock loop is
gated on at some time interval corresponding to a selected range inter-
val. The integrator and sample-and-hold network give an estimate of
the average doppler during this range interval. This estimate is re-
peated during each repetition interval.

To fully evaluate the capability of TACCAR, the performance of
this phase-lock loop as a function of the length of the sampling
interval, the time constant of the integrator, and the variance of the
signal spectrum must be considered. Analysis of the loop shows that a
relatively long time constant (several pulse repetition intervals) is
needed in the integrator for good loop performance and to maintain
pulse-to-pulse coherency for MTI cancellation. Thus, a single loop
can make only one correction for all ranges, and changes in doppler with
range will not be corrected without additional processing. It is this
error versus range that is addressed in this report.

TACCAR Range Errors

In an object is located at an angle, (0 ,0 ), with respect to the
aircraft velocity vector,vp , it has an "apparent" velocity, -vp as
shown in Fig. 2.

The "apparent" velocity of the object has a normal component,
Vn = -Vp cos Gs cos Os

and a tangential component,
vt = -Vp sin Gs cos Os

The doppler shift of a return from this object is approximately
f=-2 v ft

where ft is transmitted frequency
c is propagation velocity

If the axis of the antenna pattern is pointing in a direction,
(9 , a ), with respect to the aircraft velocity vector, and if the
oblect is at an angle, (0, 0), with respect to the axis of the antenna
pattern,

Q = + +, and
s a

Os = 0a + 0

So that:
Vn = -V cOs 0 Cos (9a + 0).

p sa
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Fig. 1 - Simplified block diagram of TACCAR
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Fig. 2 - Velocity relationship's
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Or

f 2vfd = cos 0s (cos 0 a cos 0 - sin @a sin 9)
A

When fd is averaged over a symmetrical antenna pattern,

fd = fd(=o = 2 VP cos• 0 s cos@a=~ 0a

TACCAR estimates 'd and subtracts it from fd to give a corrected
doppler of

If Id = fd - Yd

= 2 --- p Cos 0s [cos @a (cos 1 - 1) - sin 0asin

2A

if the estimate of fd is without error.

With the aircraft flying at an altitude, H, above the surface of
the earth, the elevation angle, 0 , of a scatterer on the surface is a
function of H and the range, R , to the scatterer. This relationship
is plotted in Ref. I (page 18-4, Fig. 4) and is reproduced in Fig. 3.

In the design of the usual TACCAR loop, a single range interval
during which the loop will be gated on is selected. However, since
Fig. 3 indicates that 0s, and therefore fd' is a function of range to
the object, Td as developed from a single range interval will not
develop the optimum correction at all ranges. The problem then is to
select that range interval which will minimize peak error. To use this
criterion, a maximum and a minimum range must be selected which, using
Fig. 3, gives for Cos Os maximum (Cos 0 max) and minimum (Cos 0 min)
values.

Minimization of the peak error implies estimating,

maxfd +fdmin
2

- vP cos 9a (cos Omax + cos Omin).

A
Using this estimate, the absolute value of the error versus range

(or Cos Os) is:
/f e/ c2 Vsp cos 0a (cos s -

Ss 2

Normalizing:

en f (Cos 0 - cos Omax 2+ cos Omin)J 0
en =(2vp @o a)/A
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Equation 1) can be plotted simply by using Fig. 3 and offsetting
the vertical axis to a point half-way between the selected maximum and
minimum Cos 0 s This is done in Fig. 4 using,

%max = Horizon = (h 2 + 2rh)½

Rmin = Horizon/10
Where: h = height of aircraft above surface

4
r = -r radius of earth;4600 n mi.

Effect of Error on MTI

To see the effect of this error on the succeeding processing, a
model must be developed for the processing. Using the MTI processor
to evaluate this error, the MTI improvement factor is defined as the
input signal-to-clutter power to the output signal-to-clutter power.
The MTI improvement factor, In, is given in Refs. 4 and 5 and is de-
rived in appendix A for an n-stage MTI.

From Appendix A,
2nifI = 2) r 2n 2)

n n1 (2r 0c

Where: fr = pulse repetition frequency
ac = standard deviation of clutter spectrum

Equation 2) is plotted in Fig. 5, n as a parameter.

The derivation of equation 2) assumed a zero-mean Gaussian clutter
spectrum. But the TACCAR error represents a shift in the mean of the
clutter spectrum by an amount, fe' in is derived in Appendix B for this
case and is given by: 2 n fr 2n

I T L2 7r 0 In
L L

n n
Where: is the TMCAR loss which is given by

S!e An + 2n fe 2n-2k

n ( A ( 2k ) ( c) 3 "5 "''(2k-1)3

[1"3"5"' (2n-l)j

IA is shown in Figs. 6, 7, 8 for n=l, 2, 3 while Ln is shown in
Fig. 9 for n = 1, 2, 3.

These curves show that the TACCAR loss can be significant, especial-
ly when the clutter spectral width, 6 c, is small. In this case, the MTI
improvement factor is large resulting in good MTI performance. However,
the TACCAR loss also gets large resulting in a considerable degradation
in MTI performance. Conversely, it can be seen from these curves that
when the variance of the clutter spectrum is large, then the estimate
of the mean is not as critical to the MTI performance.

Figures 6, 7, and 8 show that the TACCAR loss will be appreciable
for most airborne radar applications. The actual loss for a particular

6
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radar system can be obtained by using Fig. 5 for In and Fig. 9 for Ln.
Then the resulting MTl improvement factor is,

IA (db) = In (db) - Ln (db)

Reduction of TACCAR Loss

TACCAR range error, the source of the TACCAR loss, can be essen-
tially eliminated by making more than one correction with range. For a
particular radar application, the magnitude of this TACCAR loss will
determine if the additional complication is necessary.

The average doppler shift (i.e., the doppler shift on the axis of
the beam) has been shown to be:

2v
fd~ ~ co = (APCS@) Cos 0S

Where: vP = the platform velocity vector.

A = transmitted wavelength.

9a = horizontal angle between Vp and axis of beam

os = vertical angle between v and the incremental clutter

patch under consideratioR.

The TACCAR range error resulted from estimating fd with:

f 2vens 0max +
fd PCos @a)(~ k 2

which minimized the peak error. So that the
fined as,

fe = fd - fd

= 2v• cos ) (Cos S -

COS Omin )

TACCAR range error was de-

cos 0max + cos Omin

2

A normalized range error, e

en fe
en =

2Vp cl

A
=jcos Os -

n' was defined,I'
os @a +

cos Omax + Omin
2

and is shown in Fig.4.
-

From the mean doppler, fd, and the estimated mean doppler, d' it
is seen that the error results from the estimate of cos 0s by,

cos 0 =

COS 
0 max + cos Omin

2
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This is illustrated by Fig. 10 (a). The peak of the normalized
error is,

- cos Omax- cOs Ominn
2

From Fig. 4, it can be seen that, to a good approximation, the peak
error is constant with range because en is fairly constant over most of
the range. The method of reducing TACCAR losses then becomes obvious,
i.e., eP may be reduced by correcting at more than one range.

Referring to Fig. 10a, the TACCAR loop is gated on during some
interval including R, which results in an estimate of cos Os. This
estimate is used for all ranges. If an additional TACCAR loop is add-
ed, then cos 0s can be estimated at two points, RI and R , as shown in
Fig. lOb. The estimate is switched from loop 1 to loop at R2 .

For two loops: -_cos Omax + 3 cos Omin , R (R 2 .

Cos Os =
3 cos Omax + cos 0mmn , R>R 2.

If R,, R2 , and R3 are chosen to minimize en.p

Then,

ep - cos Omax - cos 0min
n 4

The peak error is reduced to one-half with the addition of the

second loop.

If a third loop is used (see Fig. 10c),

cos Omax + 5 cos min , R(R 2
6

Cos cos Omax + cos mrinR , R2 <R< 4

2

5 cos Omax + cos mrin , R>R4
6

And,

ep cos Omax - cos 0minm
n 6

The peak error is reduced to one-third by the use of three loops.

14
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With m loops,

cos Omax + (2m-l) cos 0 min , R <R2

2m

COS 0S 3 cos Omax + (2m-3) COS 0mi , R2< R<mR4
2m

(2m-l) COS 0max + cos Omin , >R2m-2

2m

ep= Cos Omax - cos Omin
n 2m

The peak error is reduced by i with the use of m loops if the correc-
tion points RI, R3 , ---- R2m-1 and the switching points R2, R4 , ---- R2m_2
are selected to minimize e• .

Fig. 4 can be used for an m-loop correction by replacing en by m en.
Then Fig. 4 along with Fig. 9 can be used to determine the TACCAR loss
for a particular radar application and for a particular number of cor-
rection points.

An implementation of additional corrections is shown in Fig. 11.
A synchronizer is added which (1) generates gates of selected widths
at the computed correction points and (2) generates switching signals
to change the reference to the voltage-controlled oscillator at the
computed switching points. Also, the necessary switching matrices and
storage for m doppler estimates have been added. This implementation
is equivalent to m parallel phase-lock loops. Each phase-lock loop can
be optimized in the same way that previous TACCAR loops have been de-
signed by putting a loop filter with each sample-and-hold circuit or
alternatively by storing weighted sums of previous samples in each
sample-and-hold circuit. The loop filters (or sample weights) are
chosen for the desired loop performance.

Conclusions

The component of platform motion normal to the antenna aperture
can cause significant losses to MTI performance. TACCAR corrects for
the doppler caused by this component at one range interval. The oper-
ation of advanced MTI systems with higher MTI improvement factors and
at higher transmitter frequencies require the TACCAR technique to be
extended to make corrections at multiple range intervals. It has been
shown that the reduction of the losses from this component of platform
motion is limited only by the number of corrections.
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A functional block diagram of a method of achieving this correc-
tion was shown in Fig. 11. Additional hardware is required to make
additional corrections. By examining Fig. 4 (with en replaced by m en)
and Fig. 9 for a particular application, it will be seen that as the
number of corrections is increased each additional correction makes less
and less improvement. Therefore, the additional hardware and the im-
provement for each correction will determine the number of corrections
for a particular radar system. Also, methods of implementing these
corrections with a minimum of additional hardware must be investigated.

There is a fundamental limitation in the number of correction in-
tervals that can be used. For a large number of corrections, the cor-
rection interval may not contain enough samples to stabilize the loop.
In this case additional samples would have to be taken on successive
transmitted pulses. The result is a slower loop which may not be able
to follow the change in doppler as the antenna is scanned. For most
applications this limitation will not be reached since the number of
corrections will be small and the loop response time must be greater
than the transmitted pulse interval for good MTI action.

18
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APPENDIX A

Derivation of MTI Improvement Factor

Assume a Gaussian clutter spectrum,

2

The input clutter power is:f0
Pic W(f) df

-W ofexp 2O2 ) df

= % WO

Assume binomial weights for the MTI shown in Fig. Al.

k
wk = (-1) () ,k=0, , 2 •n

Delay Delay Dela. Delay

2 3 n

0 1W 2  W3

n-stage MTI

Fig. Al

With binominal weights, the power gain of the MTI is given by:
G L (7r f ) ]2n

G (f) = L2 sin (fr

Where fr = pulse repetition frequency

T
T = delay of each delay line in Fig. Al.

Al



The output clutter power is:

Poc f G(f) W(f) df

For successful MTI action, it must be assumed that the clutter spectrum
is very much less than the pulse repetition frequency, i.e.: %' << fr.

Then: Poc 2f f )W exp f2 df

=Wo 2( )2r f 2 f2 )
- ' f 2 n exp 2 df

This integral appears in most tables, for instance Ref. 6.
Therefore,

(__)2n[] nl

Poc = W o 27r ) [1 3 5 .... (2n-l)] f2 "c

The square of the cancellation ratio is defined as

C2 A ic = (-r )2
Poc [I" 3" 5 . . . . (2n-l)]

The average target gain is defined as the gain of the MTI for a target
whose ambiguous doppler is uniformly probable of occurring anywhere
between zero and fr"

-•-•JoG (f) df

=fo [2 sin(r4)]2n d(r)

22n .f r In

2 'f sin 2n 0 d 9
/r -0

This integral is also found in Ref. 6.

-- 2 2n [1i 3 5 .-. (2n-l)]

S2.4-4 6- ... 2n

= 2 2n [1 - 3 - 5 - ' - (2n-l)]

2 n 'n!

= 2n [1.... 2-)]
2n-- 1 - 3 -5 °--(2n-1)]

n!

The MTI Improvement Factor is defined as the ratio of the output signal-
to-clutter power to the input signal-to-clutter power. Therefore, the
MTI Improvement Factor can be written as:

A2



c2 G

2 7r oc

A3

2n
I =11

n
2n!



APPENDIX B

Derivation of MTI improvement factor for clutter with non-zero mean
spectrum

Assume a Gaussian clutter spectrum,

2

W(f) = Wo exp [ -

The input clutter power is:

Pic W/(f) df

= Wof exp [ 4

Assuming binomial weights for the
gain of an n-stage MTI is

G (f) = 2 sin

Where: fr = the pulse repetition

The output clutter power is:

S=o _ g (f) W(f)
P oc f

sin•

(f - )2]df

MTI (see Appendix A), the power

] 2n

frequency.

df

2n 
-xp 

df

For successful MTI action, it is necessary to let

a << fr

With this assumption,

P oc ;Z:f 00(2 .k wo expf (-=-) 2  df

exp2 r- ( ff ) 2  df
1oe ) 2n --fr W° exp ME /j d

Bl

-I-



Let:

x

Which implies:

f = x +

df = dx

2n 2n
-(x+fm) =-E

i=b
(2n)

- 2n

P Wo( tr-- ) f(x + fm)

oc o \ n

-Wo (3n2 (2n f~

2n-i
im

xi

2n exp [-
2

x
-2

c

2n-if 0 xi exp
m -_C

]dx

- j dx2 ac

For i odd, this integral is zero since the integrand is an odd
function.

For i even, i = 2k

i = 0, 1, 2, - - - 2n

k = 02, , 2, - - - n

Then,

OC 2 (7rn

For k = 0,
exp

Therefore,

k=o

2n-2k "0 2k
fm jf x

dx = 2 7 c
I

2n •_nin)I• f 2n
ýý 7r ac fm + k f

2n-2k • k - 2

I jx kexp[22  dx
c

This integral is shown in Appendix A,

P =W V-; 2c aoc 0 fW

n 2t
S(21

k= 1 2

)2nt (f)

In 2k
1. 3 .5C ) (---/~

B2

f 2n

Therefore:

exp I T7]dx
cc

Poc = W }

"'" (2k - 1)

x 22 --c-

9"



The square of the cancellation ratio is,
C2 = P i c .. ....

Poc .2n 2 n n L 2n-2k 1

f r 0,C)2n m [13-5 (k )

ssowninApen ix ,thever2k) ) [1

As shown in Appendix A, the average target gain for an n-stage NT!

G = n-.-[1" 3 -5 • • (2n-l)
I

The MTI Improvement Factor is defined as the ratio output signal-
to-clutter power and the input signal-to-clutter power. Therefore,
the MTI improvement factor is

I C C2-
n -2n

2n[ 1 f- 3. 5 (2n-1)

cmf 2n n n2n) I\ 2n-2k
2+ k k 1 3 • 5 . . .(2k-l)

k=l
I

B3

is

"-

rr.
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