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ABSTRACT

In this paper, a novel high-resolution through-wall ghost imaging
(TWGI) algorithm is proposed for detecting targets hidden behind
walls. By using chaotic modulated signals, ghost imaging (GI) de-
rived from optical image reconstruction applications is introduced
and applied in through-wall imaging (TWI) scenarios to achieve
high-resolution imaging capability. The scattering coefficients of the
target imaging plane are treated as levels of brightness in the pro-
posed algorithm, whose spatial distribution can be retrieved by pro-
cessing the estimated electromagnetic (EM) field at the target imag-
ing plane with the reflected signal captured by a single receiving an-
tenna. Simulation results are presented to show the effectiveness and
high quality of reconstruction results by using the proposed TWGI
algorithm.

Index Terms— Ghost imaging, Through-wall imaging, Chaotic
signal

1. INTRODUCTION

In recent decades, the world has been suffering more and more
safety issues from terrorist and homeland security threats. As ur-
ban environment, which mainly contains indoor and complex ob-
stacle scenario, is the main battlefield of counter-terrorist opera-
tions and potential military conflicts in the future, people are con-
centrating on developing new through-wall surveillance and human-
detection methods for close quarters battle (CQB) usage. The ability
of penetrating through building walls has therefore made through-
wall imaging (TWI) using microwave signals one of the hottest re-
search topics which draws the interest of researchers all over the
world. Besides the above military usage, TWI also has a wide range
of civilian applications such as fire rescue, emergency relief and dis-
aster survivor searching tasks [1-5].

Although previous TWI algorithms successfully obtain detec-
tion results of objects hidden behind walls, the resolution capability
is still not satisfied enough, which makes it difficult for operators
to classify the weapons or identify hostages from terrorists. Obvi-
ously, this is not ideal for practical cases that requires details of the
through-wall targets to help providing fast situation awareness and
tactical advice.

Ghost imaging (GI) is a high resolution and nonlocal imaging
algorithm in the quantum and optical area. The first GI experiment
was completed by using two entangled photons under laboratory en-
vironment [6] in 1995, followed by the theoretical proof [7] and im-
plementation [8] using classical thermal light in 2004. The principle
of GI using classical thermal light is that under the illumination of
fully spatial incoherent source, the object can be imaged by calculat-
ing the mutual correlation between the reference light field collected
by a charge-coupled device (CCD) and the signal received by single
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bucket pixel detector. This, meanwhile, requires a huge number of
measurements [7-9]. Later, the authors in [9] proposed a new imag-
ing reconstruction algorithm which can successfully reduce at least
10 times of the measurements to achieve high resolution results.

In this paper, we propose a novel high resolution TWGI algo-
rithm, in which we exploit the traditional GI algorithm in the field
of optics and adapt it into through-wall imaging applications using
microwave. With an antenna array radiating chaotic modulated sig-
nals, a spatial incoherent electromagnetic (EM) field is generated
at the target plane to perform the proposed TWGI. Subsequently, by
knowing the dielectric permittivity and thickness of the wall, the EM
field at the target imaging plane behind the wall is estimated. The
estimated EM field, together with the reflected signal captured by
a single receiving antenna, are then processed for the through-wall
target image reconstruction.

To our best knowledge, this is the first time to apply the tra-
ditional GI algorithm in the field of optics into the area of TWI
using microwaves. The proposed algorithm not only improves the
resolution of the reconstructed image of the target behind the wall,
but also reduces the influence caused by the attenuation of the wall.
The imaging effectiveness and reconstruction quality of the proposed
algorithm are validated by simulations using both MATLAB and
XFDTD.

The organization of the rest of the paper is as follows. In Sec-
tion 2, fundamental feasibility is discussed, followed by the typical
scenario displayed in Section 3. In Section 4, the proposed high-
resolution TWGI algorithm is presented. Simulation results are pro-
vided in Section 5 to show the effectiveness and the performance
of the proposed TWGIL. Finally, in Section 6, some conclusions are
drawn.

2. DERIVATION OF FEASIBILITY

In this Section, we develop the through-wall ghost imaging (TWGI)
algorithm using microwave. Two essential points are discussed here,
1) the condition of performing GI using microwave signals and 2)
the possibility of successful hidden target image reconstruction using
TWGI.

2.1. Condition of performing microwave GI

To perform a thermal light ghost imaging, fluctuating light source

should be fully spatially incoherent. In traditional thermal light GI

scheme, the second order correlation function can be expressed as
GV (@1, 20) = I(a1)8 (21 — 22) 1)

where, I(x) is the intensity distribution of the source and 6(x) is
the Dirac delta function [7]. Obviously, equation (1) indicates that
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the relationship between different radiation elements on the thermal
light source should be statistically independent.

Inspired by the fact that light belongs to electromagnetic wave
in essence, it is natural to think about replacing thermal light source
with microwave source whose intensity distribution is also expected
to satisfy equation (1). Take amplitude as the fluctuation of a single
radiation element on a microwave source, the condition described in
equation (1) can be written as,

’ ’

GV (aig, aiy) = Amp(ais)d(ai; — aij) ()
where G4V (ay;, a;j) is the second order correlation function,
Amp(ai;) is the amplitude distribution of microwave source and
d(asj) is the Dirac delta function.

Apparently, if we use an antenna array to represent the above
microwave source, the condition for performing microwave GI is
that for each sub-antenna, as a single radiation element on the array,
should transmit amplitude statistically-independent signals

2.2. Possibility of target image reconstruction of TWGI

Another crucial condition for performing GI is that under the illumi-
nation of spatially incoherent source, only when the field generated
at the imaging plane is spatially incoherent, the correlation functions
allow to retrieve information about the object [10]. Therefore, the
possibility of whether the GI can still be successfully implemented
after detecting signals penetrated through the wall should be ana-
lyzed.

Consider the situation that a signal S(t) radiates from a single
antenna and penetrates through a uniform wall. After one-way pene-
tration, the signal S, (t) at a single point x;, in the free space behind
the wall can be expressed as,

Sy (t) = pS(t — tactay) 3

where, p is the attenuation caused by the uniform wall and tgeiay
is the propagation delay including the signal flying time inside and
outside the wall [11].

Note that equation (3) indicates that the wall only introduces at-
tenuation and the time delay into the detecting signal. Since the wall
is uniform, the attenuation is homogeneous, therefore no correlation
has been introduced by the wall. Consequently, the EM fields gener-
ated under the illumination of the whole antenna array remain spa-
tially incoherent after detecting signals penetrated through the wall.
Thus, the TWGI can be successfully implemented.

3. SYSTEM MODEL

The typical application scenario of our proposed TWGI algorithm
is shown in Fig. 1. It consists of an antenna array, a single-layered
homogeneous wall, the target and the free space. The antenna array
of M? sub-antennas lining in M rows and M columns is placed in
front of the wall. The wall is located in the X Z-plane with a known
dielectric permittivity € and a thickness d. The target region to be
imaged is located along the positive Y'-axis behind the wall. The
reflected signal is collected by a single receiving antenna, which is
then processed using our proposed TWGI algorithm to reconstruct
the target imaging plane.

From the description in Section 2, in order to satisfy the condi-
tion described in equation (2), signal radiated by each sub-antenna
should be amplitude statistically-independent. Noise modulated sig-
nals possess high statistical independence property by using random
modulated waveforms. However, chaotic modulated signals, much
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Fig. 1. Typical TWI using ghost imaging scenario

like random noise waveforms, not only have the same statistical in-
dependence characteristic, their rich dynamical structure and unique
deterministic property also offers ease and controllability of genera-
tion [12]. Chaos waveforms are generated from dynamical systems,
where chaotic maps are one class of the chaotic regimes operating
with discrete time steps [12, 13]. In this paper, we formulate cubic
mapping to be the nonlinear-dynamic system for generating chaotic
amplitude modulated signals to perform our proposed TWGI.

Let x;;(0) be the initial value, the formula of a general term
of standard cubic mapping sequence of the signal radiating by one
sub-antenna a;; can be expressed as,

3
zij(n+1) = a(zi5(n))” — (1 — a)(wi;(n)) *
where the coefficient a is normally restricted to the range 0 < a < 4
[14].
Then, the chaotic amplitude modulated signal .S;; (¢) for the sub-
antenna a;; can be written as,

Sij(t) = Ampi;(t) exp(2m f + ) 5)

where
Ampi;(t) =Y @i (n)g(t — nAt) (6)

In equation (6), g(t) is the standard impulse signal, At is the
discrete sampling interval and x;;(n) is the nth value of the cubic
sequence described by equation (4).

4. PROPOSED TWGI ALGORITHM

In this section, we first discuss the typical scenario containing a sin-
gle through-wall point target, then extend to the proposed TWGI
algorithm to reconstruct the whole target imaging plane.

4.1. Single point target model

Consider a single point target located in a free space hidden behind a
uniform wall, under the illumination of the whole antenna array, the
reflected signal can be expressed as,

M M

r(t)=p3y > Si(t —7is) @)

i=1 j=1

where p is the attenuation caused by the wall, J is the scattering
coefficient of the single point target, .S;;(t) is the chaotic modulated
signal transmitting by a single sub-antenna on the array and 7;; is the
propagation delay including the signal flying time inside and outside
the wall. Given the precise wall thickness and dielectric constant,



the traveling distances of the detecting signal inside and outside the
wall can be accurately computed. Based on the traveling distances,
the propagation delay 7;; can be calculated [11].

4.2. TWGI for the whole imaging plane

If we think the above single point target as a single pixel in the recon-
struction target image, then the scattering coefficient § can be treated
as the brightness level indicating reflectivity at the certain spatial lo-
cation. To be more specific, the target image can be reconstructed
by recovering the spatial distribution of scattering coefficients at the
target imaging plane.

Extend the above single target model and divide the whole tar-
get imaging plane behind the wall into a finite number of sub-planes
with P rows and Q columns. Each sub-plane can be treated as a
single point target, whose scattering coefficient represents the corre-
sponding sub-plane. Let the matrix of center locations of the sub-
planes to be expressed as,

Yy o Y1Q|
Yewo=|: - ®
yp1 o YPQ)

Then the distribution of scattering coefficients of the imaging
plane behind the wall can be expressed as,

011 - 019
Apxg=|:1 - ©
op1 -+ 0pQ]

Apparently, the resolution of our proposed TWGI algorithm is
governed by the size of sub-planes.

The algorithm proposed in [9] links the relationship between re-
ceived signals and thermal light fields at the target imaging plane by
transmissivity. The image is recovered by solving the spatial distri-
bution of the transmissivity at the imaging plane. Since the transmis-
sivity and scattering coefficients both describe the impulse response
of the system containing target imaging plane, the above algorithm
can therefore be exploited into TWGI scenario,

1 1 1
R BN, B, LESL] 6
R Eﬁ, . E;(ff, .. Egég 02,1
=e| , , : (10)
Ry e, BN, . ES)] Lre

where, R,(n = 1,2,...N,N = P x Q) is the received signal of
N times detection, p is the attenuation caused by the uniform wall,
Eﬁq) is the EM field at one sub-plane y; in the nth detection,

M M

B =338t - 7y) (1

i=1 j=1
Equation(10) can be rewritten as,

R = p&J (12)
then,

§=pe R 13)
Equation(13) shows that if the matrix of EM field €& at the imag-

ing plane is full rank, there will exists a unique solution for the dis-
tribution of scattering coefficients at the target imaging plane.
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Note that, the attenuation p caused by the uniform wall can be
treated as a linear scale coefficient in the reconstruction result, in
other words, the proposed through-wall imaging algorithm is not
sensitive to the attenuation under the condition of the uniform wall.

4.3. Sampling adjustment for TWGI

According to the condition discussed in Section 2.2, under the il-
lumination of the whole antenna array, the EM field at the imaging
plane behind the wall is spatially incoherent, which can make € to
be full rank. However, since TWI applications mainly contain close
quarter scenarios where the difference in propagation distance from
different sub-antennas to the sub-planes could not be ignored, the
sampling time points for detection should be adjusted to make the
imaging plane to be covered by the illumination of the whole an-
tenna array.

Let yp.q € Ypxg be the center location of an arbitrary sub-
plane, the total propagation time from the whole antenna array to the
center location of the sub-plane ¥, 4 is given by,

== Twall,ypq + Tout,ypyq (14)

where, Tyail_y, , and Tout y,, , is the propagation time matrix from
each sub-antenna on the whole antenna array to the sub-plane y, 4
inside and outside the wall respectively. Then with equation (11),
the reflected signal from y,, 4 can be rewritten as,

Ttotu,l,yp,q

Tpg(t) = POp,qFpq(t — Tiotaly,.,) (15)
here, d,,, 4 is the scattering coefficient of the single sub-plane, p is the
attenuation caused by the uniform wall, and E,, (¢t — Tiotal.y,, ,) s
the EM field at the single sub-plane yp, 4.

The total propagation time from the antenna array to the whole
imaging plane can be expressed as,

,I'f,otal,ylyl ,I'tot,al,yl,Q

r= : : 16)

Eotnl,pr Enf,n,l,ypr

Let Ymin and vimqz be the minima and the maxima in I, respec-
tively. For an arbitrary sub-plane ¥, 4, the adjusted time period for
sampling can be expressed as,

Tperiod,yp,q = [(A/NLU,:E - Ttota.l,ypwq)y (’Ym,in + Tp - Ttotal,yp_q)]
a7
where T, is the width of the detecting signal.

Since the detecting signal is statistically independent, the EM
field distribution at an arbitrary time point ¢,, € Tperiod,yp_ p is one
slice of the state of the EM field generated by the whole antenna ar-
ray, which is spatially incoherent and can be treated as one detection.
Therefore, equation (10) can be rewritten as equation (18),

The target imaging plane behind the wall can then be recon-
structed by solving (18) to get the spatial distribution of scattering
coefficients.

5. SIMULATION RESULTS

In this section, simulation results are presented to demonstrate the
effectiveness of our proposed TWGI algorithm. In the following
simulations, the target imaging plane is placed at a distance of 4m
behind the uniform concrete wall. The dielectric permittivity of the
wall is set to be ¢ = 9 and thickness is d = 0.1m. The transmitting



R(tl) Eperiod,yLl (tl)y ) Eperiod,ynl (tl)y ) Eperiod,ypvQ(tl) 51,1
R(t2) Eperiod,qul (t2)7 5 Eperiod,ypql (t2)7 5 Eperiod,ypr (t2) 62,1

=0 ) : . (18)
R(tN) EPETiOdfyLl (tn)) 3 Eperiod,ynl (tn)» 3 EPCT"iOd,yP7(9 (tn) (5P,Q

sub-antennas are placed to form a circular antenna array and a single
receiving antenna is placed in the center of the location.

5.1. MATLAB Simulation result

We first verify the proposed TWGI algorithm using MATLAB,
where target imaging plane behind the wall is divided into 20 x 20
sub-planes. The detecting signal is the chaotic amplitude modulated
signal with the carrier of sinusoidal wave at the center frequency of
IGHz. Fig.2 (a) and Fig.2 (b) shows the chaotic modulated signal
and its self-correlation respectively, indicating that the antenna array
performs as a fully incoherent source. Fig 2 (c) shows one slice of
the state of the EM field at the target imaging plane under the illu-
mination of the whole antenna array. Fig2 (d) shows that the EM
field is spatially incoherent which satisfied the condition discussed
in section 2.2. This confirms that the generated field behind the wall
can successfully perform the proposed TWGIL.
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Fig. 2. Chaotic Signal and EM Field at Target Imaging Plane.
Compared with the original distribution of scattering coefficients
at the through-wall target plane displayed in Fig.3 (a), our proposed

TWGI algorithm accurately reconstructs the image with clear edge,
which is shown in Fig.3 (b).
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(b) Reconstructed Distribution of Scattering Coefficients

Fig. 3. Image Reconstruction Results by MATLAB.
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5.2. XFDTD Simulation result
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(¢) Scenario with cubic box (d) Reconstruction of cubic box

(e) Scenario with human body (f) Reconstruction of human body

Fig. 4. Detecting signal and EM field at target imaging plane.

Besides the simulations by using MATLAB, we also used
XFDTD to simulate the scenario. Two target objects are investi-
gated: a cubic box and a human body. Fig.4 (a) and Fig. 4 (b) shows
that the EM field generated at the target imaging plane behind the
wall possesses high spatial coherent characteristic, which also con-
firms the possibility of successfully performing the proposed TWGI
algorithm.

Fig.4 (c) and (e) displays the geometry settings of the cubic box
and human body, and reconstruction results are presented in Fig.4 (d)
and (f), respectively. Even with noise points in the picture, this raw
reconstruction results show a better performance with clearer edge
and less fake images, compared with those presented in the existing
literature, e.g., [1] and [2,3].

6. CONCLUSIONS

In this paper, based on the chaotic modulated signal and the ghost
imaging (GI) technique traditionally used in the optical area, we pro-
posed a novel high-resolution and attenuation-insensitive TWGI al-
gorithm. Simulation results by using MATLAB and XFDTD showed
that the proposed TWGI algorithm provided high quality recon-
struction results under the scenario of uniform walls with different
through-wall hidden targets.
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