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ABSTRACT

We present the matched illumination waveform design for
improved target detection and identity discrimination in
through-the-wall radar imaging and sensing applications.
We consider a multistatic radar system for detection and
identification of stationary targets with known impulse re-
sponses behind walls. The stationary and slowly moving
nature of typical indoor targets relaxes the orthogonality
requirement on the waveforms, thereby allowing sequential
transmissions from each transmitter with simultaneous re-
ception at multiple receivers. Numerical electromagnetic
modeling is used to provide the impulse responses of a hu-
man and a wooden table for different target orientations and
at various incident and reflection angles. Simulation results,
depicting an improvement in performance of the multistatic
radar as compared to monostatic operation, are provided.

1. INTRODUCTION

Utilization of target signature for design of transmission
waveforms for optimum detection and classification has
been recently investigated in many applications of radar,
such as air-to-air and air-to-ground radar systems [1]-[3].
However, it has not been utilized in the context of urban
sensing and through-the-wall radar imaging (TWRI). This
new emerging field of research and development involves
the process of remotely detecting, classifying, and locating
targets inside buildings or other structures [4]. In addition to
surveillance and reconnaissance in urban environments, this
technology can also be used in rescue missions, searching
for fire, earthquakes, and avalanche victims and survivors,
and behind-the-wall detection and surveillance of suspected
criminals and outlaws [5]-[6]. For through-the-wall radar
applications, in addition to humans, there are only a finite
number of objects that are commonly found inside rooms
and behind walls, for example, chairs and tables of a few
different sizes and possible shapes. As such, the underlying
indoor imaging application is ideally suited for considering
waveform design based on target signature exploitation.
Matched illumination waveform design is a signature
exploitation technique in which waveform shaping is
optimized to yield maximum signal-to-clutter-and-noise-
ratio (SCNR) at the output of the receiver matched filter for
optimal detection of targets with known impulse responses
[2]-[3]. For target identification, the criterion is to design a
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waveform that maximizes the square of the Mahalanobis
distance between the echoes from two targets [2]. Matched
illumination was considered for the detection and identifica-
tion of targets behind walls and in enclosed structures in [7]
for single antenna monostatic operation. We presented a gen-
eralization of matched-illumination waveform design for
through-the-wall target detection using a multistatic radar
system in [8], wherein the system transmitters and receivers
are spatially distributed over a wide area rather than being
housed on the same physical platform. Such a scheme ex-
ploits the variations in the target impulse response as a func-
tion of the transmitter-to-target aspect angle and the transmit-
ter-receiver bistatic angle for improved performance.

The objective of this paper is two-fold. First, we develop
a vector formulation of the multistatic signal model in order
to facilitate a discrete-time implementation of the matched
illumination multistatic technique. Second, we extend the
matched illumination waveform design for through-the-wall
target identity discrimination. We analyze the performance of
the proposed multistatic detection and identification system
under both no-clutter and clutter-plus-noise scenarios and
compare its performance to that of single antenna monostatic
systems employing, respectively, an optimal matched illumi-
nation and a conventionally used chirp waveform.

2. SIGNAL MODEL

We consider a single stationary extended target inside a room
with homogenous walls. Since the target remains within the
same range gate and assumes the same impulse response, the
set of transmitted waveforms need not be orthogonal, thereby
allowing sequential use of the transmitters with simultaneous
reception at multiple receivers. We assume coherent process-
ing of the target returns at the different receivers. As such, a
signal model can be developed based on single active trans-
mitters.

2.1 Single Active Transmitter
Let the active transmitter be located at x, =(x,,y,) and

er = ('xrm > yrm )9

m=12,...,M, as shown in Fig. 1. If z(¢) is the energy-

the M receivers be positioned at

limited transmitted signal and s, (¢) is the target return at the
m-th receiver, then

8, (1) =q,, (1) * 2(1) (D



where ‘*’ denotes convolution and ¢, (¢) is the combined

wall/target impulse response corresponding to the m-th
transmitter-receiver pair, and is given by

4, O) =u(@)* &, () *u(=1)*5(t-1,). 2
In the above equation, u(¢)is the transmission impulse re-

sponse of the wall, which is assumed to be known and inde-
pendent of the transmitter and receiver locations. This is a
reasonable assumption since, in general, the wall thickness is
small compared to the typical antenna stand-off distance,
which could be 10m or more from the wall. In this case, the
differences in the path lengths through the wall as a function
of antenna position are negligible. The deterministic function
&, (t) is the known impulse response of the target corre-
sponding to the m-th transmitter-receiver pair. Exact knowl-
edge of the combined wall-target impulse response is re-
quired to implement matched illumination waveform design
techniques. The case when the target impulse responses cor-
responding to the various transmitter-receiver pairs are not
exactly known is discussed in a later section. The quantity
n, in (2) is the propagation delay measured from the trans-
mitter to the target and then back to the m-th receiver and has
contributions both from propagation through air and through
the wall [9]. Since the target location and hence the delays
n,, are not known beforehand, ¢, (¢) should be assumed an
unknown function. In order to overcome this issue, range
gating is employed and the matched illumination waveform
will be designed separately for each range gate within which
the target could be present.

Let w,, (¢) represent the clutter response for the m-th

transmitter-receiver pair and #,,(¢) be additive noise. Both

the clutter and the noise are assumed to be stationary stochas-

tic processes, which are independent of each other. The m-th

received signal r, (¢) is given by,
r,()=s,@)+c,)+n, ()
¢, () =w,, (t)*z()

where c,, (¢) is the signal dependent clutter return.

3)

It is noted that in the above model, we have only consid-
ered the wall transmission impulse response. The wall reflec-
tions are assumed to have been either resolved from that of
the target or mitigated using effective wall return removal
techniques such as those recently proposed in [10]-[11]. In
[10], the wall parameters are estimated and used to model the
wall returns, which are then subtracted from the target scene
data. The approach in [11] does not estimate the wall parame-
ters and instead preprocesses the data by applying a filter in
the spatial domain to notch the zero spatial frequency which
corresponds to the approximately invariant signal returns
from the wall at different antenna locations.

To facilitate simulation on a computer, we use a discrete-
time formulation of the signal model. The transmitted signal
z(¢) is given by N_ equally spaced time samples separated
by an interval Az, i.e., the transmitted signal vector is defined

as z=[z,,2;,...,Zy, 1". Target impulse responses &, (¢),
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Figure 1 — Through-the-wall multistatic sensing scenario with a
single active transmitter.

(C)

m=12,...,M, can extend over different finite time dura-

tions. However, for simplicity of presentation, they are as-
sumed to be of the same finite length. The combined
wall/target impulse response ¢, (¢) is sampled at the same

rate as the transmitted signal to produce an N, x1 impulse

response vector q,, =[qm1,61mz»...,quq]T and the m-th

received target return s, (¢) is represented by the return sig-
nal vector, s, =[s,,5,,...,s ]",where N.=N_+N, -1.

A convenient matrix representation of the m-th target return,
free of noise and clutter, can be obtained following a similar
formulation in [2] as

s, =Q,z 4)
where the N x N_ combined wall/target convolution matrix

Q,, is given by

Dm 0 0 0
D2 I 0 0
: : : - : (5)
Q, = v, Dn(ng -1 Dn(Ng-N-)
0 dnn, Dn(Ng N +1)
0 0 ‘1"1(.«',,71) |

Likewise, by representing the clutter return and the noise by
vectors of their respective temporal samples, the m-th re-
ceived signal can be expressed in vector form as

ry =Sy, +cm +nm (6)
— T _ T
I‘m _[rml’rrnZ""’rmNS] H cm _[le’CmZ""’cmNS]
T
nm = [nml5nm27"'7nmNS]

We collect the received signals from the M receivers in
an MN x]1 vector r

r=Qz+c+n=s+c+n

r Sy n, Q,

r, S, n, Q, (7
r= P §= P n= P Q: :

Ty Su n, Qy

2.2 Multiple Transmitters
Consider a multistatic through-the-wall radar system
with L transmitters. When the /-th transmitter is active and



emits the signal z,, the MN x1 received signal vector r,

is given by (7), reproduced below with the introduction of the
subscript /.

r,=Q,z,+c¢, +n, =s, +¢, +n,, [=12,...,L
Iy Sn n, Q,
| T | Sn | _1Qp ®)
r, = 08y = oy, = > Qfl o
Ly Sim n,, Qs

Note that we have assumed that each of the L transmitted
signals has the same length N, and the target impulse re-
sponses apparent to the LM transmitter-receiver pairs are all
of length N, . The values of N_ and N, can be chosen

based on their possible maximum values, consistent with
system and target specifications and properties.

We combine the L received signals, obtained from the
sequential use of the L transmitters, to form a tall vector
r,, of length LMN ;, given by

r[()l = lezl()l +cl(1l +n!{1l = S[()l + cl()l +nmz

rtl stl ntl
r S n
_| 2 _| "2 _| 9
rtol - P Stot - s ntot - : ( )
l‘tL S,L lltL
Q, 0 0
o - 0 Q, 0
tot : .
0 o Q,

3. MATCHED ILLUMINATION WAVEFORM
DESIGN

We assume that both the noise n,, and the signal-

dependent clutter return ¢,, in (9) are independent zero-

tot
mean multivariate real Gaussian processes with known co-
variance matrices,

Rn :E{ntotnz;t}:GZILMNS’ Rc :E{ctatcz;t} (10)
where 1., is an identity matrix of dimensions
LMN  xLMN,.

3.1. Optimum Detection Waveforms
The objective of the matched illumination detection

waveform design is to find the transmitted signal vector z,,
that maximizes the SCNR at the output of the receiver
matched filter, whose impulse response b is given by,

match

bmatch :(Rc +O_21LMNX )_1stat (11)
The SCNR at the output of the matched filter is given by
SCNR — b rTnatch S tot S Z;t b match (1 2)

(b Z;u)tch (R¢ +o ZI LMN ¢ )b match )
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Using (11) and (12), the waveform design problem for opti-
mal target detection can be formulated mathematically as,
max SCNR = maxs,, (R, +o.1,,, )7's,,  (13)
Ztot Ztot
In the case of zero clutter, the SCNR simplifies to

1 1
SCNR:_ZSZ;”SH)’ :_zthotQtTotQtotZtot (14)

Exploiting the block-diagonal form of Q,,, we obtain
L 1
SCNR=X'z/Qz,, Q,=—Q;Q, (15
=1 o
Since the /-th term in the summation on the right hand side
of SCNR in (15) depends only on the /-th transmission, it is
clear that the original waveform design problem is equiva-
lent to designing L individual waveforms z,,z,,...,z,,

such that
maxz,TQ,zl, 1=12,...L (16)
7]

The solution z, to the design problem of (16) is propor-

tional to the eigenvector corresponding to the largest eigen-
value of , [2].

On the other hand, when both signal-dependent clutter
and noise are present and significant, the optimal waveform

z,, can be obtained iteratively, as discussed in [2].

3.2. Optimum Identification Waveforms

Maximizing the probability of correct identification is
equivalent to the maximization of the Mahalanobis distance
between the two target echoes [2],

ZZ = (Smt,a _stat,ﬂ)T(Rc +O—31LMNS )_1 (Smt,a _Smt,ﬂ) (17)

where s and s, , are the vectors corresponding to the

tot,a

echoes from targets a and £, respectively. Eq. (17) can be

presented in terms of the combined wall/target convolution
matrices as,

2 T
X = Ztorga,ﬂz

tot

Qa,/;’ = (Qtot,zz _Qtor,ﬂ)T(Re +O_;§ILMNAY )71 (th,a _Qtoz,/f)
(18)

Similar to the no-clutter case for target detection, the opti-
mum discriminating waveform is proportional to the eigen-
vector corresponding to the highest eigenvalue of
Q, ;. When the clutter is present in the scene, the optimal

waveform is obtained via an iterative solution [2].

3.3. Ambiguity in Target Impulse Responses

Note that for a given range gate, the target impulse re-
sponse at each receiver is a function of the transmitter-to-
target aspect angle, which may not always be available when
the target is behind walls. One simple way to overcome this
problem is to cycle through all possible optimal matched-
illumination waveforms for the target of interest given the
multistatic sensor geometry. The SCNR varies as a function
of the transmitter-to-target aspect angle, even when a corre-
sponding optimal multistatic waveform is used or each orien-
tation. Therefore, the transmitted waveform corresponding to
the actual target orientation will provide the highest SCNR.
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Figure 2 — Layout of the simulated scene.

4. SIMULATION RESULTS

A multistatic radar system, consisting of three sensors, was
considered. Sensor S1 acts as a receiver, S2 is a transmitter,
and S3 is a transceiver. The sensors are placed at a standoff
distance of 10m from a 0.2in thick solid concrete wall with
g=7.6and o =0.05S/m, as depicted in Fig. 2. The target
is located 1.3m behind the wall. A wooden table and the
model of a human, shown in Fig. 3, were considered as tar-
gets. The particular human model used is the “High Fidelity
Frozen Male Body” by Remcom Inc. The human's phantom
consists of 23 different tissue types, each with its own di-
electric properties. The model is optimized for numerical
computations and occupies only 128 MB of RAM [12].
Since the optimal waveform design involves target im-
pulse responses, free-space simulations were first carried out
using a commercial electromagnetic simulator XFDTD® by
Remcom for computing the impulse responses of the targets
apparent to each transmitter/receiver pair. It was assumed
that both the transmitter and the receiver are located in the
far-field of the target. Each target was probed by a vertically
polarized modulated Gaussian pulse, covering the 1-8 GHz
frequency band with almost uniform energy over 1-3 GHz.
For each transmitter/receiver bistatic angle, the correspond-
ing target impulse response & was obtained as the least

squares solution & = (2772)'Z7s, where Z is a convolu-

tion matrix, identical in structure to (5), containing the inci-
dent modulated Gaussian waveform, and s is the target re-
turn vector [7]. The transmission impulse response of the
wall was similarly computed. Since XFDTD® produced
results for a far-field scenario with plane wave excitation,
the combined wall/target impulse responses were preproc-
essed to reflect the multistatic operation.

Optimal matched illumination detection waveforms
were constructed for the human for the zero clutter case. A
range gate of 18.5 ns, centered at the target, was used. The
SCNR corresponding to the multistatic radar system using
the optimal waveforms is provided in Table I. For compari-
son, the optimal matched illumination waveform correspond-
ing to monostatic operation from the transceiver, was also
obtained and the corresponding SCNR is given in Table I. In
order to compare the performance of the different wave-
forms, we used the same total transmit power and identical
noise variance of 0.001. We note that the multistatic system
of the human apparent to the two receivers (S3 and S1) with
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(a) (b)
Figure 3. (a) High Fidelity Frozen Human, (b) Wooden table.

Table I. SCNR at matched filter output for the human.

Waveform SCNR (dB)
Monostatic Multistatic
Operation Operation
Optimal -1.7216 0.7260
Chirp -14.8094 -10.6277

transmitter S3 active, and the frequency response of the op-
timal multistatic waveform transmitted from S3. It is clear
from the figure that the optimal waveform places its energy
in a narrow frequency band that jointly resonates the wall
and the target. The optimal waveform corresponding to
transmitter S3 is plotted in Fig. 5(a).

The output SCNRs corresponding to the optimal trans-
mitted waveforms for monostatic and multistatic operations
were also compared to those of chirp waveforms of the same
energy and respective durations. The SCNRs corresponding
to the chirp waveforms for the human are provided in Table
L. Tt is evident that the optimal waveforms significantly out-
perform the chirp signal for both monostatic and multistatic
operations. In fact, for the target and scene layout consid-
ered, the optimal monostatic waveform outperforms the
multistatic radar employing chirp waveforms.

For the case of non-zero clutter, we have designed the
optimum multistatic waveforms for the human using the
iterative algorithm presented in [2]. The clutter and the noise
are assumed to be of independent samples. The clutter-to-
noise ratio (CNR) was first set to -10 dB and then to 10dB.
Table II provides the SCNR at the output of the matched
filter due to three different waveforms, namely, the optimum
transmitted waveform for clutter and noise, the optimum
waveform for noise only case, and a chirp waveform, all of
the same duration and energy. For CNR of -10 dB, we ob-
serve that the optimized waveform obtained via the iterative
technique provides better detection in the presence of clutter,
though the overall SCNR improvement compared to the
noise only case has degraded. On the other hand, when the
CNR is 10 dB, all transmission waveforms yield similar
SCNR. This is in compliance with the degenerate case of
significant clutter, described in [2], wherein all transmission
waveforms yield identical SCNR. The optimal waveform
corresponding to transmitter S3 for CNR=-10 dB is plotted
in Fig. 5(b). We also designed the optimal multistatic wave-
form for detection of human in the presence of noise and
with the wooden table as a source of clutter. Since the table
frequency response (not shown) does not have significant
energy beyond 5 GHz, the corresponding waveform was
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Figure 4. Normalized Magnitude Spectra with S3 transmitting.
Table II. Multistatic SCNR at matched filter output for the human.

Waveform Multistatic SCNR (dB)
CNR=-10dB | CNR=10dB

Optimal — Clutter and | -24.9107 -42.7754

Noise

Optimal — Noise only -25.9141 -43.2472

Chirp -29.6381 -42.1243

similar to the noise-only multistatic waveform for human
detection.

In order to evaluate the performance of optimal wave-
forms for discrimination between different targets of interest,
i.e., the table and the human, we examined the Mahalanobis
distances between the targets’ echoes under both monostatic
and multistatic operation in the presence of noise for differ-
ent transmitted signals. We compare the optimal discrimina-
tion waveforms, a chirp waveform, and the optimal detection
waveforms for the human and the table. The results, pro-
vided in Table III, show the advantage of using the optimal
multistatic discrimination waveforms.

5. CONCLUSIONS

In this paper, we presented a generalization of the matched
illumination based waveform design for through-the-wall
radar operation using a multistatic radar system for im-
proved detection and identity discrimination of stationary
targets. The slowly moving and stationary nature of the in-
door targets permits sequential use of the transmitters, ren-
dering the use of orthogonal waveforms unnecessary. Proof
of concept was provided using electromagnetic modeled
data for a human and a wooden table behind a solid concrete
wall. The two cases of noise-only and clutter-plus-noise
were analyzed. It was assumed that the target signal returns
to a transmitted waveform can be coherently processed at
the different receivers. Performance of the optimal multi-
static waveform was shown to be superior to that of the op-
timum waveform for single antenna monostatic operation as
well as a conventionally used chirp waveform.
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Table I1I. Mahalanobis distance for multistatic operation.

Waveform Mahalanobis distance (dB)

Monostatic Multistatic

Operation Operation
Optimal -21.7629 7.2545
Optimal human detection -36.888 6.4546
Optimal table detection -21.7623 6.9482
Chirp -34.1954 -5.003

Amplitude

(a) (b)
Figure 5: Optimal waveform with S3 transmitting (a) noise only, (b)
CNR=-10dB.
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