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1.0 INTRODUCTION

»
P
» e

This is the fourth and final quarterly prog: -ss report for a one year
study of convergence in adaptive radar. During . serles of earlier adaptiye i:
radar studiegf&?giJiﬁ TSC, funded by Naval Air 3.stems Command, a method g
of optimizing hoth the angular and doppler res.mse in AMTI (airborne E
moving target indication radars was described -nalyzed, &nd simulated %
in some detail., These studies showed that aw: . tive AMTI radar can ?
provide a major improvement in performance - 2 mixed clutter/ECM g
envifpnment,/,) ?
§ In the first progress repo£;{ jwig; b..s1lc adaptive AMTI technique was z
? described, and three adaptive algorithms wexre compared. These algorithms [;
g were sample mairix inversion SMI, inverse matrix update IMU, and the E
i Applebaum loop algorithm. Both SMI and IMU algorithms are shown to be E
.g very fast in terms of number of data samples xequixed for convergenc;. H%
?{ These algoritlms are more complicated than the loop technique, though, ég
. and are probably best implemented using digital techniques. Section.zf/ﬂ 5;
-ofﬂghis report presentﬁresults of a computer simulation of aralogue to 7{
.

digital (A/D) conversion. A theory predicting the performance loss due

L \

; e
to quantization was presented in progress report 3 of this contract and

1s included as Appendix I. This theory is compared with simulation results

T W g, oMo AN NG o e,

in Section 2. The program used to obtain the results of Section 2 is

/

e L e ey T ;g = 3w F

included as Appendix II., In Section 3 of this report some further results

are shown for the IMU technique, using the program listed in reference 3.

.....



2.0 SIMULATION CF QUANTIZATION AND LIM1TING

In this section we consider the effect of converting the input
anzlogue data to digital data in an adaptive AMII array, including the
ability to reject clatter. A/D conversion introduces two different
types of non linearity, one is quantization which produces a step like
approximation to a straight line transfer function and the other 1s
limitirg which renders the output constant after a particular input
level is reached. These effects are important, since the number of
bits used in a quantizer is liuited for economic reasons and must be
as small as is consistent with good performance. The above non-
linearities are simulated separately and together using the computer
programs in Appendix II. The simulation of quantization and limiting
separately allows comparison with the theoretical results for quantization
0 noise given in Appendix I,

The example considered for simulation is an AMTI radar system in
which the weights wep ere multiplied by the output of a pumber E of
receiving antenna elements on each of a number T nt pulses and then
added to obtain the radar output. The non linesrities are introduced
as shown in Figure 2.1. The weights as in esrlier studies can be
nearly ortimized, using data samples collected by the radar. A single
sample of data is defined as the set of returns frcm a single range
Uin at cach element on each pulse, so that for a z pulse MTI with 4
antenna elements, # sample would contain eight complex values. All

weighes and voltages are complex thereby preserving both phase and
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amplitude information. Each channel shown in Figure 2.1 comsists, in
fact, of two quadrature channels, oue in-phase I, the other 90° out-
of-phase Q. On transmission the elements are combined with equal
weighting to form a fixed transmit beam.

In a computer simulation where the interference or noise (in this
case distributed ground clutter and receilver noise) is known exactly,

an ideal covariance matrix M for a linear system is computed as

b

J
=T wp |2 - -
an j‘: \Y , an exp ( X (Dnj ij)> (2-1)

[
B

where
Vm = the voltage at the mth element (pulse) from the
. jth scatterer

Dm = distance from scatterer to element

4
o

A = transmitter wavelength

* means complex conjugate

For corvenience the indexing vver anienna elements and pulses is combined
sc that Veu becomes Vm where m = e + (p-1)E. Included 1n V is the
scatterer amplitude and any other amplitude weighting such as the trans-~
nitter antenna pattern end individual element patterns.

The signal-to-clutter or MII gain is given in vector notation by

S !

G =
*
WMl (S/C)o

(2-2)




for a set of weights W, where (S/C)0 is the signal to clutter obtained
on a eingle pulse with uniform weighting on receive and transmit. This
factor is used for normalization.

[1-4]

As ex)iained in previous references the weights that maximize

S/C or G are known to be

Wo=M S (2-3)
and
C = IW°S|2 1 qu’ls* 1 (2-4)
* = LR} -
T (s/0), (s/c),

where S is the desired signal vector. When non-linearities are present,
for ecxample as indicated in Figure 2.1, the clutter covariance matrix
cennot always be readily calculated. Instead it can be found by using
computer generated data samples to form a sample covariance matrix (or
its inverse) as it would be done in an adaptive radar using digital

| processing. The cample covariance matxix M is given by

~

M JL-Su"u 2-5

where the summation is over independent samples S. The Qmj's are the
element voltages after the non-linearities are applied. In the computer
simulation, each voltage for a given sample is generated by choosing

a different set of Caussian distributed random numbers for e prescribed
set of scatterers. The sample covariance matrix is an approximation

(5]

tr the ideal matrix for a set of scatterers. As it was shown previously

the convergence is very fast.
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The sample covariance matrix can be used to compute a set of weights. -

Tnus

W is® (2-6)
The question then is how to test the weights W8 generated from a sample
covarlance matrix. It is meaningful with a linear system to test thue
WG using the ideal covariance matrix since M M as the number of samples
becomes large, With non-linearities present this 1: not so.
Iwo cases are of practical interest. In case 1 a sample ratvix is
found ﬁl and used to create optimum weights Wl for ﬁl. Then these weights

are tested on the same sample data used to obtain the welghts. Thus Case 1

h—l * - —
W, = M 7S : (2-7)
A % 2
.. "1“1,;_“_1 ., 1L lwlsl 1 (2-8)
1 N (s/c) o K% (S/C)
AN o WHW 0

where ﬁls and ﬁl are the covariauce matrices with and without signal.

Case 2 is similar to the above except that the sample matrix used for

testing the weights wl is made up of different samples. Thus in Case 2 !

W= MTS 2-9)
st

2 e G0, (210
1271

In this forwulation the signal is not present in the simulation and is

assumed to be unaffected by the non-linearities. Since signal loss is

quite small even with hard limiting this 1s & reasonab le approyimat fon.

ST ————

3
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Case ? i3 easler to apply in practice. For Case 1 to be
implemented, the data from all elements is stored and used tc form a
covariance matrix, then the weights derived are used on each range
cell individually. This requires more rtorage than in Case 2, where
the weights are used on succeeding range bfns as the data arrives.,

In practice the weilghts would be applied to each rezage bin individ-
ually to maximize the signal-to-clutter gain. For simulation purposes
one is interested not in individual, but in aversge performance, there-
fore one can apply the weights to the already summed covariance matrices

A ~

Ml or M2 as in Equation 2.8 or 2.10. This is equivalent to applving the
weight to each sample individually and averaging the rosults.

The relations discussed so far contain the assumption thet the
signal is not present during the collection of data, i.e. that no signal
is present in the covariance matrix used to dztermine the optimum weights.
This situation cannot be strictly true in Case 1, or no signals would be
detected. It could be true in Case 2, if the data used for determining
the weights were obtained over a region known to contain no signals.
From previous s‘mulationsls] it has been found that little degradation
in performance occurs when signals are present. If signals are small
the dominance of clutter which is present in many range bins compared
to the one or two for signals determines the weights as if the signals
were not present. If the signal 1s large detection is not & preblem

Two types of non-linearities are explored = tne sirulction,
quantization which o:~urs in the ceonversion of =znalop d2ta to digital

as ludicated in Figure 2.2, where a linear fuinction is replaced by a
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Figure 2.2,

A/D Converter With Equal Step Sizes.
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steir step, and limiting as also indicated in Figure 2.2. The limiting
can be either in the I and Q channels in which case phase distortion
occurs, or amplitude (envelope) limiting as might be performed at IF
before the quadracure channels are determined. In the latter case

the amplitude is limited without causing phase distortion.

2.1 QUANTIZATION

In Table 2.1 are shown results for quantization noise with no
limiting for various valnes of step size A divided by RMS input voltage g,
The example used consists of a 4 element antenna with .5) spacing between
elements and 2 pulse MII. The beam is broadside to the array and is
almed in the iirection of travel of the radar which is woving at a rate
of .2\ per pulse. Thirty scatterers are distributed uniformly over 180°
to simulate ground clutter. Under these conditious the ideal MTI gain
as defined earlier is 53.8 dB. | |

The lcsses shown are the MTI gain values obtained with quantization
divided by the ideal performance and expressed i. dB. In this Table 24 or

3N[1] samples are used to form the sample covariance matrix M, which

1

is used to generate the weights W These welghts are then tested on M

1
for Case 1 and on ﬁz which is formed from an equal number but different

set of samples., The experiment is repeated 12 times Zn this Table, i.e.

1

12 runs and the results of the .uns are averaged. The variance as shown
ir gnite small,

Some of the simulation vul.es shown for Case 1 are negative indicating

(I]Where N is the gumber of degrees of freedow wiich 4n this case is
2x 4 = 8,




QUANTIZATION LOSS (dB) (NO LIMITING)

10

Table 2.1

2 pulse MTI 4 elements

Platform motion 0.2)\ per pulse

Ideal performance (no quantization)

Samples used in M= 24 (3N)

Theoretical Quant. Loss = Lq,L

30 clutter scatterers uniformly
distributed over 180"

Runs averaged = 12

Q

G = 53.8 dB

Beam angle 0° from velocity vector

Theoretical Sample Loss LB = 1.43 dB

Ao Case LQ LQ, LQ+LS Simulation Loss Variance
0 1 -1.65 034
2 0 0 1.4 1.24 .021
.01 1 .02 .073
2 1,90 3.47 3.33 2.97 042

.02 1 3.44 .05€
2 5.05 6.43 6.586 .038
.04 1 7.873 075
2 9.91 11.33 1G.94 126
.08 1l 13.65 .059
2 15.54 16.98 16.63 .060

Case 1-W, tested on ﬁ Case 2 W

1

1

1

a gain, A/c = step size/RMS voltage.

tested on M,.

2

All values are in dB (-) indicates

»e

o g 1
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an improvement over the so called ideal linear case. This is

possible when the weights generated from a particular set of samples

are used on the samc set as in Case 1. The same weights give poorer

results when used on other sets of data generated by the same process.
Two theoretical results have been developed for loss from

ideal performance. One loss is due to finite sample size and is given

yl5]

S+2-N
Ls = 10. loglo( S ) (2-11)

wvhere S is the number of samples used, and N is the degrees of freedon,
i.e. E+ P in this case.
The other loss due to quantization was derived in Progress Report #3

and is reproduced in Appendix 1. This is given by

SM"S
LQ 10. Log10 S*M_l° i (2-12)
Q
vhere
A2
HQ = M + "g- I (2'13)

Using another appruximation, a second formula for the lose was

obtained as
%
. A2 W W
L. = 10, Log. 1 - — T (2-14)
Q 10 6 s*y 1S
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In Table 2.1 the simulation and theoretical losses are shown.
It is seen that there is good agreement ?etween Case 2 simulation
results and the total losses based on sample size and quantization
loss. The approxzimate results for Lé loss do not give such geood
agreement.

Table 2.2 shows the losses for various numbers of samples in the

covariance matrices. Theoretical and simulation results are in very

good agreement and the variance seems reasonable for the values chosen,

2.2 LIMITING

In this section limiting without quartization is explored by simula-
tion. Two kinds of limiting are considered. Amplitude or envelope in
which the vector amplitude is limited but phase is not distorted, and
limiting in the IQ channels where both phase and amplitude are affected.
These two types are illustrated in Figure 2.3. |

While there are theoretical results for hard limiting, it is difficult
to obtain theoretical results for linear operation with the various
degrees of soft limiting used in this case. Simulation results are shown
in Table 2.3 for limiting in the IQ channels and in envelope, as a function
of limic levels divided by RMS input voltage 0.

It is interesting to note that for strong limiting {(small values
of $/0), IQ limiting seems to produce the greater loss. This perhaps
is due to the greater phase distortioca. At values of S/o producing less
liwicing, losses seeﬁ to be higher when amplitude liniting 1is used.

Also, the variance is quite high for the lower limiting values. Jdoth
of these results may be due to the fact that for larger values of S/o

there 1s less limiting in 1Q, thereby causing less chance of a degraded




Table 2.2

QUANTIZATION LOSS (dB) (NO LIMITING)

2 pulse MTI 4 elements

Platform motion 0.2) per pulse

Ideal performance (no quantization)

Samples used in M= 24 (3N)

30 clutter scatterers uniformly
distributed over 180°

Beam angle 0° from velocity vector

s/C - 53.8 dB

Runs averaged = 12

1
Theoretical Quant. Loss = LQﬁLQ Theoretical Sample Loss Ls
Sample=64 (8N) Sample=32 (4N) Sample=16(2N)
Runs=4 Runs=9 Runs3=19
L.=.5 dB L.=1.03 dB L_=2.3 4B
S S S
' Sim, Sim. Sim.
Alo  Case LQ LQ, LQ+LS loss Var. LQ+LS Loss Var. LQfLS Loss Var,
-.61 .007 -1,275 .015 -3.02 .068
.001
. 024 .024 .52 .33 .001§1.06 ,923 .026) 2.33 2.35 .073
1.22 .03 .55 .025 ~1.1  .121
.01
1.91 2.4 2.3 .01512.94 2.7 0351} 4.2 4L 01 .094
16.9 .007 16.13  .047 14.35 .273
-1
17.42 17.9 18.02 .012 [18.46 18.4 .028 19.72 19.37 .102




i
é-;
7

¥

14

/ IQ Limiting

\

”’ﬂ—"’//’// Envelope Limiting

N

Figure 2.3. Showing IQ and Complex
Envelope Limiting,

b ot s b ae o

ot oo R




15

result. When limiting does occur considerable degradation results.
This is usually indicated by drastically increased variance.

The percent limiting, shown in Table 7.3, is obtailned by counting

the number of times that limiting occurs during simulation. The reason
that thr.e is more limiting in the ervelope cave (the circle 4in Figure
2.3) is probably that the sample vectors have mors "non-limit" area in

the complex plan when IQ limiting is used (the square in Figure 2.3).

2.3 LIMITING AND QUANTIZATION

-

Simulatior MTI gains are shown in Figure 2.4 &id 2.5 for quantization
and limiting combined as a function of normalized saturation level S/o
(0 = RMS input voltage). The results are shown for 8, 9 and 10 bits.
As S/0 increcases, limiting decreases but the quantization step size A
increases so that there are optimum values of S/v. Since quantization
noise degrades performance slowly compared to limiting, there is a fairly
broad region of S/o values over which to operate.

There is little difference as indicated by Figure 2.4 and 2.5
between I1Q and envelope limiting in the region of small limiting as
might be expected. With strong limiting envelope limiting shows beiter
but highly degraded performance.

In Figures 2.6 and 2.7 results are shown for a case with hicher MTI
gain. In this case the scan angle is 90° to the flight path, and the
interpulse motion is close to A/4, the velocity and angle for which
é Perfect platform motion compensation is possible. MITI gain is plotted
in this section rather than losses to illustrate performance at difiereunt
g2ln levels. The Case 1 performance in which Wy 1o used with ”1 rather

than M2 (Case 2), exceeds the steady state or idesl perforwmance, This




........
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Table 2.3
Simulation Results for Limiting Only
2 pulse MTI 4 elements 30 scatters
Platform motion = 0.2\/pulse Beam angle 0.0

Ideal G = 53,8 dB

Sample = 64 (8N) Runs = 4
X I and Envelope
)3 4
S/o Case |Loss(dB) Variance Limiting Loss (db) Variance Limiting
1.5 1 30.5 .015 27 21.3 .039 32
2 31.7 .001 22.4 .014
, 2,0 1 24,0 .07 9 18.4 .05% 14
2 | 26,7 .17 20.6  .015
2.5 1 12.3 ©.533 2.66 12.2 .162 4.33
2 15.9 1.25 16.1 .023
3.0 1 2.34 646 .39 2.91 .82 .86
2 4,63 .859 5.74 .92
{ 3.5 1 .632 .01 .04 .009  .157 .23
| 2 .28 .002 1.4 .128

S/o = Saturation level/RMS voltage.
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4 elements 2 pulses
- Element gpacing = ,5)\ Interpulse motion =.2)\/pulse
Samples = 64 (8N) Runs = 4
Scan Angle = 0°
7] STEASY STATE GRIN(DB! = 53.8
© Case 1
A Case 2
K
—
1 1 1 : | \ 1
¢.0u 230 3.00 .40 4.0 L R S0

Figure 2.4 MTI Cain vs IQ Limielguvcl and Number of Rits
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4 elements 2 pulses
Element spacing = ,5\ Interpulse motion = .2 1A/pulse
Samples = 64 (8N) Runs = 4

Scan Angle = 0°

STERJY GTATE GAIN(DB! = &3.8

S,
5 g Bits
© Case 1 | A ~0 - 10
A Case 2 —e—
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Figure 2.5 MTI Gain vs. Envelopa Limit Level and Number of Bite
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is possible since the weights are determined for a particular set of
samples and used on the same sample set.

In Figure 2.8 the same example is used as in Figures 2,6 and 2.7
but the range of S/o0 is extended and different numbers of bits are
used. This Figure shows clearly, that while there is an optimum
ratio of limit level S to average voltage o, the optimum is quite
broad, and performance declines slowly with increasing values of S/o.
This shows that it is clearly betcer to operate in a region of low
limiting, and to bias the operating point toward the high side of S/¢
when o is changing rapidly or 1s nct accurately known.

Figure 2.9 shows similar results for a lower performance level.
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4 elements Z pulses
. Element spacing = .5\ Interpulse motion = .625\/pulse
Samples = 32 (4N) Runs = 4

Scan Angle = 90°

STEADY STARTE GRIN(DBY = 36.7
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3.0 SOME CONVERGENCE EXPERIMENTS
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[3]

In the first progress report the convergence rates of three

algorithms were compared using a computer simulation. The sample matrix

inversion (SMI) and inverse matrix update (IMU) techniques were shown

to be comparable and very fast when measured by t“. number of independent

data samples requlired to converge, The Applebaum loop, «hile much gimpler

to implement, converges much more slowly requirlng hundreds of samples, in

the example shown, compared to two to four times the number of degrees of

freedom, N, required by SMI and IMU.

The SMI technique is known to require the least number of saimples

under all conditions, and requires only N(N+1)/2 complex multiplications
w[5]

to form M"”°., Thesc propercties are invariant ove: all problems, thereby

making the technique extremely powerful.

To invert the matrix M for SMI requires about N3/3 nultiplications

or divisions. There are several ways of doing this, i.e. solving the set

of simvltaneous equations required to ottain the weights, or inverting

the matrix by various methods. Computational protlems may be involved

in the SMI or IMU technique when high speed and limit.d numbers of bits

is a requirement.

The TMU algorithm is simple to program, requiring only about

1.75 N2 + 2.75 N complex multiplications, per data sample. This can be

s2en from the recursive equation
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SN
31 1 - 06 V") Gy

M = M, — - -
4+1  (1-a) "3 1-o (l—a)*u(VTM;lv*) (3-1) :
where the sample matrix is given by
*
Mj+1 = (1-a)Mj + uvjva (3-2)

~] * -1
Basically Mjlv ls formed using N2 multiplications, VTMj" is formed

-1 %
by taking its conjugate, and to obtain vrujlv requires a further N multi-

- -1 * -
plications. Since Mjl is Hermltiap, multiplying Mj V by VTMjl requires

N(N+1)/2 multiplications. Finally multiplying by the constants provides

for the reamining multiplications. .

;
4

The simplicity of implementing IMU makes it interesting to see how

fG e G e

many samples are required for convergence both as a function of a and of

the starting values of Mﬁl. For fixed values of o an exponential weight- }

3

ing is applied to the incoming data samples as they are used to update

P R

the matrix. Wien a = E%T, equal veighting is applied to the data samples

used to update H—l. :

The starting values of M—l are less easily parameterized since they
%
could be anything from a1 arbitrary choice to a choice which is close to

7 the correct value, "o explore IMU as a function of the initial matrix

Mo one wishes to construct a problem related to a practical radar situa-

W

tionu in which external interference (clutter, jamming etc.) is changing.
Also one would like the weights to change in such a manncr that a required

Performance is mainrained. For example, one unight require the weights to
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adjust as the antenna rotates between pulse groups. This was treated
In the first progress report[sl. For another example, one might require
the weights to change with the changes in clutter with range as treated
in a previous TSC study[6] The latter might be caused by terrain changes
such as a land to sea iInterface.

In these experiments antenna step scanning was assumed in such a
manner that the weights are optimized at one angle, then the antenna is

rotated to a new-.angle and held fixed while new samples are taken. In

Figure 3.1 the TMU process is started with the diagonal having the same

1

values as the diagonal of the inverted matrix IM; for the previous angle.

The inverse matrix is then updated with the new data, using o = E%I ,
i.e., givirg equ:l weight to each new sample.

A large rotation angle 5° was chosen to accentuate the missmatch.
The results for the IMU and SMI techniques are seen to be quite similar.
The loop convergence performance is also shown for the case where st;ady
state performance was reached at the previous angle. The gain/TAU ratio
is adjusted so that control loop noise in the steady state increases the

total output noise by 25%[7].

It seemed reasonable that if the entire inverse matrix for a previous
starting angle were used, that the results would be equally good if not
better. Figure 3.2 shows that this is not the case, at least for this
example. The IMU performarce was considerably degraded when the ideal .
N;I for the previouscangle was used as the initial matrix.

Figures 3.3 and 3.4 show that using the previous inverse matrix
diagonal even when it is multiplied by .1 or 10 gives extremely good

agreement between the SMI and IMU techniques.
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rigure 3.2 ADAPTIVE ARRAY/NOPPLER PROC.
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pigure 3.2 ADAPTIVE ARRAY/DOPPLER PROC.
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rigure 3.3 RDAFTIVE ARRAY/DOPPLER PROC .
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Figure 3.4 ADAPTIVE HRRAY/DOFFLER PROC.
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In Figure 3.5 - 3.7 different values of o are shown using the

diagonal of the previous updated matrix.

These figures indicate that constant values of ¢ are much less
desirable than the varying value which gives equal weighting to the
samples. This 1s what would be expected in the step scan example,
assumed in this case. If a steady scan rate were used and data were
taken from many range traces, then an optimum constant value for

could be found.

The simulation progvam ADAPTM6 listed in the first progress report[B]

was used in these experiments.

WH&‘H



(n
-

g
W

4TI
PR S ¥

32

rigure 3.5 HDQPTIVE RRRAY/DCPPLER PROC.
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rigure 3.6 ADAPTIVE ARRAY/00PPLER PROC.
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APPENDIX I

LOSSES IN ADAPTIVE RADAR PERFORMANCE DJE TO QUANTIZATION

PRELIMINARIES

Analyses of adaptive radar performance usually neglect the detailed
effe+ts of quantization noise. If estimates of degradation in perfor-
mance are made, they often depend on costly computer simulations.

This situation is improved here for most cases of practical interesu
by developing formulas for computing the signal-to-noise loss in adpative
radar’performance due to quantizatiom.

Assune the adaptive array-radar has a receiving array of M identical
elements. Let zk(t) be the complex-valued process received by the k-th
element for k=1,2,...,M . In a pulse-sampling radar, pulses are transmitted
periodically with pulse repetition period T. TFor this case the - flected
signals from ar object at fixed range R = S%-are proportional tc . he
coefficient of reflectivity of that object. Here, of course, T is the
round-trip time required for a pulse to travel from the radar antenna
to the object and return, and ¢ is the velocity of light, Such a radar
samples the reflectivity of the object sequentially at times tl’tz""’tL
where tn = . T. The sampled data set associated with these sampling
times is the sampled data set {zk(tn)} of signals received from an object
at range R, It is convenient for mathematical purposes to represent

this sampled-data set as the column vector (matrix),
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Ay \ X1
"1:1("1) xb;
- : = | . = x
F?’ zy (t;) X (L-1)M+1
(tp) L

where N = MXL is the number of dimensions of the vector.

Radar detection involves a choice between two hypotheses, the

noise-only hypothesis Ho and the signal~plus-nolse hypothesis Hl.

Assuming additive Gaussian noise of zero mean, the expected value of

Pl X, given hypothesis HO (noise only), is
N K = 0,
\ef

Similarly the expected value of X, given Hl (signal plus noise) is

EX = 8§
e wher-e S is the colum vector (matrix)
4
{ c
! 1
; S
0 2
- S =1,
D: SN




of signal echoes that might be expected from an object at range R at
the M elements of the array from the L pulses. For hypothesis Hl’
the noise vector is given by N = X - S, Assume that all components of
M are Gaussilan and jointly distributed.

In order to detect signal vector § in the'rcceived sampled-data
vector X one nmust design a filter (a linear functional) f~r vector X

which is tuned to signal S. Such a sampled-data filter is the scalar

- *
y = :Z: V) ¥ = WX (1)

- *
of couplex numbers, Wy denotes complex conjugation and W denotes the

conjugate transpose of the column watrix W,

2.2 MOMENTS OF QUANTIZED VIDEO

To study the effects of quantization on adaptive radar performance
one needs to find the wouwents of the sample data filter y, given in (1},
To treat this problem let [xn] = [un] + i[vn] be the quantized or digi-
talized value of the complex nuwber X, = vy + ivn where [vn] denotes

the digital value of the in ginary part of X - In the conversion from

analoges to digiral ler
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[xn] =x + 8(xn) (2)

where

E(Xn) = e(“n) + 1 e(vn) (3)

is the complex error. Here e(ﬁn) is the real part of e(xn) and e(vn)
is the imaginary part of error e(xn) in the A-D conversion process.
The error functions e(u) and e(v) are sawtooth functions of the real
and imaginary parts of x = u + iv, respectively. Explicitly, e(u)

and e(v) have the same Fourier series cepresentation, given by

e(u) = %.gg; “i)k sin (ZXku) and (4)
) = 8 T P sun (),
=1

rvespectively, where A is the quantizer step size in voltage [see Reference 1].
For signal-plus-noise the first moment of [xn], the quaatized
version of the n-th component of the sampled-data vector X, is by (2)

and (3)

E(x ] = E(xn + a(xn))
= Exn + E(Exn)

=8, + Ee(un) + 1 Le(vu)
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Replacing e(0 ) and e('l‘n) by their Fourier series, eq. (4), and )
inverting the order of the summation and expected value operator E,

yields

2]
k
] 5 D g g, 21 21k
E[xn] s, + A on E {sin % Y + 1 sin A vn}

k=1 }

Since On and Tn are independent identically distributed Gaussian

“variates with means R(sn) and I(s ), respectively, where R(sn) and

I(sn) are the real and imaginary components of signal component S .
]
© 2/, 2
~(u_-Rs )/20
Esin(-g%@u>=-}—- e o U e(u )du
n /o5 J n’ n

~212k? (6/0) 2 ITKR (s )
= e sin(A n)

and 5 9 2
=2°k"(0/b) 21kI(s )
27k n
Esin|\——v = e sin| ——m——
( A n) A
Taus

k  —2mk2(a/8)?
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where R(sn) and I(sn) are the real and imaginary components of the n-th
component s of the signal vector S and o is the standard deviation of
the noise.

For most cases of practical interest in adaptive radar A << ¢.
For this case . ;

(e )

E[xn] =5 + 0 (e

where O(y) denotes the order of y as y tends to zero. Evidently
E[xn} is closely approximated on the average by the S i.e. E[xn] =8 .
The ccmplex covariance matrix of [X], the quantized version of the

data vector X for noise alone is by (3)

M. = E[X][X *
o = EXIX]

- BE(X + ()X + e
e BT+ Ee(®) {e)} + Ede@ I + x{e) 1)

(5)

where * denotes conjugate transpose and e(¥X) is the column vector of

complex quantization errors s(xn), as given by (3), namely,

e(xl)
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The first term of (5) is the covariance matrix M of the sample-data
vector X, i.e.,
*
M= X

To treat the second term of (5) and make use of previous results,

we must transform the data sample vector,

xl ul + ivl
X u, + iv

xnl 3 = . L] '=V+;[V (6)
XN uy T 1%

of n complex components into the data sample vector

41 uy
Y2 uy
] » U
U = . = = (7)
. V. Vv
. AV
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ol 2N real components where Uy is the real part of sample X vy is the

imaginary part of sample X s and

Y 1

Y Va

U = ’ andl V = *
u v

\ N N

are the real and imaginary parts of X, respectively.
Let also the complex covariance matrix M and its inverse M—l be

decomposed into real and imaginary parts as

M=A+1B and M ' =C+ 1D (8)
Then the 2N % 2N symmetric matrix
A, - B T
V= = EFYY (9)
B, A
has the inverse
~1 /C’—D 11N\
(10)

Ve
CA

T
where Y  denotes the transpose of vector Y,
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* -
Next, the quadratic form X M 1x can be shown to be identical to the

quadratic form YTxle where X—l is given by (9). To show chis

XM = (U + iV) (C + iD) (U + iV)

]

@ - )T + iD) @ + V)

W - VY (C + iD) (U + V)

T

= vlcu + ViU - UtV + viev

-1
where the imaginary part vanishes since M = is Hermitian and where UT

denotes the transpocc of the real vector U. Similarly

T
T - U C, ~-D\/U
Xy (V) (D, C)(V)
= @+ VD, ~UD+ v (g)

= U'cu + vipu - U'DV + vy
Since this agrees with the above, the identity

= vy

(11)

is true.

X is

PxX) = ()Y exp (X7 Ix) 12)

The joint probability density of the components of the vector
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where lMI is the determinant of the covariance matrix M. Using (11),

this density is easily shown to be equivalent to the density
o) -l L
PEY) = () R exp (<Y K TY) (13)

where Y is the 2n component vector, given by (7) and K'_l is defined
by (9).
The above remarks will now be uéed to evaluate the second term of

(5). The (m,n)th element of this is

E(s(xm)e(xn))r- E(e(um)-l- ie(vm)) (e(un) -ie(vn))
= E e(um)e(un) + E e(vm)e(vn)
i(E e(udelv ) - E e(un)e(vn))

2<E e(u et ) +1E e(um)e(vn)) (14)

where the last line follows from (9). The first term of (14) is

E e(um)e(un) = !/ P(um,un)e(um)e(v.xn)dumdun

PP

where




and

The above integral can be evaluated to yield finally

E{e(um)e(un)}
s = KL . 2 (-9)2 ®%+22) 2

-.--42- Z—(:l%—e"-“ A ,sm{zmz(%) Ko} (15)
T R 21

Again for the cases of interest A << 0 so that to first order in

2 2
e—2'ﬂ (o/2) only the k=% terms need be kept. Thus

@ 2
’ 2 2 (o 2
A - 2Y x°a-
E{e(um)e(un) = ——nz E ——K; e AT <A) ( Pon) (16)

2 K=1

2 2
+0 (e—2n (0/b)
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2

A
Finally if 12 ° the quantization noise power, is set below the natural

receiver noise of the radar, only the terms in (16) for which m=n will

persist. To this final approximation

2 = 2 2
2 - A 1 =21 (0/4) )
Ee (un) ;;E- E ;§-+ 0 (; 7))

=1

_ 9_%+ 0 'e~21r2(0/A)2)
12

and

m¥n,

2 2
Ee(um)e(un) = 0 + O<e-2ﬂ (0/8) Cl-.pmn)‘) s

using the well-known identity,

® ?

T8
2

g=1 ¥

1f the quantization noise power is again set helow the receiver

noise, the imaginary part can be estimated in a similar manner to be
-2n2(0/A)2(1—u ) (18)
Ee(un)e(vn) =0+ 0(e mn

for all mw and n where
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In this case W = 0, since by (7), (8) and (9), 5"
|
.
BeE T = -EV = -B" il
v 50 that B is a skew symmetric matrix, Combining f17) and (18) vields
", 2
*
F Ee@{e®} = % I (19)

L where I is the N x N identity matrix as an estimate of the seconr, term
T-' of (5), assuming the quantization noise is comparable to the rzaceiver

noise power.

A similar analysis will show (see reference 1) that tae matrix
—on?(o/0)?

elements of the third term of (5) are zero to the order cf e
Combining this with (19), yields finally,

' 2
F M = ExIK)S = n T (20)

Q

ol 2,
to the order of e'.z‘T (0/8)" (1 pmn).

This resul:t will now be used to
estimate losses in detection sensitivity an adaptive radar will

suffer as a function of the quantization step A. Better approximations

1Y"‘r’

to MQ, then given by (20), particularly for a larger quantization step A,

will be the svbject of a future study.

SIGNAL-TO~-NOISE LOSS DUE TO QUANTIZATION

A best sampled-data filter of form (1) is one in which the weight

vector W is chosen to maximize the signal-to-noise (S/N) ratio. The

weight vector which achieves the optimum S/N ratio is well known (sec
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for example Reference 2) and given by

= ~1
Wo M™S (21)

where M is the covariance matrix for noise only. Since M is often not
known a priori, an estimate M is used instead, depending on K samples of the

D 4@ | 5®

noise process, One estimate is the sample average. If X( X

are K independent samples of the noise process, then the sample average

estimate of M is given by
K *
M= & () ()
M=) XX (22)
I=1

If ﬁ is used in (21), then

A A_...l

W=M"S 23)

is a near optimum set of weights to be used in filter (1). The output

of this filter is

u=Wx (24)

where W is given by (23). The output signal-to-noise ratio conditioned

on a knowledge of ﬁ, is

~GA 2
A _ (Bulw))
(S/le)o ~ Var (u[%)

*A] kAl A
= (S H lS:’Z/S M lMM lS (25)

e
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Previously it was shown [2] that if this signal~to-noise ratio was

noxrmalized with respect to its maximum valuye S*H'ls that this quantity
9

namely,

p() = (S/NI':;)o s s (26)

was a random variable which was in the interval 0 < p(ﬁ) < 1. It was

further found that this normalized signal-to-noise ratio has a probability
density P(p) which depedned only on N, the number of components of X,

and the number K of sample vectors.

Previously in Reference 2 the quantity p(ﬁ) was the (S/N) loss catio
which depended on M, the estimate of M, without any assumption of

quantization. To make this ratio depend on quantization let ﬁ be the

Q

sample average estimate of M, including quantization, i.e. let

s o1 ONMOR
Hy=g 2o X9 @7)

j=1

where [X(j)] denotes the quantized value of sample vector X(J). Then

the normalized signal-to-noise ratio for this estimate of M is

(S/Nlﬁg)o

Y
lS

'I‘otal(M

) =
Q s"M

1 N / * "1
(< 'N)M SM,S

- Qfo _
X - x -
S MQlS S M lS/
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1 (28)

where

£
MQ = E[X][X]

is the complex covariance matrix of {X], given by (5) and (20). For
K reasonably large the statistics of [X) will be close to Gaussian,
hence the statistics of p(ﬁQ) will closely approximate the statistics
of p(ﬁ) as given by (26). Thus, taking the expected value of (28),

yields by equation (18) of Reference (2),

* ~1
SM 7S
\ o [ KH2-N Q
LpTotal(MQ) <K+1 L (29)

This is the expected loss in S/N ratio, due firstly to the fact that
only a finite number K of samples were used to estimate M, and secondly

to the sample quantization. Expressed in decibels, this expected loss

ratio Is

Loss = =10 loglo{(K+2-N)/(K+l)}

~10 log (s*n'(iIS) / " 1s)} (30)

where the first term is the loss in decibles, due to the finice sacpling

in estimating M, and the second tern is the loss due to quantization of

finite step size A. Using (20), an estimate of the last terw ctan be

e SO RIS TR

it A e e TR



made from the identity,

R PR 1 B D

x ML - af 2
where
o o= A2/6.
Hence
s ls = s s a2 s* ¥
Q “f S Ml
and
2 'lh * “1
Loss. = ~10 log,. |1 - =L % (17¢)
Q 10 6 & ,1
$ ¥ 'y
[ 4
KAKS
= ~10 log ) Q. L
10 6 2’)’-:2 (31)

is the S/N loss due to quantizzrfii- .- .
! d Lo vnare W 1is the optimum weight

vector (21). The reliability of ties-. logs formulas will be checked

by simulation during the next quari.c,

L
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APPENDIX 1T

FORTRAN PROGRAM FOR SIMULATION
OF ADAPTIVE AMTI WITH NON~-LINEARITIES




OO OO

55

PROGRAM ADAPTMB

MOD INCLUDES SAMPLE MATRIX INVERSION SMI,INVERSE MATRIX UPDATE
IMU» AND APPLEBAUM LOOPS
NP=NUMBER 0OF PULSES
NEL#NUMBER OF ANTENNA ARRAY ELEMENTS
NSC=NUMBER UF CLUTTLR BCATTERERS PER RANGE RING
ALL DISTANCES ARF MEASURED IN WAVELENGTHS .
DEDISTANCE RADAR PLATFORM MOVES BETWEEN PULSES .
ELSPACZELEMENT SPACING
THETADSINITIAL SCAN ANGLE IN DEGREES,MFASURED FROM GROUND TYRACK
YHNOYD=2SCAN RATE IN DEGREES PER PULSF REPETITION PERIOD
RECN=RATIO UF RECETVER NNISE 10 CLUTTER PUOWERS
SIG=AMPLITUDE OF STEERING SIGNALS IN LOOPS
¥RaANY RANDOM NUMBER TO INITIALIZE THE CLUTTER AND NOISE GENERATORS
T1ELPAT CONTROLS THE ELFMENT PATTERN*x*IELPATE! FOP APS/94 ELEMENT PA
OTHERWISE THE ELEMENT PATTERN IS ISOTROPIC

TIEIG=L NORMAL CONRDINAYES USED IN SIMULATION
NPRESAMPLES IN ONE GROUP
NBP=NUMBER DF GROUPS
ALsWEIGHTING OF NEW DATA FOR IMU

NLSG = DEL/SG

ITL SELECIS CASE NSC1 VALUES OF DLSG OR BITS

N8C2 VALUES UF AK (AK » SG = SAT)

ITL = 0 LIMITING ONLY NSCi121, DLSGS0, NSC2 VALUES OF AK

ITL ® § QUANT ONLY NSC! VALUES UF DLSGs NSC22{(, AK GE, &

ITL ® 3 QUANT AND LIMITING NSCJ VALUES OF NUMBER NF HITS-AND NSsCe

VALUES DF AK FUR EACH ABITY VALUE

CALL MAIN
sTOP
END

SUBROUTINE MAIN )

COMPLEX W{30),W0(30),SCAT(60),SST(30),DCT(30)

COMPLEX GAIN(30,40),V5(8,320), SC(30,30),CM(30,30),V(8,320)
COMPLEX CN(30;3°)0A(30130)pU(ZO!30);CU(30}30)0CC:53

REAL LSS, LTOT

DIMENSION EIG(30),SEIG(30),CAS1(20),CA82(20)

DIMENSION vl!(SOO):Y!R(SOO):YB!(500).Y22(500)oV3!(SOOJ.YBZ(SOO)
DIMENSIUNXI(Soo).SCL(500).X8t100)oSCS(lOO)ox3(100)oSCI(100)
COMMON/PARAM/NP , NEL ,NPL,NSC,516

COUMMON/ARRAY/GAIN, V5,551

COMMON/B/W, KO

COMMON/ZM/SC

COMMON/NZCM

COMMON/ZP /X1 X2, X3¢8CL SCE:6CT, 18,12,13, INV,LP,ISP,NRS
COMMON/ZG/CD

COMMUN/R/DCT ) THDET,ADCT,JIDET

COMMON/NS/ZICX, 1CY,1CT

COMMON/ZY/ZY LS, Y12,Y21,Y22,¥Y%1,Y32

NAMELIST/ZINPUTY NPy NEL/NBC, NRUNS,NSIC ) NPRy INV,LP, ISP, NRS,




C

17

Nits}

CALL P.ASE
WRITE(6,542) CONST,ECZERD

JERR)GLOP, AL NBP N, 8IG,XRy) IELPAT,ELSPAC, THETAD, THDOTD»RECN,
eIEIG, IPLOT,ASIG,ADCT, THOCTD, JUCT,KDCT)AK,NBIT,DEL,SAT,DLSG
3, TLDB)NRNS,NCST,NCS2,2TL,ILY

READ(Y, INPUT)
TF(NELEQ¢0) RETURN
ISAVEIEIG

PIsd xATANC(Y,)
RADSPI/ 180,

XR2RANF (XR)
NRUNSENSPRNPR
FORMAT(10F5,1)
THDUT=THOOTDRRAD
YHETASTHETAD®RAD
THRCTETYHDCTDRARAD
NPLENPaNEL
WRITF(6INPUT)
JOEAL PERFURMANCE AT ANGLE THETA

(DsCONST,»SCZERN,)IELPAT)ELSPAC, THETA, THDOT, 0+NR)

SRECNERECNANEL«#3/2,VSC2ERO%5IG#2

VRECN=SGRT (SRECN)
1DEAL COVe MATRIX
CVM(NPL ,8C,NSC,SRECN)

CALL

TAUSGLOP*XREAL(CH(L+§) )RNPL/2,/ERR

PRINY S00,TAU )
PRINT S00,( SC(I,1)

cCrl,

00 12 I=1/NPL
cCelCeSCCL, 1)
cC=CC/NPL/E,
SG=SQRT(CABS(CC))
PRINY 530,86

PRINT S10
PRINT S02

CALL WYS(A,SC,CUNST,0,0)

§C & INVERSE IDEAL MATRIX
NR3®4S13s]

CALL SIGCN(W,SST,NFL,CONST)

NR§=z3

CALL SIGCN(W,SST,NPL,CONST)

81x8CI(1)

SCI(1)E10,%ALOGLO(SCI(L))
§SG=SCI(Y)

S§CS(1)25S6

DIAGONAL OF SC

PRINTY §10
PRINT S000(SCCT,1)sl%1/NPL)
C CUMP vs FOR EACH SAMPLE
AD3ADCT&«NPReNBP

NBRR & NPRaNBP

o0 3% J = {,NBPR

e ISl yNPL)
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32

37

a0

{6

94

14

35

57

CALL SCGEN(NSC,S8CAT,XR)

DO 31 L=1sNPL

CC¥O|

TF(JLEQNSIC) CC & ASIG#CONJG(SST(L))
IF(J,EQJDCLY) CC & CC+ADKDCT(L)

DD 32 K=§)NSC
CC2CC+SCAT(KIXGAIN(L,K)

CONTINUE

vi(L,J)=CC

TF(RECN,GT,0,) CALL NADDCJ,NBPR¢VRECN, XR)
DO 37 J=1)NBPR

D0 37 L=lsNPL

viLsJd)=VS(Led)

cSts0,

DU 20 J={¢NBRFR

DU 20 L=i/NPL

CST=CSTEREALCY (LsJ)ACONJIG(V (LsJ)))
CSY=CS8T/2,

8G2SORT(CSY/INBPRMNPLY))

PRINT 530,56

s5 & 0,

cC = 0,

DO 10 1 = 1.,NPL

85 % SSeW(I)*xCONJGIW(Y))

CC 3 CC+SST(II+CANJG(KW(L))
AC2REAL(CC/SS)

xX=S81/7CONST

PRINT 500¢AC, XX

CONTINUE

NEPRENPReNBP
LES=10,%4ALOGIOC(NPR22,»NPL)/(NPR+§ )
NBz=NBPR#+1

DO 94 I=21,NB

sC1(1)=88G

PRINT S09,JTL,ILY

READ(S, 1) (CAS1(I)s121,NCSY)
READ(S,1) (CAS2(1),1%31,NC82)
pO 301 1S=1,N(CSY
DLSG=CAB1(15)

00 300 IR={,NC8?
1CxeICy=iCTz0

PRINY S{0

PRINY 540 ‘
PHINY S00,CASI(18)sCAS2(IR)
AR=CAS2(IR)

DO S5 M & §,NPL

DU 35 N B §,NUBPK

VS (MyN) & V(M,N)
1FCITLERW0) GO YO 22

Y i WD 4y

*
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IF(ITLEQ.8) Gt} TO 4
IFCITLL,EQ.3)GD TD 3
TLDOBsCAS1(1S)
TLNSs{0,**(~CASLCIS)/10,)
DLSGSSART((1,=TLNS)*ACK6,)/86
CONTINUE

17{DLSG,LE, 9,) 60 7O 9§
NLE2 % AK /DLSG+.8
NBITSALOGINL+2,)/7AL0DG(2,)+,%
AKsDLSGrNL/2,

60 7O §

NBIT=CAS1(1S)+,S
NLE2waNB]Tmy

DLEG=2 (2 AK/NL

CONTINUE
DS12IDLSGASGIn%2/6,

p0 14 Ms{NPL

DU $4 N=1sNP

cC SCM(M,N)

IF(MeEQ4N) CC=CC  ¢D5Y
SC(M,NY=CC

gALL MATINV(NPL,2C)

¢t=0,

00 §1 M=1,NPL

8$8s0,

DO 13 N2t NP

SSaSSeSCI(M NI*SST(N)
CC=CCeCOUNJG(SST(M))#SS
SSCSREAL(LCI»CONST

XX=SSC
TLDI=10,*ALDGIO(8SC)»3C1(1)
LTNOT2LSS+TLDY

PRINT S2%,TLD1,L85,LTODT
XX=§.2DS1/7AC

PRINT S500,XX,0B

ABITaNBIT

ANl sN(

CONTINUE

SATESG*AK

PRINT %26

PRINY 500, SAT,AK, TLDB,DLSG,ABIT,AC,CC,58,ANL
TFOILY EQy1) CALL QUANTI(VS/NL,SAT,NPL,NHPR,ITL)
TFCILT,EQ,2) CALL QUANT2(VS)NL,SAT,NPL,NBPR,ITL)
CY=FLOATLICT)

CX=FLOATCICX)

CYsFLOATCICY)

PRINT S1i4
PCs(Cx+CY)/CT%y00,

PRINT 516,PL
PRINTSO0,CT.CX,CY

PRINT 540
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oMo

91

87

90
29

59

CONTINUE

11=1812518]13=1
X1(1)309X2(§)=08x3(1)=0
NPLA=4RNPL

816 LOOP
SYMULAYION USING RANDOM CLUTTER SAMPLES

NBO=Y

NCT=0

JJe0

00 87 1 a 1,NBP
JJ & JJ#NPR

amy

a8

NR&=2

1ezl2¢1

x2(12)sJJ

NigJJeNPR+§

CALL SAMPLE (NPL/NPR,I,CONST/N1)
CONTINUE

CONT INUE

AV 2 0,

AVSS0,

VA & 0,

1Zs]lcet

DO 28 1 5 2,12
AVSSAVS+SCS(1)

AV = AV+S8CI(!)
AV=AV/(NBP={)
AVEEAVS/(NBP={)
VAZ0,3VAS=20,

DO 29 1 & 2,12

1F(I.EQ,13) GU Tn 90
VASEVASH+{SCS(1)/AVSwm], ) xnp
VA EVA ¢(SCICIY/AY =1,)n2e
SCS(1)=10,%ALOGLIO(SCS(]))
SCI(I)=10,2ALOUGIOCSCI(]))
VAEVA/ (NBPe}])

VASSVAS/ (NBPe1)

AV =10 %ALOGLIQ(AV J=SCI(Y
AVS=10,2AL0OGLOCAYVEBI=SCI (Y
PRINT 504

PRINT S00s(X2(1),188s12)
PRINT 506

PRINY S159AVS,VAS

PRINY 500,(SCS(Iy,128,12)
AVL30,

VALBO,

)
}

¢ sy AT e e ke ot




30

36

80
81

ga

300
401

302

500
504
502
503
504
806
507
508
509
810
511
§12
513
5140

60

DO 30 I=3,12

AVLEAVL+SEL(T)

AVLEAVL/ (NBPw={)

DO 36 I=3,12
VALEVAL+(SCLCIY/AVLe] ) ane
SCL(I)=10,xALOGLO(SCL(I))

VALBVAL/ (NBPe{)
AVL=10,%ALOGLIOCAVL)=SCI(Y)

PRINT SiS5/AVL, VAL

PRINY S00,(SCL(1),123,12)

PRINT S§0

IFCINV,EQe1)

{PRINT 507

IFCINV,EQ.Y)
APRINT 5000AV,VA

TFIINV,EQyY)
IPRINT S00,(SCICI) 121,13)

PRINT 510 '

60 10 (80,83,82), 18

¥}1 (IR)=SSGeAVE

Yi3(IR)I=SSG+AVL

60 YO 300

v21 (IR)Y=SSG+AVS

v2e2(IR)=SSGHAVL

G0 70 360

Y31 (IR)SSSG+AVS

vy32(IRI=SSGHAVL

CUNTINUE

CONTINUE

DO 302 1 = §.NCS2

x$(1)=CASE(1)

YFCIPLOT,EQ,3) CALL BPLOT(NCS2,556)
szRANF(.1|)

AK2AKS

READ INPUT

1FINELEQe0) RETURN

¥Rz RANF (XR)

6O 10 16

FORMAT(i1X,BE16,T)

FORMAT(/,% NUMBFER QOF 3aMPLES = #,15%)
FORMAT(/ ¢+ OPY PELRFORMANCER)
FORMAT(/,% XRZ® %,F17,10,% TAU® #,E$17,§0)
FORMAT ( X AXIg»)

FORMAT (# SAMPLF MATRIX INVERSION(SMI,SC2¥x)
FUORMAT (% INVERSE MATRIX UPDATE(IMV,SCl)n)
FORMAT(1X,1014)

FURMAT (/) * ITLS #,14,% JLTE %, 18)
FURMAT(/)

FORMAT (/4% EIGEN VALUESH)
FORMAT(/,% [DEAL COVAR, MATRIXx%)
FORMAT(/,% NNRMA| MATRIX%)
FORMAT(IXpyr CYOY CX CY¥Yx)
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$18 FORMAT(/,IX)#STMULATION LOSS & #,F10,3,*VARIANCE & *,F10,3)
$16 FORMAT(/,IX,#PERCENT LIMITING 2 »,F10,3)
§26 FORMAT(/,1X,%TH, QUANT LOSS DB = #,F10.3,%TH, SAMPLE LDSS & *,F10,
$13,2TOTAL TH, LDSS 3 #,F§0,3) -
8§26 FORMAT(/,% SAT AK 1L08 PLSG ABIT AC ¢ §5x) -
$27 FORMAT(IX,10,F12,3) :
530 FURMAT(/)* 5G= #92FE16,7)
542 FORMATITH CONSTS,E16,6,10X)THSCZERDS,E16,6//)
END

SUBRDUTINE BPLOT(NSP,856)
COMMON /PARAM/ NPy NEL ,NPL,NSC,SIG
DIMENSION Yl!(SOO)oYIE(SOO)cYEl(SOO).Y?Z(SOO)aY!!(500).Y32(5002
DlM&NSIUNXl(500),5CL(500):X2(100)'558(100):X3(100).SCI(100)
DIMENSIUN AM(500)
COMMON/P/X1 X2, X3,SCL,SCS)SCY/ 18,12, 13¢INVILP,ISP)NRS
COMMONZY/YSY,Y12,Y28,Y22,Y31,Y32
pO 3 1 = {,NSP
3 AM(I) = 556
NS1FNSP¢d
N82=NSP+2
X1 (NS1)=2,
X1 (NS2)=1.0
YS1(NS1)=0,
YIR(NS1)=210,
Y2L{NS1)Z10,
y22{NS1)=10,
Y31(NS$)=10,
vy32(NS1)=210,
vYi1(NS2)=5,
Yi2(NS2)=5,
ye1(NS2)35,
Y22(NS2i=5,
Y31 (NS2IRS5,
y32(NS2)s5,
AM(NS1)=10,
AMINS2)E5,
CALL PLOTTSCETHMALLETT,1,4)
CALL AXISCO0,s0,pTHSAT/S)GyoTrbar0esertels0)
CALL AXIS(0,,0,0212HMTI GAIN(OB) 412)8,09040104¢5,0=1)
HTE(SSGmY3P2(NSL))/Y32(NS2)+0,!
CALL SYMBOL(340,HT +43+23HSTEADY STATE GAIN(DB) =,0,4+23)
CALL NUMBER(S,0/HT 44190856 ¢04¢4HFb,1)
CALL LINE(X1,AM,NEBP,8,0,0)
CALL LINE(X1, Y18 ,NSPyLet0 )
CALL LINE(X1,Y12,NSPs1s1s2)
CALL LINE(XI,YR23,NSPslstsv1)
CALL LINES{XI,Y22,NSPsis142)
CALL LINE(XL,YSi,NBPs1s10Y)
tALL L!NE(X!:Y32,N8P:1:1;2)
CALL PLUT(iooIOa;'S’
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RETURN
END

SUBROUTINE PHASE(D,CONST,SCZERO,JELPAY,ELSPAC, YHETA ,THDOT ,NC/NR)

COMPUTES RETURN FROM EACH SCATTER TO EACH ELEMENT -

88

30

COMMON/PARAM/NP,NEL )NPL,NSC,516
COMMON/ARRAY/GAIN,VS,5ST
COMMON/K/DCT,THDC T ADCT,JDCT

COMPLEX GAIN{3C,60),VS(8,320),DCT(30),387¢(30),CP
Plzd,xATANCL,) ,
CP=CMPLX(0,,2,%PT) )
CZERD=0,

THHINZTHETAwPYY/2,
THMAX=THETA+PTL /2,
CE(THMAX®YHMIN) /NSC
KK2INT{(THDCT=THMIN] /C+1) L
THDCTSTHMING (KKw %) %C "
NSENSC+INT( (NR*#THDOT)/C) +1 1
PSI=THETA®NC2THDDT

DU 10 K=1 NS

THETHMING (Ke,5)np

cCsCOS(TH)

DO 10 Ms1)NP

MNM=Met ¢NC

SSePS]eTH

IF(ABS(SS),,GT,PI/2¢) GO YO 10

853S5IN(SS)

GT=NEL

T1F(SS,tQ@,0) GO Tn 88

GT=SIN(PI*ELSPACASSHNEL)/SIN(PIRELSPAC*ES)

CONTINUE

1F(IELPATNEL1) GO TO 30

GAMZ ,207%CDS(PSJeTH)w, 238

ELPESIN(21 , 4Pl aGAM)/SIN(PI2GAM)

GISGT#ELP*%2

CONTINUE

1F(M,EQ,1) CZERD=2CZERD¢ GTxxy

DO 10 N=§,NEL

LB(Me {)RNEL+N

GAIN(L oy KISGYCEXP(mCPa((Nm{NEL41)/2,InSSHELSPACWMNN %2 ,%D2(C))
TF(KLEQ KK) DCTCLYISGAIN(LyK)

CONTINUE

SCZERD=NELxxUrSIGan2/CZERD

CONST=NEL®%2/SCZERD

1F(JDCTLEG,0) GO TO3!

cC=COS(THOCT)

SS=PSIwTHLCY

G1=0,

tF(ABS(SS) 6T ,PI/2,) GO TD 9¢

$SeSIN(SS) '

6YeNEL
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1F(SS,EQ,0) 60 Tn 94
GT2SINCPISELSPACKRSSaNEL)/SIN(PI*ELSPAC*SS)
91  CONTINUE :
IF(IELPAT NE,1) GO TO 3} .
TH=THDCT
GAM=,2072L0S(PSIeTH)w»,238
ELPRSIN(2 ,APIaGAM)/SIN(PI&GAM)
GTeGTRELPARR
31 CONTINUE
DO 20 M=1NR
L2(Me ) RaNEL +1
MNMENC¢Me2
SST(L )SSIGHCEXP(eCPw({ MNM22,wDrCOS(PST ) +(Mwi}/2,))
N0 20 N=§,NEL

LLaLeN

1FLJDCTEQ,0) 6O YO 92

15 +Ne|

pCT(1)s GTACEXP(wCPa((Nw(NEL$1)/2,)#SSHELSPACOMNM %2, x0x(C))

92  CONTINUL
20 SST(LL )=8ST(L)
RETURN
END

SUBROUTINE NADD(J,NPR, RECN, XR)
REC, NNISE GEN,

COMPLEX SST(30),aAINC30,60),V5(8,320),CP
COMMON/PARAM/NP yNEL ,NPL,NSC,SI16
COMMON/ARRAY/GAIN,V¥S,85T
CRECMPLX(0,p2 %3,541%9265)
00 10 J=1sNPR
DO 10 M=iNPL
XRSRANF(0,)
AMPSRECN*SQRT (w ALOG(XR))
XREKANF (0,4)

10 VS(MpJISVS (M, J)+AMPHCEXP(CPXR)
RETURN
END

SURROUTINE WTYS(W,CM,CONST, J10J2)
OPTIMUM WEIGHTS
COMPLEX SST(30),w(30),CFPREC)C,S
COMPLEX CM(30,30),GAIN(30,60),V5(8,320)
COMMON/PARAM/NP,NEL  NPL,NSC,S16
COMMON/ARRAY/GAIN, VS, SST
SE0,
NMATaNPaNEL
1F(JEEQ,CY CALL MATINV(NMAY,CH)
1FLJ2,NE,2) PRINT 9{
91 FORMAT(/T7X,6HPULSE 24X o ?THELEMENT ,6X o 4HREAL o+ SXy 9HIMAGINARY 15X,
$OMAMPLTTUDE ,5X,5HPHASE/ /)
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A v.""" 10 v

DD 90 M=iyNP
JS(Mw i) RNEL
DO 90 NsiNEL
MMENYJ
€80,
DO 31 Mizi,NP
18(Mi=g)eNEL
DO 31 Ni=1,NEL
NNoNI#]
CECH+SST(NNIRCM (MM, NN)

3 CONTINUE
§234CACONJG(SST(MM )}
W(MM )=C
1F(J24,EQ42) GO TQ 90
AMP=CABS(C)
PHAZATAN2(AIMAG(C) ¢sREALCC)Y)
WRITE(6:50) MyN,C ¢t AMP, PHA

60 tONTINUE
1F(J2 NELO) RETURN

56 FURMAT(2111,5%,2F20,9,2F12,7)
SReCABS(S)
IF(SRLT.10,E=10) GO 7O 2
SSR=SR
SRei10 ,«ALOGIO(SR)
CST=10,%ALOGLIOCCNNST)
60 TO 3
é CONTINUE

sRY=0,

3 SRX=SR+CST
PRINT 52)SR,SRX

Y FORMAT(//5X, THWS(DB) $,615,8,14HS/CKCONST(DB)E,G15,8)
RETURN
FND

s i on’ ion e o9 rw.
etete T, 4
v v, 4t s, e

—

SUBROUTINE SCGEN(NSC,8CAT,XR)
c NQ*SE GEN, FOR EACH SCATTERER
ch ®LEX CP,SCAT(40)
CP=CMPLX(0,s2,%3,141592685)
30 §0 N=1eNSC
AMPERANF (0,)
XR2RANF (04)
10 SCAT(N)=SORT (= ALOG(AMP))IwCEXP(CPAXR)
RETURN
END

SUBROUTINE SIGCN(®,SSTyNPL,CONST)
C COMRUTE SIG/ CLUT USING WTS ON IDEAL MATRIX
COMMON/N/CM
COMMON/ZP/ZXY X2 X34 SCL,SCS)SCI, 18,12, 13,INV,LP,ISP,NRS
DIMENSIONXL(500),SCL(%00),%X2¢100),8CS(100),X3(100),8CI¢100)
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MY Y

i COMPLEX CM(30,30),W(30),55T(30),CC,55,C8
- §5=0,

' cC=0,

: PO 71 M=§,NPL

§5=28S+W(M)XCONJG(SST(M))

CB:O. N
i 00 70 N=1,NPL

T,

10 cB=CB+ W(NYXCM(M,N)
12! CCeCCeCBREONJIG(W(M))
SSRECABS(SS) w2
CCR=CABS(CC)
5CN=SSR/CCRACUNST
SCR=5CO
IF(NRS,£0,1) SCL(I1)%SCR
IF(NRS,EQy3) SCI(13)=SCR
IF(NRS,EQ.2) SCS(I12)3SCR
1F(NRS NE44) GO 1O 2
8CPB=10,*ALUGIO(SCH))
SSR=10,%xALOGIQ(SSR)
CCR=10,%ALOGLO(CCR)
WRITE(6,80) SSR,CCR,8CDR
80 EDRMAT(//SH SIGNALZ,F10,5,4Xs AHCLUTTER PUWER2,F10,5,4X,8HS/C(DB)
1,F10,5)
e CONTINUE
RE TURN
END

rath athe

SURROUTINE CVM(NPL,SC,NSC,SRECN)

C FORMS STEADY STAYE COV, MATRIX
COUMPLEX S5T(30),nCT(30},CC
COMPLEX CM(30,30),5C(30,30),GAIN(30,60),V5(8,320)
COMMON/ARRAY/GAIN,VS)SST

: COMMON/N/CM

9 COMMON/K/DCT, THDCT,ADQT,JDCY

* ASADCT#ADCY

. D0 10 M31,NPL

rf DU 10 N=M/NPL

: cC=z0,

. 1F(JDCTNEL,O) CCeCCeARDCTY(N)*CONJG(DCT(M))

. DU 21 J=1/NSC

3 21  CCSCC+GAIN(N,JY*CONJG(GAIN(M,J))
YF(M,EQ,N) CC=CC+SRECN

O CHM(MyNISCCSCM(N,M)SCONJGC(CC)

SC(MyN)=CCSSC(N,M)ECONJGICC)

9 10  CONTINUE

. RETURN

! END

SUHROUYINE SAMRPLE(NPL,NPR,I,CONST,NT)
COMPLEX W(30)Y,W0(30),8571(30),CC
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COMPLEYX CUC30,%0),CN(30,30),CZ€30,30),6AIN(30,60),V5(8,3.0)
COMMON/GQ/CD

COMMON/B /W, 40

COMMON/ARRAY/GAIN,VS,S83T

¢ COMPUTE SAMPLE GOV, MATHIX

50

10
74

N2EeNt ¢NPRe}

Azl,./!

1FCINE,1) GO YO &
ARL,
DO 8 Mz ,NPL
DO 8 NzjsNPL
CNCMIN)S0,
CONTINUE
IFCAGT,14) ABi,
DO §1 M=1pNPL
DO 1§ NsMsNPL
cC=0,
DO 30 KENi,N2
CCaCCeCONJGEVS (M, KIINYS(N,K)
CONTINUE
CN(M,NISCC/NPR
CZIMyNIZON(M,N)
CNIN)MYSCONIG(ENIMIND)
CZINsMISCNIN, M)
CONTINUE .
FURMAT(IXo% SAMPLE INVERS.ON#)
CALL WTSC(w,CN,CONST,0,2)
CALL SIGC2(W,SSTHNPL,CONST,I,C2)
CONTINUE
RETURN
END

SUBROUTINE SIGC2(WsSST¢NPL,CONST, I, UM)

COMMUON/ZP/XY ) X2, X3 SCL,SCS,SCIy120,12)134INV,LP,ISP,NRS
DIMENSIONX1(500),SCL(5C0),x2(100),5CSC100),Xx3¢100),5C1¢10C)
COMPLEX UM({30,%0),W(30),557(30),CC,SS,CB,US(30,30)
SS=O.

CC=O.

DO 71 MEiyNPL

§5eSSew (M) aCONJL(SST{M))

CHz0,

DO 70 N=iyNPL

tBa(CBe W(N)sUM(M,N)

CCeCCeCBLLONIGINIM))

SSRECABS(SS)wnp

cCRrRaCAKSI((C)

SCOSSSR/CLPeCUNSY

sCs{)2)rSLO

1P (1.EQ,8) GD YU S
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. . cC=0,
e DO § M={,NPL
R . ) CB:O.
DO 2 Nmi,NPL
. B cB=CB+ WIN)®US (M, N)
. { CC=CC+CONJGC W(MY)XCB
T cCRECABSICC)
~ SCL(IR)=SSR/CCRXCONST
. 9 CONTINUE
' DO 6 M=t ,NPL
DO & N=1,NPL
é US(MeNIEBUM(M,N)
RETURN
END

SURROUTINE QUANTY(V,NL)SAT,NPL,NPR,ITL)
¢ QUANTIZATION SUBROUTINE FOR A/D COMVERTER OF FIGURE 3
COMPLEX V(B,320)
COMMUN/ZNS/ZICX,ICY, ICY
k. DO 10 M s 1,NPL
1 DO §0 N = §,NPR
ICYSICT+!
XXsREAL(V(M,N))
XxA=ABS(XX)
YYSAIMAG(V(M,N)Y)
vATABS(YY)
TF(XA,LT,SAT) €U TO 9
XXESATAXX/XA
1Cx=1CX+}
] 9 IF(YA,LT,SAT) GO 1O S
s . YYaSAT&YY/YA
R 1CY=ICY !
5 IFCITL,EQG,0) GO YO 10
72X B (XX/2,/5AT & o%)#(NL }¢,5
2Y s (YY/72,/SATY & 'S)*(NL "'.S
XX & AINT(ZX)/(NL )r2*SAT=5AY
YY ® AINT(ZY)/(N|, )*2#35ATeSAT
§0 VIMIN)ECMPLX(XX,YY)
RETURN
END

e SURROUTINE GUANTYP(V,NL,SAT,NPL,NPR,ITL)
¢ QUANTIZATION SUBRUOUTINE FUR A/D CONVERTLR OF FPIGURE 3
COMPLEX V(8,320)
CUMMON/NS/ICX, 1CY,ICT
00 10 M & §,NPL
. DU J0 N = {,NPR
i, AMPSCABS(V(MyN))
4 1CTHICT el
IF(AMP LT ¢SAT) G 10 S
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V(M/N)=V(M,NY"GAY/ANP
ICX=1Cx+}

5 IFCITL,EG40) GO 1O 10
XX2REAL (V(M,N))
YYSAIMAG(V(M,N))
ZX = (XX/2,/5AT & ,3)a(NL Y+,5
ZY B (YY/2,/8AT ¢ ,S)n(NL Y¢,5
XX 2 AINT(ZX)/Z(NL )#245ATeSAT
YY & AINT(ZY)/Z(NL )#24SATmSAT

10 v(MaNI=CMPLX (XX, YY)

REYURN
END

SUBROUTINE MATINVIN,A)

COMPLEX A(30,30)

DU §1 Niszi,N

DO §2 Jsi/N

1IF(J,EQ,N1) 6D 11 12

A(Nl;d):A(NIoJ)/A(NloNiJ
12 CUONTINYE

D0 15 I={,N

IFCIEQ(NL)Y GO To 18

DO §6 Jsi,N

YF(J,EQ,N1) 60 ™ 16

A(IaJ):ACI.J)'A(!oNl)tA(NI:J)
{6 CONTINUE ‘

A(IaNl):.A(lch)IA(NlcN:)
1% CONTINUE

A(NloNl)Sl./A(Nl,Nl)
11 CONTINUE

RETURN

END

e
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