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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
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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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