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I. INTRODUCTION

The ability to detect a moving target using inghase-
quadrature signals of a Doppler radar system depends on the
nature of the clutter sginal accompanying the signal to be
detected. We consider a class of clutter signals produced by
the oscillatory movement of an object or objects within the
detection region. This paper introduces the notion of using
adaptive complex prediction to improve target detection in
this class of clutter signals, where the moving target 1is
assumed to produce relatively low amplitude transient signals
that are typically broadband. The target is also assumed to
be moving in one direction -- i.e., towards or away from the
radar.

The results of this development are general in the sense
that they can be applied to arbitrary fregquency ranges and
sampling rates. The simulation results however are based on
a sampling rate of 10 samples per second (sps) which implies
a bandwidth of Q@ to 5 hertz. This choice was made because
the signal to noise (SNR) characteristics in this region are

typically poor, which makes detection difficult.



IT. SOME FUNDAMENTALS

The signals of interest result from the received radar
signals containing Doppler frequency shift information. A
simple but useful model is presented with emphasis placed on
signal processing concepts with no assumptions made about
transmitter/receiver characteristics other than their general
form.

Referring to Figure 1, 1t is assumed that a radar trans-
mitter/receiver is located at point A. A target T starts
moving at time zero from location B with a velocity v which

is positive for increasing and negative for decreasing distance.

We let e1(t) and ez(t) denote the transmitted and received
signals respectively. If
e,(t) = E sinwt (1
then
s 2D
\ - ————
eztt, KE sinw(t CJ (2)
where

w 1s the carrier frequency

K is the radar loop gain factor

¢ is the velocity of light

E is the amplitude of the transmitted signal.

From Figure 1, we have
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Thus, the received signal becomes

ez(t) = KE sinw {t - {EEL——E—EXE)} {4)
G
or
e,(t) = KE sin (wt - 20w 3 2 R (5)
&
Defining the qguantities
|
« = 2Dcw (6a)
which is a constant phase angle and
Wy o= 2(§}w (6b)

which is the angular doppler frequency, (5) can be written

e,(t) = KE sin (wt - a ¥ wqt) {(6)

Since o 1in (6) represents a constant phase angle, it can be
ignored for analysis purposes and hence, the received signal

prior to demodulation can be expressed as

e,(t) = KE sin (wt + Wat) (7)

Demodulation Considerations

The received signal in (7) is demodulated as shown 1in

Figure 2 to obtain the inphase (I) and gquadrature (Q) signals,

i(t) and g{t), respectively as follows:
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i(k) = e

o

(t) sin wt
LPF

and (8)
q(t) = e,(t) cos wt

LPF
where LPF indicates an appropriate low-pass filter operation.

Thus, we have

ie) = £2 cos (W t)
and (9)
g(t) = —%? sin (wdt)

where Wy is positive for increasing and negative for decreasing
‘distance. It should be noted that the addition of the 90°
shifted or guatrature channel is to enable determination of
direction of motion. Without the Q channel, motion away would

appear the same as motion towards the receiver because
t) = c¢cos (wdt) {(10)

With the addition of the Q channel and following the adopted
sign convention, motion away from the receiver is represented

as

[

—

(™
il

cos (+ w,t) {(11a)
and

g(t) = =-sin (+ wdt) (11b)
and motion towards the receiver 1is

i{t) = cos (- wdt) = cos(wdt) (11c)



and

g(t)y = =-sin (- wdt) = + sin (wdt} (11d)

This is the notion of directicn sensitive doppler as intro-

duced by Kalmus [1].

Signal Properties

The class of signals of interest are of the form

x(t) = x_ (t)

xT(t}

where xc(t} is due to an oscillating source and x
target signal to be detected. The signal x(t) is considered

tc be a complex signal of the form

x(t) = 1i(t) + jg(t) (12)
wners
1 ) = ic(t) + iT(t) (13a)
q(t) = g (t) + qp(t) (13b)
and
5 = /A

Because the signal x(t) is complex, the fregquency spectrum
need not be symmetric about the origin. Thus, the concept

of positive and negative spectrum components 1s relevant and

l._.J

will be used extensively throughocut.



III. SIGNAL MODELS

Target

The target signal of interest is the result of continuocus
motion in one direction, toward or away from the receiver. The

demeodulated I and Q channel components as expressed in (9) are

KE

i(t) = —- cos (wdt)
and (14)
- _kE
gfl{t) = p) COSs (wdt)
where
= Rl
wd = 2(c)w.
These equations are valid for any v = v(t). However, for the

time being, we will restrict our attention to the case when

the velocity is constant. Therefore, we let

v = VT
and P
~ v
_ T
Wp T 2(w.

The I and Q companents for motion away from the receiver

(+ V are

T)

t) {15a)



and
g{t) = 5 sin (th) (15b)
The complex signal x(t) is thus
KE i KE ., A
x{t)y = —5- CoS th - I sin th {16a)
or
o WLt
x(t) = %E-eJT (16b)

This signal has a single frequency spectrum component at

-Ww., as shown in Figure 3. Similarily, for motion toward

T
the receiver (—GT) the complex signal can be represented as
- Wt
x(t) = K—zE-e3 T (17)

~

which has a single frequency spectrum component at + Wn as

shown in Figure 3.

Clutter

The clutter signal is due to the oscillatory motion of
one or more objects within the detection region. Because the
motion is no longer in just one direction, the return signal
contains positive and negative doppler components. The demo-

dulated I and Q channel signals are represented as

i{t)y = %? cos [c1 r(t)] (18a)

and

q(t) = - sin [c1 E{E]] (18b)
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11
where o is a conversion constant and r(t) is a time-varying
function that represents the motion of the oscillating object.

A typical example of r(t) is

r(t) = r, sin (wt) (19)

1
Substituting (19) in (18), the demodulated signals become

i(t)y = L CcOS {c1r

> sin (wt)} (20a)

1

and

gq(t) = ~%§ sin {c]r1 sin (wt)} (20Db)

which is a frequency modulated (FM) signal. An example of the
corresponding two-sided complex frequency spectrum for this
class of clutter signals is shown in Figure 4.

For the purposes of the following discussion we assume
a hypothetical two~sided clutter signal, whose spectrum contains
single components only at + W and - wc' as shown in Figure 4,
This simplification is made due to the complexities of mani-
pulating equations (20) and allows a more instructive derivation
of the detection algorithm. The more complex case of (20} 1is

considered in the section on simulation results.
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IV. DETECTION ALGORITHMS

Standard Direction Sensitive Algorithm

A commonly used algorithm suggested by Kalmus [2] for
determining whether the signal source i1s moving toward or

away from the radar consists in evaluating the quantity

= ; dglt)
94 = ﬁ{l(t) = ldat (21)

where L denotes an appropriate integration time. The value

I is compared with a threshold e such that if
-8 < g_ < @8 (22)

no target is present. If the integrated output exceeds the
threshold e, an alarm condition exists. The key is to set the
threshold high enough to prevent nuisance alarms due to clutter,
but low encugh to allow detecticn of weak target signals.

The integration process suggested in {(21) is implemented

by an approprlate low-pass c¢peration, and (21) becomes

(23)

LPF

Substituting the expression for the demodulated signal (2) in

(23) leads to

KE KE
g {TT cos wdt T Ts Wy COS W t} (24a)

3
LPF

2.2
or g = —Kéf Wy (24h)
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From (24) it is clear tha de is negative if Wy is positive --
i.,e., when the source moves away from the radar. Conversely,
9q is positive when Wq is negative corresponding to motion
towards the radar. Thus, if 94 1s integrated (smoothed), the
corresponding output for the hypothetical clutter model of

Figure 4 1s zerc because

Next we consider the case W # wc' i.e., when the
velocities of the clutter source are different when moving
toward and away from the radar. Even under the assumptions
of the hypothetical clutter model suggested, the output cor-

responding to (25) becomes

2.2
- . KE - ' ‘9
gS gc 8 (wc WC } \‘-6)
where
v v !
W = 2{—9)w and w_' = 2{—9-)w
C C & C

The above analysis can be extended to the case when
the returned signals cof (9) contain an additional term
(signal) due to the motion of a target in one direction only.

Then corresponding to (25) we obtain the integrator ocutput

toc be
2.2 822
; _ R'E _ . K°E" .
8 T Yga7 T 8 (wc We )t ) W (27)
where P
v
P = 2{—jw
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and GT is the velocity of the target. The sign associated with
the second term in (27) is positive for an approaching target
and negative when it is moving away. This second term provides
the information for detection. If the first term of (27) is
such that it dominates dgr the target will be undetectable.
Under these conditions, we will be unable to chocse a value
for the threshold @ such that detection is possible without
nuisance alarms.

We will refer to the preceding derivation as the standard

detection (SD) algorithm which is shown in Figure 5.

Improved Direction Sensitive Algorithm

In the application of interest, the clutter source and

the target are such that:

a) W # wc'

) & << K; i.e., the radar cross-section (RCS) of the
target is much smaller than that of the oscillating
body (clutter source);

c) The target enters the detection regicn for a rela-
tively short duration, while the clutter is contin-
uously present,

Because of a) and b) above, it is apparent from (27) that the
ability to detect targets with the SD algorithm decreases as

the difference between wc and wc' increases. In such situations

adaptive complex predicticon can be used effectively to improve

the detection performance of the SD algorithm. To this end
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-

we introduce a complex predictor as i1llustrated in Figure &
and refer to the configuration as the modified standard detec-
tion {(MSD) algorithm. The structure and rcle of each sub-
block of Figure 6 is investigated along with some overall

algorithm considerations.

Complex Predictor., The prediction stage in the MSD algorithm

is 1implemented using Widrow's complex least-mean-square (CLMS)

algorithm [3]. Refering to Figure 7, the output at time n is

_ _ T

e{n) = x(n) Wm xm (28)
where the wvectors Wm and Xm are

WT = (W W W1

m - 1E T2 “m
and {29)

T
xm = [X(n-4a), x{n=a=1),...x{n=a=~(m=1))]

where m is the number of filter weights and a represents a

time delay. The filter weights W are updated as (3]

Wi{n+1] = Wi(n} + pe(n) X*{(n-i) (30)

where 1 represents the ith filter component, u is a convergence
parameter for contreolling stability and rate of adaptation,
and X*(n-1) denotes the complex conjugate of (n-i)th sampled
input. All operationsin (28) and (30) are complex (phasor)

operations and the sampled input X(n) is given by (12} as
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X{n) = 1i(n) + Jjag(m) (31)

It is interesting to note that (28) and (30) are the general
form of the least-mean-sguare predictor for the real case,

A more detailed derivation of (28) and(30) is provided in
Appendix A.

The sinusoidal nature of the clutter signal allows for
predictability and because the exact fregquency is unknown or
varies over time, the ability to adapt is desirable. This
algorithm is used to remove the larger amplitude clutter and
leave the signal (target) portion essentially unchanged by
choosing a suitable value for the convergence parameter u.
This allows the CLMS algorithm to adapt fast enough to the
large amplitude clutter and leave the signal with little
change since the latter is relatively small in amplitude and

lasts for a short duration.

Direction Sensing. The i %% process was developed by Kalmus

{11, [2] to provide the capability to distinguish between cne-

sided target signals and two-sided clutter. This is achieved
by introducing an additional 90° phase shift to the Q channel
and forming the produﬁt as shown in Figure 8. This process
is implemented by applying a one-pole low-pass filter to the
I channel components and & cone-pole high-pass filter to the Q
channel component as shown in Figure 8, If the low-pass and
high-pass filters have the same cutoff, the phase response of

the two differ by exactly 90° over all frequencies. The
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transfer characteristics for both filters are shown in Figure
9., The product formed after this process yields the output

suggested by (24), that is

2.2
K™A
7 0052 (wdt) (32)

This response leads to zero dc offset for ideal clutter and
positive or negative dc offset for an approaching or receding
target. The transfer functions for the low-pass and high-pass

filters used are given in Appendix B.

Signal Strength Equalizer. The signal strength egualizer (SSE)

stage of the MSD algorithm is employed to reduce the dependency
of the threshold 9 on the gain contributions of the previous
stages and the‘input signal. It is an implementation of a
first-order difference equation which continuously scales its
input so that its output signal strength is maintained at same
prescribed level, Thus, if xn 1s the input sample to the SSE

at time n, the corresponding output is

. 4
¥ = (—S_r—x) X (33)

where Sn is the signal strength estimate which is obtained as

S = 8 8 + (1-8) |X (34)

n n-1 n,

where 0 < 8 < 1 is a smoothing parameter, The implementation

of the SSE is shown in Figure 10.
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Integration and Threshold Detection. The integration process

of the MSD algorithm of Figure 6 is performed by an application
of a suitable low-pass filter operation which provides proper
smoothing. The effect is to integrate out the positive and
negative contributions of the clutter while allowing the target
portion to build to a detectable level.

The threshold detection stage simply compares the inte-
grator output with a preset threshold value +t @ such that

if the threshold is exceeded, a target is present,
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V. ROLE OF THE CLMS ALGORITHM

A Simplified Model

The role of the CLMS algorithm is best explained using
the hypothetical clutter scurce that produces a two-sided

spectrum with single frequency spectrum components at + wC

! .
ol

and - w see Figure 4, The following cases are considered
for the clutter and target signals:
a)  wg # wc' i.e., approaching and regressing velocities
of clutter source are different.
b) fhe radar cross section {(RCS) of the clutter signal
changes due to rotation; i.e., K # K' in (27).
The final outputs of the MSD algorithm are compared with the
SD algorithm of Figqure 5 fo; clutter only conditions and for
the case where the target signals of Figure 11 are added to
the clutter signals. The target signal motion begins at 90
seconds and lasts for 30 seconds with a peak amplitude of 0.1

and a frequency of 1.0 hertz. If we let the demodulated

signals (9) be

A cous w,t

o
t
[}

and {35)

1

g(t) -A sin wdt,

for motion towards the receiver (35) becomes

'—l
—
(23
—
i

A ccs wct

and (36)

Q
o+
i

A sin wct



i

(sad)

wnijoads Ajjsuaqg 1amod PapIs-aup Yitm teubis jabiey aegnbuetryry -3 ainbiy

{(zaaay)y oO°¢ 0°€ 0t 0°1 0°0 0" 1- 0'7Z- 0°€- 0" v~

-d--f-.-—‘-cqnn.-n—--q -qq-1ﬂqq-ud<-—dq4-—-qq

A0 T W

S 4
b 4
A A A P-”- -_,..- A A .FFF.-.- A A A A A A A -.- AL A A —I A A_A — DF-L._D ' A A
(2as)1
L gk BB -.— ™1 7 -—.-- L] — L -4-..-4.—-.- L — 4444~¢‘q T —. L -wqc—dddld Noc_.l
- -4
3 4
00
- -
PO U U S VY Y U S U | Lo s s b e aaa b o aa s ¥ 1 Y U U T S0 W0 U U W S | 0
(o@s8)13
LN St S S N A AN AN A HRLANCANL AL BRLANM LN S SN SELENL N SEL SN A SR SR L [ AN AL AL L LA SN EELENL B ¢°0-
- -

¥
o
(=]




28

and for motion away, (35) becomes
i{t) = A' cos w ct

and (37)
a(t) = -A' sin w'_t.

The resulting signals due to both sources are

+
—
ot
—

1

A cos w t + A' cos w' t
& c

and (38)

Q
o+
i}

A gsin w £ - A' sin w'_t
o c

with appropriate choices of A, A', W and w'c, the conditions
of (a) and {(b) mentioned previously can be mathematically
modeled. The simulations were performed.on a Data General
NOVA 4K'minicomputer. The signal parameters of interest along
with peak integrator output values are given in Table 1 with
case 1 corresponding tc condition (a) where wC # wc‘, case 2
to condition (b) where A # A', and case 3 to conditions {(a)
and (k) where W # wcj and A # A',

The plots of Figures 12-14 correspond to the signals at
various stages of the algorithms as labeled. The resulting
final outputs of the integration stage of the SD algorithm
are consistent with the results indicated in {27). Even for
the hypothetical clutter case, the SD algorithm is unable to
detect a weak target signal for the conditions when the oscil-
lating source has different velocities for approaching and

receeding motion and/or when the RCS varies. The integrator
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final outputs of the SD algorithm are slightly larger for the
clutter plus target case than for the corresponding clutter
only condition, but no commen threshold o exists such that
detection is possible for all cases without fals alarms.

The MSD algorithm however, provides reliable detection
for all cases of the simplified model. The plots containing
the CLMS predictor outputs show that the CLMS did in fact
reduce the clutter amplitude and allowed the target signal
to pass relatively unaffected. The CLMS predictor stage of
the MSD algorithm used 8 filter weights with & convergence
parameter u of 0.01. Detection is indicated by clipping of
the integrator outputs for the clutter plus target conditions
in Figures 12c, 13c, and 14¢ for the MSD algorithm. The wvalue
of the threshold o was chosen at = 0.01 which allows for
reliable detection with no false alarms for hypothetical

clutter model simulations.
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VIi. SIMULATION RESULTS

We now consider a general class of demodulated clutter

signals of the form

-

o+

—
1]

A cos {o_ + [4 n/xr(t)]11

and ) (39)

L
o+
i

A sin {o_ + [4 T/Ar(t)]}
where

A is the clutter amplitude

84 is the clutter signal phase at its

gquiescent position

r{t) is the amplitude of the mechanical motion

A 1ls the radar wavelength.
The clutter signals of {39} have a two=sided frequency spectrum
and by appropriate cheoices of r(t), can be used to mcdel oscil-
lating objects of a physical system. The function r(t) repre-
sents the position of the clutter source as a function of

time t where the rate of change of r(t) is the velocity.

The first choice of r(t) is of the form

r{t) = r1 sin (2#ft) (38)

where r, is the amplitude and £ is the frequency of mechanical
motion of the oscillating clutter source, Substitution of

(38) in (37) yields the I and Q channel components

i(t) = A cos {eo + [4wr1/k sin {27ft)]}

and (38 )

i
o

gt} sin {@D + [4nr1/x sin (2nft) ]}
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The signal parameters and algorithm outputs corresponding to
the signals of (39) are referred to as case 1.
The next choice of r(t) is shown in Figure 15. The

choices of rise-time (T_.) and fall-time (T_.) allow simulation

R

of changes in velocity for motion towards and away and changing

F

signal amplitude A corresponding to motion towards or away
results in simulation of a change in the RCS due to rotation.
Three cases using the r(t) function of Figure 15 substituted
in (37) are simulated and referred to as cases 2, 3, and 4.
Case 2 corresponds to oscillation in which velocity in both
directions is the same with the same RCS, Case 3 corresponds
to a greater velocity for motion towards the receiver than
for motion away with equal RCS. Case 4 corresponds to a
greater RCS for approaching motion than for motion away with
equal wvelocities in both directions.

The clutter signal parameters referring to (37) for
each case are given in Table 2 along with the signal-noise-

ratio (SNR) computed as

T3
SNRdB = 10 log ;-i- [40]
where
a% = Gi + 02
T T
and (41)
3 2 2
uc = 0o I +c‘Q
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where U% represents the variance of the I channel target
T

component. The target signal of Figure 11 is used with motion
beginning at 360 seconds and lasting for 40 seconds with a
peak amplitude of 0.17.

The plots of Figures 22-33 correspond to the outputs
cf various stages of the MS8D and SD algeorithms as indicated,
The integrator outputs for the clutter only cases are shown
with the corresponding outputs of the clutter plus target
signals. The clutter only and clutter plus target input sig-
nals were band-pass filtered with a 2-section Butterworth
filter from 0.3 to 3 hertz to remove the d.c. component of

the input signal.

Interpretatior of Results., The SD final integrator outputs

of Figures 16, 17, 18, and 19 and the peak integrator ocutputs
of Table 2 show that no common threshold & can be chosen which
allows detection in all cases without nuisance alarms. The
MSD algorithm however, allows for detection in all cases.
The apparent nuisance allarm in Figure 30 for the MSD algorithm
can be attributed to system adaptation time as the output
moves to steady state after one cycle of the input. The plots
of the power spectra of the input signals and outputs of the
CLMS predictor show that clutter power was reduced with little
attennation of the target signal which allows for more reliable
detection as shown in the final integrator outputs.

The predictor stage of the MSD algorithm used 16 filter

weights with a convergence parameter y = 0.001. The computer
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programs used for each stage of the MSD and SD algorithm are
given in Appendix C along with the parameters required for

computer simulation.
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VII. CONCLUSIONS

This work has illustrated the effectiveness of the addi-
tion of adaptive complex predicticn for improved target detection
in an oscillatory clutter environment., The results of the
computer simulations indicate that the ability to set a common
threshold for detection using the MSD algorithm is greatly
improved over the SD algorithm. for which no common value exists
which allows detection without nuisance alarms. The results of
the simulation section can be extended to include other models
of oscillating objects whose position function r(t) is known.
The choice of algorithm parameters is dependent on the model
chosen for the clutter envircnment and target signal and must

be chosen to enhance detection.
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APPENDIX A

DERIVATION OF CLMS ALGORITHM

The complex least mean square (CLMS) predictor is shown

in Figure Al1. The input signal is a sampled (discrete) function

and the weights are variable. The ocutput of the filter stage

at time n is

y(n) = me W= W Txm (A1)
where

me = [X(n-a) X(n=-a=1)...X(n-a=-(m=1))1 (A2)

Wl = [W., W W] A3

A = 1 oo . {(A3)

and m is the number of filter weights.

The error signal at time n is defined as
e(n) = X(n) -wW_ - X = X(n) - xi W (Ad)

For complex inputs, each term in (Al1-4) contains real

and imaginary components, that is

y(n) = yg(n) + 3 y (n) (A5)
e(n) = eR(n) * 3 eI{n) (AB)
and
XR(n—A} XI(H—A)
XR(n-a—ij XI(n—a—1)
m . My mI( )
XR[n—a—(m—1} XI(n-a-(m-i}
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W W
" Ty
sz sz
W = + = W +3uW (A8)
m 3 . R mI
W W
Moy My

where R denotes the direct or real signal component, I the 90°

shifted gquadrature or imaginary component, and j = /-1.
The CLMS must adapt to both the real and imaginary

parts simultaneously, while minimizing in a sense both the

real and imaginary components of the error e(n). This is

equivalent to

2 _ — .
v, BE{e7} = v, Ele e} (A9)

where E represents the expected value operator, v is the
gradient operator, and e is the complex conjugate of e.

Since the two components of the error are in quadrature
relationship, they cannot be minimized independently. Because
the operaticn in (A9) is difficult to perform, it is modified

as

v, 162y = 7, (e &) (A10)

which is the instantaneous gradient of the sgquared error.
The justification for this process is similar to that for the
criginal LMS derivation and experimental results verify the

validity of the simplification.
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The conijugate of the complex error (Ad) is

e(n) = X{(n) —Wng = X(n) —EmT ?_Jm (AT1)

The instantaneous gradient of e(n) e{(n) with respect to the

real component of the weight vector is

' 4 %

ate(n)e(n))

SW.!R

s(e(n)e(n))
aw

v.. {e{n)e(n)t}= 2 =e(n)v. (e(n))+e(n)v _ (e(n))
NR R | WR WR
Be(n)é(n)
aW
W,
= e(n)(~im) + ey (=X ) (A12)

Similarily, the instantaneous gradient with respect to the

imaginary component of the weight vector is

w;emﬁﬂn}=eM)%,@ﬁn + ey, (e(n))
e I
= e(n) (IX ) = e(m) (-3X) (A13)

Applying the method of steepest descent to the real and imagi-
nary parts of the weight vector which is the same as changing
them along their respective negative gradient estimates, we

obtain

W ‘(n+1) = W, n-u V.. {e{n) e(n)} (a14)



where W

R.(
1

n)
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= Wp (n) - wv, f{e(n) e(n)} (A15)
i I

implies the real part of ith weight at time n.

Since the weight vector W is complex, it can be expressed

as

W,
1

(n+1)

We(n) + JWg (n) (A16)
1 1
{e(n)e(n)} + jvw {e(n) e(n)] (A17)
R I

Wl (n)“u [VW

If the expressions for the gradients in (A12) and (A13) are

substituted in

(A17), we obtain the update equation for the

ith filter weight as

W.
L

Wi

Wy

(n+1)

{n+1)

(n+71})

il

i

W, (n)-ule(n) [-X(n=a=(1-T))1+e (M) [-X(n-a-(i-1))]

+) e(n) (jX(n=-a=-(i-1))}+j e(n){-jX(n-a-{i-1))}]

Wi(nj + p2 e(n) X(n=a=(i=-1))

Wi(nJ + 2y e(n) X(n=-a=-(1i-1))
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APPENDIX B

FILTER TRANSFER FUNCTIONS

The following equations were used to perform the Kalmus

Process of Figure 8b.

B} =]
S H(z) = 0:754783 (1 + 2 ) (B1)

1 + 0.500526 z |

-1
HPF: H{z) = 0.245237 (1 - z ) (B2)

1 + 0.509526 2~

wilth

H(z) =

where X(z) is the input to the filter and ¥(z) is the output.



APPENDIX C

COMPUTER PROGRAMS

The computer programs used for implementing the MSD
and SD algorithms along with those for data generation are
presented. The parameters used for data generation for the
hypothetical and simulation results are given in Tables 1
and 2. The number of filter weights as well as the wvalue
for the convergence parameter u for the CLMS are given in
the appropriate sections, The fcllowing values were used

in all cases for implementing the Kalmus Processor and SSE.

- Kalmus Processor: Input gain = 18 dB
SSE: Desired Signal Strength = 0.1
Minimum Signal Strength = 0.001

Beta = 0.95



C**!******X**X**i***#*ﬂ***t#*#**##**X*****X*#***#**X**i**X*X**X#*****%%&

>

P

COMFLEX LEAST MEAN SQUARE FREDICTOR
0G FORTRAN 35 SOURCE FILENAME: CLMS,FR
DEFARTHENT OF ELECTRICAL ENGINEERIMNG KANSAS STATE UNIVERSITY
REVISION DATE FROGRAMMER
;5:;“_- &E;"E7’ 1982 &;;;E—;T-;LQSI
KRR K AOOR KR KR KRR A OO OO KOO RO RO RO R OO O ¥ 00K
FURFOSE
THIS ROUTIME IMFLEMEMTS WIDROW'S COMFLEX LEAST
HEAN SQGUARE FREDICTOR. 3EE <3:
ROUTINE(S) CALLED BY THIS ROUTINE

OFENR
QF ENU
READR
WRITR

R KKK KOKCR KO KKK IOR SO AR O IO RO OO RO KRR KRR RO Rk Xk K

[ T e T e T o T e T e A IO 0 N e S 9 I R N e O o S s T O o T e Y o S e S o Y i T o N e I e T o B i T v |

REAL I(256)Q(254)
COMPLEX W(&4:/64%(0,0:0.0)/96GsE(2564)
COMFLEX X{320)/320%(0,0,0.,0)/

10 CONTINUE
ACCEFT"NUMBER OF FILTER WEIGHTS (1-4437 *4i
IFINLLTW1.0RN.GT.464)G0 TO 10
ACCEFT*YALUE OF MU= 7 *,U
CALL QFENR(D,'"INFUT REAL FILENAME 7 "+1024,5IZET)
CALL OFENR(1,*INFUT IMAG., FILENAME 7 "»1024,SIZEQ)
CALL OFENW(2,'QUTFUT REAL FILENAME 7 ',1024,SIZE)
CALL OFENW(Z,*QUTFUT IMAG, FILEZMNAME 7 ',1024,5IZE)
T=AMINI1(SIZEI,SIZEQ)
T=T7/1024
M=IFIX(T)
Lo 90 J=1:H4
CALL READR{O0,JsIs1sIER)
CALL READR(1sJyQs1rIERR}

C
E SET UP ARRAYS T0O ALLOW NEGATIVE INDICES (rn-i)
G
00 30 L=1sN
X(L)=X(2361L)
30 CONTINUE
00 40 L=N+1,256+N
XCLY=CMPLXCT(L-N)»Q(L-N))
40 CONTINUE
c

C FERFORM FILTER OFPERATION



o 69
0 70 K=N+1:2354+N

G=(0.Gs0.01

0g 30 L=1,H
G=W{LIkX(K=-L)+0
CONTINUE

[=

COMFPUTE ERROR AT TIME ¥

[ R I &

E(R-NI=X({K)-G

o]

[ UPDATE FILTER WEIGHTS

DO 40 LL=1sN
WOLL)=WILLYFURECR-NIRCONJG M (K-LL )
i COMTINUE
B CONTINUE
00 80 MI=1.2%4
[(MI)=REALCE(KI))
QIMIY=AIMAG{E(MI))
g0 CONTINUE
CALL WRITR(2sJ»1,1,5IERR)
CALL WRITR(3sJsQr1,IERR)
Yo CONTINUE
CALL RESET
STOFP*%¥NORMAL TERMIMATIONXX¥
END



OO0 OO0 O OO0 QO OO0 o0n

[or B o (o] 9]

[yp]

C*tl**t*t**!!tt!*t*i*tt*x**Xt!!**!****#*!**3**!#*****1**!*ttt***i**t**%%

KALMUS PROCESSOR
G FORTRAN 3§ SCURCE FILENAME: IDART.FR

DEPARTHENT OF ELECTRICAL ENGINEERING KANSAS STATE UNIVERSITY

REVISIDN DATE FROGRAMMER
00.0 AUG 24» 1982 SIRAVARA VIJAYENIDRA
01.0 AFR 10+ 1983 WAYNE M. BLASI

KEREE KRNI ERKIERKEXRELARKRRRR R L KKK RRNR LRI R KRR

10

FURFOSE

THIS RDUTINE IMPLEMENTS THE I%dB@/dt OFERATION
0F THE KALMUS FROCESSOR. SEE <1ry<2x,

ROUTINE(S) CALLEDN BY THIS ROUTINE

ONEPODL
OPENR
OFENY
READR
WRITR

KKK KR KK KOKOK KR OKOK 0K KKK 30K 0K RO 30K 500K KOIOK 3K 0K ORI R IOR K RO K K

REAL INFPHAS(236),QUAD(236)yIQOUT(236)
REAL I1(2),I2(2)+01(2),Q32(2)AHF(3)ALF(3)
INTEGER PTR

MB = 1024

NEYTE = 4

CALL OPENR(Oy'INPHASE FILE NAME 7 ¢ *»NE,F1)

CALL OFENR(1s'QR-FHASE FILE NAME 7 { '/NBsF2)

CALL DPENR(2,'FILTER COEFICIENT FILE NAME 7 § *sNBYTEsF3)
CALL OPENW(3,'I % DG/DT OUTPUT FILE NANE 7 3 "yNEsF4)

FARAMETER FETCH

ACCEPT * INPUT GAIN IN dB 7 ! *sDBGAIN
GAIN = 10 Xx (DBGAIN/20.0)

READ LOW-PASS FILTER COEFFICIENTS

FTR
ng t 1,3

FTR PTR + 1

CALL READR(2,PTRyALP(J)»1,IER)
CONTINUE

0.0
J =

Ho u

READ HIGH-PASS FILTER COEFFICIENTS



DO 20 J = 1,3

PTR = PTR + 1

CALL READR(2yFTRyAHP(J) s 1, IER)
20 CONTINUE

Do 30 J=1,2
I1{1)=0.0
12¢0)=0,0
Q1cdr=0.0
Q201)=0.90
CONTINUE

S

ALGORTITHM EXECUTION

[ T S I e A 7 |

ITER = AMINI1(F1,F2)/1024

Do 100 X = 1-,ITER

CALL READR{C»KsINFHASs1sIER)
CALL READRC1rKsQUAISLsIERD
N0 30 J = 1,256
I101)=INPHAS(J) X GAIN
G101¥=QUADCI)Y X% GAIN

LOW FASS FILTER THE INFHASE CHANNEL AND HIGH PASS FILTER THE
QUADRATURE CHANMNEL
EACH ONE POLE FILTER HAS 0 dB GAIN AND 4 Hz CUTOFF

Lo B o B o B o B |

CALL ONEFOL(I1-I25ALP)
CALL ONEPOL(Q1,Q2:AHP)

MULTIPLY BY GAIN FACTORS AND LIMIT

fow I o B o}

I

12(1)
Q201) % 4.3

IF(ABS(I).B6T.2.8) I = SIGN(2.8,1)
IF{ARS(QY +GT.4.0) Q@ = SIGN{4,0+Q)
I =1% 2,0

FORM PRODUCT OF I AND G CHANMNELS

[y B e B o]

IQOUTC() = I % G/10.0

SAVE I AND Q CAHNNEL VALUES FOR FILTER OFERATION

[w O o0 I o |

11(2y=I1¢1)

Q1{2)=01(1)
30 CONTINUE

CALL WRITR(3,K,IQ0UTs1.IER)
100 CONTINUE

CALL RESET

STOF

END



CARRRRNR X0 K KK 30K0K 340K 330K KKK KK KR K 0K KKK IR IO 0K KKK K KO0 I0K KK XXk
C 72

C ONMEFOLE FILTER

E G FORTRAN 5 SCURCE FILENAME: ONEFOL.FR

G

6 DEPARTMENT OF ELECTRICAL ENGINEERING KANSAS STATE UNIVERSITY
E REVISION IATE FROGRAMMER

c 00.0 AUG 261 1982 SIRAVARA UTJAVENTRA
é*#*xx**;*xxmt*x**mxx#*x***x**x*#xx*x*x***xx*#x*xxx****x*xx*x*****xx***x

CALLING SEQUENCE
CaLL ONEFOLCXsTsA)
FURFOSE
THIS SUBROUTINE IMPLEMENTS A ONE FOLE FILTER. THE
TYFEsi.e. HF OR LP IS DETERMINED BY THE COEFFICIENTS
FASSED AS PARAMETERS.,
ROUTINE(S) CALLED BY THIS ROUTINE
NONE
ARGUMENT(S) REQUIREL FROM THE CALLING ROUTINE
X - ARRAY CONTAINING FAST AND FRESENT INFUT UYALUES
Y - ARRAY CONTAINING FAST FILTER OUTFUTS
A - FILTER COEFFICIENT VALUES
ARGUMENT(S) SUFFLIED TO THE CALLING ROUTINE
Y ~ FRESENT FILTER OUTFUT
RO K KKK KKK K KRR IO XK KRR OIO0KR KKK R IOK KKK KO0 R R KK X KOKK KKk
NOTE 1% This subroutine makes no checks on the validity

of the datz surrlied by the calling routine,

KRR K KKK KR KKK KKK KKK KKK KKK KK KKK KKK OKCKKOR H K KKK KOK R KO R ORKRKORk X

OO OO0 acCEoCGoOOomOoO0OnNnO00 0o o

SUBRROUTINE ONEPOL(F:G:A)
REAL F(2),6(2)r,A{3)

B{2) = G(L)
GCLY = ACLIRF(L) + AC2) % F(2) - A(3) % G6{(2)
RETURN

END



CXEXXOOOONOOOOOOOOUOOOOE OO KOO KRR KX X R XX
SIGNAL STRENGTH EQUALIZER #3
DG FORTRAN 3 SOURCE FILENAME! SSE.FR
DEFARTMENT OF ELECTRICAL ENGINEERING KANSAS STATE UNIVERSITY
REVISION IATE FROGRAMMER
;;jawm"_ 56;—10r 1782 ;;;;;;;;-;IJAYENBRQ

KR OR KK KKK 0K KKK KK KR HOK K ORR KR R OO KRR 30K KR OO R OR R R kK X
FURFASE

THIS ROUTIME IMFLEMEMTS THE SIGNAL STRENGTH
EQUALIZER 0OF THE MSD ALGORITHH.

ROUTINE(S) CALLED BY THIS ROUTINE

OO0 OO O OO0 00aoooao

OFENR
» OFENU
£ READR
c WRITR
c
CoA0K K KK OCHOR K 3KOKROOEOCKCOR OO O R KR O R R R R OO RO KRRk kX
c
DIMENSION X(234)
ACCEPT'UESIRED SIGNAL STREMGTH =1',LSTR
ACCEFT*BETA =:"+EBETA
ACCEPT*MIN SIG, STRENGTH =:',SHIN
ME = 1024
CALL OFENRCO," INPUT FILE MNAME 7 1 "sHE,F)
CALL OFENW{1," OUTFUT FILE - AFTER GAIN : 'sHBsF1)
[TER = IFIX{(F/1024)
5XX = 0.0
B0 10 J = 1,ITER
CALL READR{O»JsXs1rIERD
po 20 K = 1,256
c
C ESTIMATE SIGNAL STRENGTH
c
XX = BXX % BETA + (1.0 - BETA) X AES(X(K))
IF(SXX.LE.SHINY SXX = 1.0
W = ISBTR/(SXX + ,0001)
£
C SCALE INPUT
c

XIK) = X(K)¥W
20 CONTINUE
CALL WRITR(LlsJsXs1sIER)
10 CONTINUE
CALL RESET
STOPXX¥NORMAL TERMINATIONXXX
END



las L SE A G T e N S

[ B

C
(

:*xtx*x*x:x*x*x:xxx*xx*tx*x#txxx*x*xxx***x**#x*x***x**x***xxx*xx*xxxx§zt

TRIANGULAR TARGET SIGNAL GEMERATOR

0G FORTRAN 5 SOURCE FILENAMES TRITARGET.FR

DEFARTHENT OF ELECTRICAL ENGINEERING KANSAS STATE UMIVERSITY
REVISICN LATE FROGRAMMER

Q0.0 JAN 25, 1983 WATNE M. BLASI

NEREESSCE LSS ET T EFES NS ERT IS ICECEF ST RSP RS RIERIESEEEIL ST RIS S RS

LA I B T |

[ ow N o]

=3

3003

i ]

-

30

FURFOSE

THIS ROUTINE GEMERATES o OHE-SIDED TRIANGULAR
TARGET ZIONAL.

ROQUTINE(S) CALLED BRY THIS ROUTINE

OFENUW
WRITR

ARXKRIEREREHRRERR IR KRR RO RO KK OOR RO R O X X

THIS ROUTINE WAS ADAFTED FROM SCFTWARE FROM SANDIA NATIONAL
LABORATORIES

SRR LR KOO R R R R R 00KOCOR R R O O R O OO RO X Ok ok

REAL ICUT(234),0Q0UT(2348)

FI=3.14139

TWOFI=2.0%FI

ACCEFT'SAMFLING RATE 7 *,FS§

ACCEFT'FREQUENCY OF TARGET MOTION 7 "»FRED
ACCEFT'DELAY FRECEEDRIMG TARGET ENTRANCE (SEC) 7 "sDELAY
ACCEFT*TARGET DURATIOM 7 ",DURATH

ACCEFT'TARGET AMFLITUDE 7 *,AMF

ACCEFT"NUMBER OF BLOCKS (256 FTS./BLK) 7 *'sNELOCK
CALL OFENW(O,"INFHASE OUTFUT FILENAMET *,1024»F1)
CALL OFENW(1,*Q-FHASE OUTFUT FILENAME? *51024,F2)
ISTART=IFIX{LELAY¥F3)

LENGTH=IFIX (DURATNXFS)

£=0.0

N0 100 J=1,NBLOCK

GENERATE TRIANGULAR SIGNAL

00 50 L=1,254

TRIANG=0.0
IF{(C.GE.ISTART.ANDLC.LE,ISTART+LENGTH/2)TRIANG=
FLOAT((C-ISTART)XAMF) /FLOAT(LENGTH/2)
IF(C.GE.ISTART+LENGTH/2,AND,CoLE.ISTART+LENGTH)
TRIANG=FLOAT (-t % (C-LENGTH-ISTARTY®ANF ) /FLOAT(LENGTH/D)
IOUT(L)=TRIANGXCOS(TWOFIXCXFREQ/FS)
QOUT(L)=TRIANGXSIN(TWOFIXCXFREQ/FS)



£=C+1.0

CONTINUE

CAaLt WRITRC(O.JyI0UTy1IER?
CALL WRITRCL»J-00UTs1¢IERR?
CONTINUE

Call RESET

STOFKERMORMAL TERMINATIONYXK
END

75



CREXERIM R URT R KRR R KRR R KRR KRR KRR AR AR A

76
SINUSOIDAL CLUTTER SIGNAL GENERATOR

UG FORTRAN 5 SOURCE FILENAME: CLUTTER1,FR
DEFARTHENT OF ELECTRICAL ENGINEERING KANSAS STATE UNIVERSITY

REVISION UATE FROGRAMMER

00,0 AFR 105 1983 WAYNE M. BLASI
KRR RRRIK R OR KRR KK00O000K OO KRR KRR KKK RR KKK
FURFOSE

THIS ROUTINE GEMERATES A TWO-SIDED CLUTTER SIGNAL.
THE FOSITION FUNCTION IS A SINUSOID,

ROUTINE(S) CALLED BY THIS ROUTINE

OPENW
WRITR

FRRREK KRR R0 KR IO KOO0 OO OO R OOk OOk ok k

E
C
C
c
c
c
C
c
C
L
C
c
€
c
€
C
Fe
c
C
c
c
c
C
C
C
C Mote! THIS ROUTINE GENERATES THE CLUTTER SIGNALS FOR THE
c SIMULATION RESULTS - CASE 1.
C
CRERRARIKRRIRRRR R KRR RO R ORR R KRR KX R KRR KRR ¥k

REAL OUTI(2E6),0UTR(256)

F1=3.14139

TUOPTI=2,0%FI

ACCEFT"SAHPLING FREQUENCY = '+FS

ACCEPT"FREQUENCY OF MECHANICAL MOGTIOM = *,FREQ

ACCEPT*FHASE OF SIGNAL =',PHA

ACCEPT"# OF BLOCKNS(256 FTS./BLOCK) = *sN

ACCEFPT®"AMFLITURE = ",ANF

CALL OPENW(O»"INFHASE DUTFUT FILENAME?T "»1024,5I2E1)

CALL OFENW{1,"Q-FPHASE QUTPUT FILENAME? ",1024,5IZEQ)

k=0

D0 929 I=i.N

00 10 J=1,236
G
c GENERATE POSITION FUNCTION
C

ANG=TUOPIXFREQ¥FLODAT(K)/FS
A=SINCANG)
ARG=(TUOPIXPHA)+(FI/2.0%A)

C

€ GENERATE OUTFUT SIGNALS

c
OUTI(J)=AMPXCOS(ARG)
QUTA(J)=AMPXSIN(ARG)
K=K+1

10 CONTINUE

CALL WRITR(G,I»OUTI»1,»IER)



99

CALL WRITR(1,I,0UTQs1rIERR)?
CONTINUE

CALL RESET

STOFPKX¥NORMAL TERMINATIONXXX
END

77



Ef#*X*******#*******X***#*X******#******#X*****X#*#X****#**X******t*#%ﬁ?

? TRAFEZDIDAL CLUTTER SIGNAL GENERATOR

é UG FORTRAM S SOURCE FILENAME! CLUTTER2.FR

E DEFARTMENT OF ELECTRICAL ENGINEERING KRANSAS STATE UNTVERSITY
E REVISICN DATE FROGRAMMER

c 0.0 AFR 11, 1983 uATHE W, BLAST

28
"

IEESFEESS SRS SNSRI E LTRSS LU ESE RSN RERSREE SRR RSSO NETEE
C

=T

FURFOSE

THIS ROUTINE SEMERATES A TWO-STDED CLUTTER SIGHAL.
THE FOSITION FUNCTIGN IS GIVEN IN FIGURE Z1.

3

C

c ROUTINE(S) CALLED BY THIS ROUTINE

C

c OFENW

C WRITR

c

CHIRRNIRE OO R OO R RO OO O KR RO R KR KA OO R
c Note! THIS ROUTINE GENERATES THE CLUTTER SIGHALS FOR THE

SIMULATION RESULTS - CASES 2+3-4.

P I

IS FEEFS ST TS PETOECTECECLEEPEENTEOE PSP P LCEERTFECETERT SRS PSS S ST TS
k
REAL RO236),I00T(2348),Q0UT(236)
BLCEFT'SAMFLING FREQUENCY ! "»F5
TYFE'THESE QUERIES RELATE TO r{t) FUNCTION®
ACCEFT'DURATION OF HALF CYCLE? t *»T1
ACCEFTTAMPLITUDE OF MECHANICAL MOTIONT ',al
ACCEFT*RISE TIME? ! *+TR
ACCERT'"FALL TIME? & '»TF
TR=TR/2.0
TF=TF/2.0
CALL OFPENW(O,*OUTFUT r(t) FILENAME? ! "»1024,5IZE)
CALL OPENW(1,"INPHASE QUTFUT FILENAME? ! *,1024,SIZEI)
CALL OFPEMW(2,*Q-FHASE QUTFUT FILENAME?T 1} *,1024,8IZEQ)
ACCEFT"# OF RECORDS (256 FTS/REC)? 1 "sNUMRELC
TYPE'THESE QUERIES RELATE 7O I % § SIOGNALSY
ACCEFPT"AHP, OF FOS. CYCLE? ! "yAMF1
ACCEFT'aMF, OF NEG. CYCLET ! ',ANMF2
ACCEPT'FHASE OF OUTFUT SIGNALT + ",FHA
PI=3.14159
TUWOFI=2.0%F]
SLOFER=A1/TFR
SLOPEF=-AL1/TF
T=TR
T73=0.0
ALN=0.0
K=0
N=1



D0 799 I=1,NUMREC
DO 100 J=1,2856
CONTINUE

mon

GENERATE THE FOSITION FUNCTION rit)

).

IF(N,.EQ.2)80 TO 30
IF(K.GT.T¥FS)G0 TO 10
ROJI=AIN+SLOFERXFLOAT(K) /FS
R=K+1
GO TO 9¢

10 CONTINUE
[F(K.GT.(T1-TF+T3)*¥FS} GO 7O 20
RiJi=al
R=K+1
G0 70 99

20 CONTINHUE
K=0
N=2

30 CONTINUE
[F(K.GT,2,0%TF%FS)G0 TO 490
R{JI=A1+SLOPEF¥FLOAT(K)/F5S
R=K+1
GO 10 99

40 CONTINUE
[IF(K.GT.(T1+TF-TR)¥FS)GO TO 30
rR{J)=-Al
K=K+1
GO TO 9%

230 CONTINUE
K=0
N=1
T=2,0%TR
T3=TR
AIN=-A1
GO 70 §

?9 CONTINUE

i

GENERATE THE CLUTTER SIGNALS

oo

ARG=TWOFIXPHA+4.0%PIXR({J)
AMFP=AMF1
[OUT{(J)=ANFP*COS(ARG)
QOUT(J)=AHPXSIN(ARG)
100 CONTINUE
CALL WRITR{(O»IsRs1sIERR)
CALL WRITR(1,I,I0UTs1,IER)
CALL WRITR(2,I,Q0UT»L1:IR)
999 CONTINUE
CALL RESET |
STOPXXANORMAL TERMINATION® XX
END
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ABSTRACT

This work introduces the notion of employing adaptive
complex prediction to improve target detection in a c;ass of
radar clutter signals due to an oscillating source. The
moving target is assumed to produce relatively low amplitude
transient signals that are typically broadband. The motion
of the target is assumed to be in one direction -- i.e.,
towards or away from the radar. Computer simulations are
presented which illustrate the effectiveness of adaptive

complex prediction for improved target detection.





