n
e, = z - =
) ot aje;,(t-1iT) (C-25)

i=0,1,...n

where:

aj = Binomial weighting factors, (1)1 (;1)
Therefore, the impulse response of a first-order nonrecursive filter to a

single pulse is given by:

e, = e; (t) - ej,(t-T) (C-26)

Noise

The rms noise transfer properties of a single stage MTI canceller is:

- 2 2 . 2 2
n = -
MTI, 430 AMTI, .7 F oaj nMTIli (C-27a)

2

I

Thus, the noise power transfer function of a single stage MTI canceller is:

NMTIl =  NMTI o+ 3 dB (C-28)
0 i

Desired Signal

For a desired signal (synchronous signal), the signal power transfer
gain for a single stage MTI canceller when averaged over all possible doppler
frequencies is 3 dB (Nathanson, 1969). Since the noise power density is
uniform over the MTI filter, the filter treats both noise and signal (on the
average) alike. Thus, there is also a 3 dB power transfer gain in both noise
and desired signal in a first-order MTI filter. Hence, the signal-to-noise
ratio (SNR) at the MTI canceller output is the same as at the input to the
MTI canceller.



Interfering Signal

For an asynchronous interfering signal, the number of interfering pulses is
increased by a factor of two for a single stage MTI canceller, resulting in
an increase in the interfering signal average power. The asynchronous
interfering signal bipolar output is converted back to unipolar resulting in
two positive output pulses for each asynchronous input pulse. Figure C-11
shows an aysnchronous interfering signal output measured on an ASR-8
operating in the CANC 1 mode. Equation C-26 indicates that the interfering
signal peak power transfer properties of a single stage MTI canceller is

given by:

1 -1 (c-29
MIT1o s £} :

Using Equations C-28 and C-29, the INR transfer properties of a single stage
MTI canceller for asynchronous interference are given by:

INRMTIIO = INRwrr,, - 3 dB (C-30)

D St Cancel T P

Figure C-12 shows a block diagram of a double stage MTI canceller with
feedback (second-order recursive filter). The canonical form of the double
stage canceller with feedback is shown in Figure C-13. Different modes of
MTI canceller operation are obtained by varying the feedback coefficients
(by and b2). By changing the feedback coefficients, the doppler frequency
response of the MTI filter is shaped to permit improvement in the subeclutter
visibility (SCV). TABLE C-1 shows the canonical feed-forward coefficients
(a0, a1, a2) and feedback coefficients (by and by) for the different modes of
operation of the double stage cancellers in the ASR-7 and ASR-8. The
Z-Transfer function of the second-order recursive filter is given by:

s a + alz_l + 322'2
H(Z) = 'e—— - ” (C—31)
in 1 -2
bz + bsZ

z‘1 = Unit delay, (t- T)

Cc-18
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Figure C-12. Second-Order MTI Filter with Feedback for
Velocity Shaping
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Figure C-13. Canonical Form of Second-Order Recursive
Filter
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T . = Radar pulse period, in seconds

a; = Binomial weighting factors, (-1 (2)

n = filter order, 2

by = Canonic feedback factors
The binomial weighting factors are 1, -2, and 1 for a second order filter.
However, on some of the new digital radars binomial weighting factors

(feed-forward coefficients) of 1/2, -1, and 1/2 are used to reduce word size.
Equation C-21 can be rewritten using the non-canonic feedback coefficient

(K1 and Kz):

_ B a, +a;z 1 722
H(zZ) = ein - o i} + 4 . (C—32)
2

1-(Ry .+ Kp)z7l + kg2~

The frequency response magnitude of the second-order recursive filter
transfer function is determined by letting z~1 = ¢™J%dT and is given by:

sin4 (wgT)
. T2
IH(eij)l = 2. - .
[l+(Kl+K2)+Kl']—Q(l+K1)(K1+K2)cos WqT+2K; cos 2wgT
' (C-33)
where:
wyg = Doppler frequency of return signal, in radians per second
Kl and K2 = Feedback constants

Figure C-14 shows the frequency response characteristics and improvement
factor for several feedback constants for a second-order recursive filter.

For the non-feedback MTI canceller mode (1 and 2 CASC, by and by = 0 )
the MII filter has no poles, and Equation C-31 reduces to:

e

o
H(Z) = &= = ap + a1z71l + ay272 (C-34)

Therefore, the MTI canceller output response becomes:

e = agejp(t) + ajein(t-T) + azein(t‘ZT) (C-35)

c-21
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Noise

The rms noise transfer properties of a double stage MTI canceller for
the non-feedback mode (b; and by = 0) is given by:

_ 2.2 2 2

n = /a_“n + 2 ELy
MT I, o "MTI; T f1 "mrr,; %2 Mwpr,, (C-3%a)
= ,Jl.S nMTIZi; for a; = %, -1, and % (C-36b)
—
= .6 nMTIZi ; for a; = 1, -2, and 1 (C-36¢c)

Thus, the noise power transfer function of a double stage MTI canceller is:

]
X
~

1

—
-

N = N + . ; :
MTI, MTI, 4 1.8 dB for a

i and % (C-37a)

1}
—
-
!
K
~

NMTI = N + 7.8 dB; for a, and 1 (C-37b)

20 MT Ly

For the MTI canceller feedback modes of operation the rms noise transfer
properties are determined using a recursive algoritnm. The noise power
transfer properties for the different feedback modes were obtained by
simulation (see Appendix E), and are shown in TABLE C-1.

The noise amplitude distribution at the canceller output is Gaussian
distributed with a zero mean. Since the MTI canceller sums the noise at the
input to the canceller which has a Gaussian amplitude distribution, the
output noise amplitude distribution is also Gaussian.

Desired Signal

For desired signal (synchronous signal), the signal power transfer gain
for a double stage MTI canceller without feedback or with feedback when
averaged over all possible doppler frequencies is the same as the noise power
transfer gain (see noise gain in TABLE C-1). Since the noise power density
is uniform over the MTI filter, the filter treats both noise and signal (on
the average) alike. Thus the signal-to-noise ratio (SNR) at the MTI
canceller output is the same as at the 1nput to the canceller wnen averaged
over all possible doppler frequencies.



Interfering Signal

For an asynchronous interfering signal, a double stage MTI canceller
will produce several interfering signal pulses at the canceller output for
each interfering pulse at the MTI canceller input. These interfering pulses
at the MTI canceller output are synchronous with the radar system (i.e., fall
in the same range bin in successive azimuth change pulses). The amplitude of
these pulses produced by a single interfering pulse are a function of the
feed-forward coefficients (ag, a1, as) and the feedback coefficients
(bl and b2 ) .

For the non - feedback MTI canceller mode (1 and 2 CASC, by and by = 0),
the response of a double stage MTI canceller to a single interfering pulse is
given in Equation C-35. Therefore, each interfering pulse produces three
synchronous interfering pulses. Equation C-35 indicates that the interfering
signal peak power transfer properties of a double stage MTI canceller due to
the binomial weighting factors (feed-forward coefficients) is given by:

= . = = -3
Iuri,, = ImMTIg; i for ag %, -1, and % (C-38a)

= -7
IMTI,, = IMTIy; ° 6 dB; for a; = 1, -2, and 1 (C-38b)

Figure C-15 shows a photograph of a MTI canceller output measured on an ASR-8
operating in the 1 and 2 CASC mode. The center pulse in Figure C-15 1s twice
the amplitude of the first and third pulses due to the binomial weighting
factors of 1/2, -1, and 1/2. Figure C-16 shows a simulated MTI canceller
output for the 1 and 2 CASC mode, and a four volt interfering pulse. The two
additional pulses generated by the MII canceller are synchronous with the
radar PRF.

Using Equations C-37 and C-38, the INR transfer properties of a double
stage MTI canceller in non - feedback mode for ai_=1/2, -1, and 1/2 or 1, -2,
and 1 are given by:

INR - 1.8 dB (C-39)
INRypy, MIT,, _

The double stage MTI canceller output response after rectification to an
interfering pulse for various feedback modes of operation were simulated and
are shown in Figures C-17 through C-20. The simulated responses are for a
four volt interfering signal at the MTI canceller input. The figures show
that when operating in the feedback mode, there are more than three pulses
out for each interfering pulse. However, by the third or fourth pulse, the
interfering signal is down below noise level (1 volt) depending on the
feedback constants and interfering signal level. The interfering signal peak



Figure C-15. Measured Double Stage MTI Canceller Response
to an Interfering Pulse (1&2 CASC Mode)
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Figure C-16. Simulated Double Stage MTI Canceller Response
to an Interfering Pulse (1&2 CASC Mode)
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Figure C-17. Simulated Double Stage MII Canceller Response
to an Interfering Pulse (SCV-25 Mode)
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Figure C-18. Simulated Double Stage MTI Canceller Response
to an Interfering Pulse (SCV-30 Mode)
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Figure C-19. Simulated Double Stage MTI Canceller Response
to an Interfering Pulse (SCV-35 Mode)
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Figure C-20. Simulated Double Stage MTI Canceller Response
to an Interfering Pulse (SCV-40 Mode)
Cc-27




power transfer properties for each of the MTI canceller modes are shown in
TABLE C-1 along with the INR transfer properties of the various MT1 canceller
feedback modes.

RECTIFIER

The output of the MTI canceller circuits are fed to a full-wave
rectifier in analog radars or an absolute value algorithm in digital radars
to convert the bipolar video at the canceller output to unipolar. The
rectifier output signal-to-noise ratio (SNR) is the same as at the rectifier
input. The noise amplitude distribution at the full-wave rectifier output
will be one-sided Gaussian since the noise amplitude at the MTI canceller
output was Gaussian. The noise amplitude PDF at the rectifier output is
given by:

p(V) = 2 e—v2/2c52 ; 0 ivi oo
V21rv

(C-40)

where:

0 = rms noise level, in volts

The desired signal-plus-noise amplitude distribution PDF at the single
channel MTI rectifier output for a double stage MTI canceller is shown in
Figure C-21. It should be noted that the rectifier output signal-plus-noise
amplitude distribution PDF shown in Figure C-21 is for the radar operating in
the staggered mode and the signal averaged over all possible doppler
frequencies. The PDF shown in Figure C-21 was obtained by simulation.
Although the signal-plus-noise amplitude distribution PDF at the rectifier
output is not of the nature of a one-sided Gaussian distribution, it can be
approximated by:

2 2,2
p(v,A) = 2 e 7 /2(0"+A7/2) ; 0 SV <+ ® (C-41)
U ——
Vom(o24a2/2)
where:
g = rms noise level, in volts

=
n

Desired signal amplitude, in volts

Figure C-22 shows a plot of Equation C-41 for comparison with the

Cc-28
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simulated‘single channel MTI rectifier output signal-plus-noise amplitude
distribution PDF shown in Figure C-21.

DUAL MTI CHANNEL TRANSFER PROPERTIES

Figure C-2 shows a block diagram of a dual channel (inphase and
quadrature) MTI radar. The signal transfer properties of the inphase and
quadrature channels are identical to the single channel transfer properties
previously discussed. The output of each channel 1is combined in the
following manner:

R= A1) + (Q)2 - (C-42)

Circuit implementation to achieve Equation p-42' in the combiner is complex.
Often a simplified approximation to Equation C-42 is implemented by summing
the larger vector amplitude with one-half the smaller vector amplitude as
shown below:

R=|1] + [e/2] 1if [1] > |q|
(C-43)
R=[Q] + [1/2] ir |1] < |q]

The noise amplitude distribution at the output of a dual MTI canceller
is Rayleigh since the transfer properties of the combiner (Equation C-42) are
similar to an envelope detector. The desired signal-plus-noise amplitude
distribution PDF at the dual channel MTI combiner output for a double stage
MTI canceller is shown in Figure C-23. It should be noted that the combiner
output ‘signal-plus-ncise amplitude distribution PDF shown in Figure C-23 is
for the radar operating in the staggered mode and the signal averaged over
all possible doppler frequencies. The PDF shown in Figure C-23 was obtained
by simulation. Although the signal-plus-noise amplitude distribution PDF at
the combiner output is not of the nature of a Rayleigh distribution, it ecan
be approximated by:

v 2 2 2
p(v,A) = ——5— e -v/2(0"+A"/2) ; 0<v<+4w (C-44)
(oc"+A" /2
where:
0 = rms noise level, in volts
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A = Desired signal amplitude, in volts

Figure C-24 shows a plot of Equation C-44 for comparison with the
simulated dual channel MTI combiner output signal-plus-noise amplitude
distribution PDF shown in Figure C-23.

The fact that dual MTI cancellers have the COHO reference signal of the
inphase and quadrature channels phase shifted by 90 degrees, and the method
in which the two channels are combined, a signal-to-noise ratio (SNR)
improvement is achieved over a single MTI channel. The SNR improvement of
dual MTI channels over a single MTI channel was investigated (Nathanson and
Luke, 1972), and is shown in TABLE C-2. The table shows the SNR improvement
for a single pulse (unintegrated pulse train) as a function of probability of
false alarm (Pg¢) and probability of detection (Pq). For an asynchronous
interfering signal, the INR enhancement of a dual MTI channel over a single
MTI channel is approximately 1 to 2 dB at MDS.

Cc-33



ybte1Aey Jo

“(pp-D UOTIENDLY) UOTINGTIISTQ

UOT}oUng AJTSUSU AITTTYRgOId "pg-0 2anbtg

SLTOA
"8 "L °Y *g v £
4P 0T = N/S
qp <1
ATuQ @sTON
SITOA GZ°0 = (0)[Pn37] 2STON SWH
I}

COSE:



9L°€T  B9'EI 95" €T PETET PT €T 6L°CT S6°TT | G6°0
§8°0T  8L°0T 99°0T SpoT 92°0T 266 Z176 6°0
70" 8 L6"L 98" L 99" L 87 "L LT L Sv°9 80
1S°7 SPTY SETY 6TV S0 ¥ T8°¢ 62" ¢ S0
P
d
01-0T g-0T 9-0T 0T ¢-0T 20T 1-0T 3

ATuo |0| a0 Atuo |I|

dSTINd ATONIS ‘ (TYNDHIS OHNILYNLONTA) NO + NH 40 NOILDILAd
(STAEIDAA NI) INIWIAOHAWI ISION-OL-TVNDIS

OL JATLVTHY

¢ =0 dTdY.L

C-35





