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In through-the-wall radar imaging (TWRI), the
presence of front and side walls causes multipath
propagation, which creates fake targets called
multipath ghosts. They populate the scene and reduce
the probability of correct target detection, classification,
and localization. In modern TWRI, specular multipath
exploitation has received considerable attention for
reducing the effects of multipath ghosts. However, this
exploitation is challenged by the requirements of the
reflecting geometry, which is not always available.
Currently, the demand for a high radar image
resolution dictates the use of a large aperture and wide
bandwidth. This results in a large amount of data. To
tackle this problem, compressive sensing (CS) is applied
to TWRI. With CS, only a fraction of the data are used
to produce a high-quality image, provided that the
scene is sparse. However, owing to multipath ghosts,
the scene sparsity is highly deteriorated; hence, the
performance of the CS algorithms is compromised.
This paper presents and discusses the adverse effects of
multipath ghosts in TWRI. It describes the physical
formation of ghosts, their challenges, and existing
suppression techniques.

Keywords: Aspect dependence, Compressive sensing,
Multipath ghost, Subaperture, Through-the-wall radar
imaging.

I. Introduction

Through-the-wall radar imaging (TWRI) is an emerging
technology that facilitates the detection, classification, and
localization of targets from behind obstacles or walls using
electromagnetic (EM) waves. Radar mainly relies on the
time delay to localize a given target. The time delay is
defined as the time elapsed when an EM wave travels from
the transmitter side and back to the receiver after hitting a
distant target. Owing to the presence of reflecting walls in
TWRI applications, the multipath spread of EM waves
introduces false time delays. Consequently, the receiver
declares the presence of targets that do not physically exist
in the actual scene. These hypothetical targets are called
ghosts [1]–[3]. The number of ghosts expected in a
reconstructed image is dictated by the number of registered
multipath returns. Since the number of multipath returns in
TWRI is higher than the number of direct returns, the
formed ghosts outnumber the genuine targets; therefore,
target detection and recognition will be highly vulnerable.
Without an effective and efficient ghost suppression
mechanism, TWRI technology may incorrectly interpret
the scene, which can lead to improper resource allocation.
The current trend in TWRI applications is to obtain

highly resolved images, as in [1]–[3]. The image
resolution along the crossrange and downrange requires a
large aperture and wide bandwidth, respectively.
Consequently, a large amount of data needs be collected
and processed. This explains why, in modern TWRI,
the application of compressive sensing (CS) found
considerable attention. CS techniques enable us to acquire
and reconstruct a sparse signal using a small fraction
of linear projections of the original signal without
compromising the signal quality [4]. The vector is
reconstructed by sparse reconstruction techniques such as
minimization of the ‘1-norm using a number of algorithms
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including basis pursuit, matching pursuit (MP) and its
derivatives [5], and Bayesian matching pursuit with or
without a Gaussian input [6]. The minimum required
number of measurements is usually much smaller than the
length of the signal but nearly proportional to the number
of nonzero entries. In TWRI, this optimal number of
measurements is highly sensitive to the presence of ghost
targets. This problem severely affects the performance of
CS algorithms but has not been rigorously addressed yet
in the literature. Most of the available ghost suppression
techniques under the CS framework aim to increase the
probability of correct target detection.
This article presents a fairly thorough study of multipath

ghosts in TWRI applications. Different ghost suppression
methods are reviewed: with/without multipath exploitation
and under the CS framework or full data volume. Their
strengths and weaknesses are presented, paving the way
for further research.
The paper is organized as follows. Section II describes

the TWRI scene model. Ghost formation is described in
Section III. Section IV and V respectively summarize the
challenges and properties of ghosts. Suppression
techniques are delineated in Section VI, and a
performance comparison is presented in Section VII.
Finally, Section VIII presents the conclusions.

II. TWRI Scene and Signal Models

Consider a scene of an indoor rectangular room as a
typical scenario of TWRI application. The top view of the
scene, shown in Fig. 1, comprises front, back, and side

walls with a thickness of di and relative permittivity ɛi. An
antenna array or a synthetic aperture radar (SAR) with N
specified radar locations is located parallel to the front
wall at a distance df.
In the TWRI literature, the scene of interest is

interrogated using either pulsed radar or a stepped-
frequency radar system. In these two scenarios, the
transmitted ultrawideband (UWB) signal is realized in the
time and frequency domains, respectively. To acquire a
higher resolution with pulsed radar, the transmitted pulses
should have a shorter time duration, thereby increasing the
transmitted bandwidth [7], [8]. As presented in the radar
literature, the signal-to-noise ratio (SNR) depends on the
transmitted energy of the radar signal [9]. The energy of a
pulse is specified by the transmitted peak power in the
pulse and the pulse width. When transmitting shorter
pulses to achieve a higher range resolution, a low energy
is transmitted; hence, the SNR is reduced for a given
transmitter power. Radar engineers have suggested radar
waveforms with a longer time to acquire a high energy but
at the same time give a better range resolution. One
approach is to transmit a series of M monochromatic
waves of linearly increasing frequency one after the other,
known as a stepped-frequency signal [7], [8].
To reach behind-the-wall targets, the signal is refracted

at the air–wall interface and then at the wall–air interface,
and the backscattered signal follows the reverse path to the
receiver. This round trip, which is mainly caused by target
reflection, is referred to as direct return.
Owing to the presence of interior and front walls, some

of the signal components are reflected by these secondary
scatters once or more before reaching the receiver. These
signal components involving the targets and surrounding
walls or the interaction between the targets themselves are
referred to as multipath returns. A multipath return that
results from a single bounce is termed a first-order return.
Otherwise, it is second-order or higher-order if it
undergoes two or more bounces, respectively. In TWRI,
only a few orders are significant, as higher-order returns
suffer from either cumulative attenuation when striking
the walls or a prolonged round-trip delay, making their
effect very weak or residing outside the given scene [2].
The presence of a floor and ceiling gives another type of

multipath return, which accounts for the ghosts in three-
dimensional (3D) imaging when considered in the signal
model. Moreover, we expect a multipath return due to the
target-to-target interaction. The ghost formation due to
target interactions will not be dealt in this paper.
Another type of multipath return results from multiple

reflections within the front wall as the signal travels to the
target or back to the receiver after the target interaction, as
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Fig. 1. TWRI scene model with first-order returns.
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shown in Fig. 2. This phenomenon is called wall ringing
or reverberation.
The horizontal distance between the target and the array

element, Dx, in Fig. 2, can be expressed as

Dx¼ df tanhairþd 1þ2kð Þ tanhwallþ Dy�d�dfð Þ tanhair;
Dx¼ Dy�dð Þ tanhairþd 1þ2kð Þ tanhwall; (1)

where Dy is the distance between the target and the array
element in the downrange direction; hair and hwall are the
angles in air and in the wall medium, respectively; df is
the standoff distance, and k is the number of wall
reverberations. The angles hair and hwall are related by
Snell’s law as

sin hair
sin hwall

¼ ffiffiffiffi
er

p
; (2)

where ɛr represents the relative permittivity of the front
wall.
The one-way time delay that a given return will undergo

owing to k wall reverberations will be [3]

s Dx;Dy; kð Þ ¼ ðDy� dÞ
c cos hair

þ d
ffiffiffiffi
er

p ð1þ 2kÞ
c cos hwall

; (3)

where c is the speed of an EM wave in free space. Since
the magnitude of the signal is attenuated when it is
reflected within the wall, only a few reverberations will be
noticeable.
In the literature, received signal models are either

presented in the time or frequency domain. In time-
domain TWRI, the signal received at the nth receiver is a
superposition of all echoes of the transmitted pulse [10]:

yn tð Þ ¼
XR
r¼0

XNxNy�1

p¼0

rpsðt � trnpÞ: (4)

The received signal at nth location when the mth
frequency fm is transmitted for R multipath returns
comprises four main contributions: reflection from the
front wall, target-to-side wall reflection, target-to-target
reflection, and ambient noise, as given in [11], [12] by

y m;n½ �¼
XR�1

r¼0

XNxNy�1

p¼0

rðrÞp exp �j2pfmtðrÞpn

� �

þ
XRw�1

rw¼0

r rwð Þ
w exp �j2pfmt

ðrwÞ
w

� �

þ
XR�1

r¼0

XNxNy�1

p;q¼0p6¼q

rðrÞpq exp �j2pfmt
ðrÞ
pqn

� �

þv m;nð Þ; (5)

where tðrÞpn represents the round-trip delay between the pth
target and the nth receiver due to the rth return, tðrÞpnq is the
round-trip delay between the pth and qth targets with the
nth transceiver, and tðrwÞw is the time delay of the rthw front
wall return. Moreover, rðrÞp and rrww are the target and wall
pixel reflectivities, respectively, with respect to the rth
return, and v m; nð Þ is the noise sample.
Since the contributions from the target interactions in

(5) is nonlinear, it was suggested in [11] that the overall
signal reflectivity due to the target interactions, rðrÞpq , is
dictated by the second target, and the first target was taken
as a perfect reflector.
In conventional SAR imaging, only the direct return

gives the correct target location, and the remaining R � 1
returns result in ghost targets if not handled properly.

III. Ghost Formation in TWRI

In TWRI applications employing SAR, ghost targets
result from the interaction of genuine targets or targets
with secondary reflectors. The front wall causes a ghost
only when the signal component undergoes multiple
internal reflections. The ghosts due to the front-wall
reverberation effect appear in the downrange direction,
and their spacing is a function of the wall properties as
elaborated in [2], [3]. When a signal travels from the
transceiver to the target, part of it propagates straight to
the target, and the other components are reflected by the
walls, floor, and ceiling before reaching the target or after
being reflected. The signal components scattered by the
same target register different delays due to different
reflecting geometries, as shown in Figs. 3(a) to 3(c).
Fig. 3(a) shows direct propagation; in Fig. 3(b), the signal
is reflected once by the side wall only as it traverses to the
receiver. Fig. 3(c) shows second-order reflection, which
involves a double bounce via the side wall. In such
scenarios, the receiver interprets each of the delayed
versions as they come from different physical targets and
results in hypothetical targets, as depicted in Fig. 3(d).
The formed ghosts with the true target fall on concentric

Δy

Δx

d

y

x
dfθair

θwall

θair

n-th radar

p-th target

Fig. 2. Front-wall reverberation model [2].

378 ETRI Journal, Vol. 40, No. 3, June 2018

https://doi.org/10.4218/etrij.2017-0241



circles with the transceiver location being their common
center. In this way, the scene becomes populated, and the
number of expected ghosts grows in proportion to the
number of true targets for a given reflecting geometry.
Suppose that there are P true targets in the scene and R
signal returns from every target were recorded by the
transceiver. The number of multipath ghosts is upper-
bounded by P R� 1ð Þ.
Consider a monostatic configuration; the locus of the

ghost location with respect to the transceiver and a
given wall can be calculated. Referencing Figs. 3(a) to
3(c), suppose that the time delay of the signal travels
from the radar to the target through Path-A is sA and
that from the target to the radar through Path-B is sB.
The possible location of the true target is described by
the circle with a radius of csA, where c denotes the
speed of light in free space. The locus of the ghost
location due to a single bounce (first-order reflection) on
the right-side wall is a circle with a radius of c sAþsB

2

� �
, as

shown in Fig. 3(d). If the signal undergoes reflection twice
at the wall (second-order reflection), the resulting ghost will
reside csB away from the radar, as depicted in Fig. 3(d)
with sB [ sAþsB

2

� �
[ sA. The presence of the left and back

walls generates ghosts in the given scene in a similar
fashion. During SAR image reconstruction and
interpretation, the formed ghost targets pose some technical
challenges, as will be highlighted in the next section.

IV. Challenges Related to Ghosts in TWRI

In TWRI, multipath ghosts present two technical
challenges: confusion with the genuine target and a
degradation in the performance of CS algorithms. When

reconstructing the SAR image in the presence of multipath
ghosts, it is difficult to correctly detect the target in such
a scenario. If second- and higher-order returns are
considered and/or the number of targets increases, then the
probability of correct target detection is reduced
drastically. This effect has been articulated in the literature
well, and different techniques have been devised to
mitigate or eliminate this effect [2], [3], [7], [8], [13]–[16].
Recently, the application of CS has revolutionized the

field. However, ghosts render the scene sparsity and
therefore degrade the performance of CS algorithms. To
utilize the technology at its best, this performance
degradation needs to be investigated.
In the CS literature, the number of random

measurements in a nonmultipath scenario, J1, which is
required to reconstruct a sparse vector of length NxNy, is
given by

J 1 �CP log
NxNy

P

� �
; (6)

where C is a small constant.
If there are P genuine targets in a room and R total

returns have been registered, the image vector in TWRI
will contain up to PR targets (genuine and ghosts);
hence, the sparsity sense may be violated, and the
minimum required number of measurements will be
inadequate. As an example, Fig. 4(a) shows a sketch of
a room with two targets to be imaged. The conventional
SAR image is shown in Fig. 4(b). The two targets are
surrounded by green circles, while ghosts are indicated
by the blue polygons. In this case, the suitable number
of random measurements required to reconstruct the
vector, J2 will be
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Fig. 3. Some indoor multipath scenarios: (a) direct return, (b) first-order multipath return, (c) second-order multipath return, and (d)
the corresponding target and ghost locations.
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J 2 �CPR log
NxNy

PR

� �
: (7)

To reconstruct TWRI in a multipath scenario, extra
measurements are needed to reconstruct the same number
of targets compared to the outdoor case. This problem
limits the allowable number of indoor targets for perfect
reconstruction. Thus far, the effect of the number of
targets due to the presence of ghosts on the performance
of CS has not been extensively analyzed, and most
available studies in the literature perform post image
processing to suppress ghosts.
To tackle this challenge, preprocessing the received data

is needed to reduce the effect of ghosts before applying
image reconstruction algorithms. A received signal model
should be suggested to ensure ghost-free image
reconstruction to better utilize CS capabilities. Detailed
information regarding CS and its application to TWRI can
be obtained in [17].

V. Properties of Multipath Ghosts

Among the properties of ghosts is the lower crossrange
resolution, nonideal focusing, and aspect dependence (AD).

1. Lower Crossrange Resolution

In SAR imaging, the downrange resolution and
crossrange resolution of a point target are functions of the

signal bandwidth and aperture size, respectively. During
through-the-wall sensing, a direct return is registered at
every radar location, making the image of the true target
highly resolved in the crossrange direction. However,
multipath returns only exist at some locations in SAR,
making the image of the ghost target exhibit less
resolution compared to that of the real target. This
explains why the ghosts exhibit a lower crossrange
resolution.

2. Nonideal Focusing

Multipath propagation not only results in a ghost at a
given point but also disturbs the focus line owing to the
change in the signal phase. Consequently, the ghosts
deviate the prospective focusing location. This
characteristic of a ghost is referred to as nonideal focusing.

3. Aspect Dependence

In TWRI, a change in the transceiver location alters the
signal reflection pattern and therefore registers different
round-trip delays. If the scene is interrogated using
different apertures, their corresponding ghosts reside at
different pixels. This property is referred to as the aspect
dependence. On the other hand, the true targets maintain
the same pixels regardless of the changes in the radar
locations, making the identification of a ghost from a
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genuine target possible. The effectiveness of this property
on ghost suppression is demonstrated in [2], [3], [14], [18].

VI. Multipath Exploitation and Ghost Suppression
Techniques

In the TWRI literature, different techniques have been
presented to eliminate the effects of multipath ghosts with
the aim of improving the probability of accurate target
detection or enhancing the quality of the image. Broadly,
we can categorize multipath treatment techniques into
three groups: multipath-exploitation-based techniques [7],
[8]; AD-based techniques [13], [14], [16], [18], [19]; and
CS-based approaches [20]. Recent contributions integrate
multipath exploitation with CS to reconstruct a ghost-free
image [21], [22]. Moreover, there is an emerging interest
in the exploitation of the AD characteristics under the CS
frame, as presented in [2].
This section presents the current multipath exploitation

and ghost suppression techniques available in the
literature. Their pros and cons are enumerated, and future
extensions are suggested for healthy contributions.

1. Multipath-Exploitation-Based Ghost Suppression

There are two common cases regarding multipath
exploitation in the literature: exploitation under the
resolved multipath assumption [2], [7], [21], [22] and
unresolved multipath cases [23]–[26]. With the application
of UWB signals, the former assumption is justifiable, and
that will be our focus.
In [7], multipath exploitation was utilized, assuming

stationary or slowly moving point targets. The proposed
technique starts by forming an SAR image, then
determining the locations of the ghosts for each target, and
mapping each ghost back onto its corresponding target
location, which increases the signal-to-clutter ratio (SCR)
at the genuine target locations.
Consider Fig. 5, where the right wall is located at
w1; 0ð Þ, and the nth radar is located at �Dn; 0ð Þ with the
origin defined at the center of the array, as in [7]. Suppose
that the ghost due to Wall-1 is located at xn1 ; yn1ð Þ. When
the signal is reflected from the wall from the target, it
creates a virtual radar location, as shown in Fig. 5, and
forms a bistatic configuration. The locations of the ghosts
caused by a single bounce from the right wall as viewed
by the nth radar is the intersection of the monostatic locus,
which is the circle with a radius of s ¼ c sAþsB

2

� �
centered

at Dn1; 0ð Þ, and bistatic locus, which is the ellipse with
foci at the real and virtual radar locations, as depicted in
Fig. 5. The equations describing the two loci are

xn1 � Dn1ð Þ2 þ y2n1 ¼ c2s2; (8)

4 xn1 � w1ð Þ
c2s2

2

þ 4y2n1
c2s2 � D2

n1

¼ 1: (9)

Solving (5) and (6), xn1 ¼ w1, and its corresponding yn1
is given by

yn1 ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2s2

4
� w1 � Dn1ð Þ2

r
: (10)

The focused ghost location due to the right wall can
be determined using a least-squares method for all
locations. A similar procedure is adopted to locate the
ghosts associated with the rest of the walls.
Knowing the location of the multipath ghost associated

with each pixel, the energy of the associated ghosts is
mapped back onto the genuine target’s location forming
an intermediate image. This is achieved by two-
dimensional (2D) weighting functions that use the
information of the ghost locations [7].
The function is chosen such that the full energy of

the ghosts is utilized to boost the amplitude of the real
target while suppressing the ghosts; see [7] for details.
Finally, a composite ghost-free image is obtained by
pixel-wise multiplication of the initial and intermediate
images.
The technique involves complex mathematical

expressions, especially when the front wall is taken into
account. It requires complete knowledge of the reflecting
geometry, which is not always obtainable. Moreover,
when the ghost overlaps with a true target location, which
is possible if the number of targets increases, the
technique will underperform. The technique does not
account for the ghosts due front-wall reverberation as
well.

(–Dn1 ()0, Dn1, 0) 
nth radar nth virtual radar

Target 

(w1, 0)

Fig. 5. Ghost location due to the right wall.
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2. Multipath Exploitation with Sparse-Reconstruction-
Based Ghost Suppression

Leigsnering and others in [3] proposed an image
reconstruction technique using the group sparsity with
multipath exploitation. They incorporated the front-wall
reverberation effect, which makes their approach more
practical. The received signal model groups all returns
from the same wall into one measurement matrix. During
the image reconstruction process, the method inverts the
multipath model assuming prior knowledge of the
reflecting geometry.
Suppose that there are N radar locations for the scene

interrogation shown in Fig. 1. At each location, M equally
spaced monochromatic waves are transmitted and received
to realize a UWB signal. If we have Nx and Ny pixels
along the crossrange and downrange, respectively, the
target reflectivity of the pth pixel is represented by rp,
with p = 0, 1, . . . , NxNy � 1. If there are R total returns,
then the received signal at the nth radar position when the
mth frequency fm is transmitted is given by (5) and its
corresponding vector representation [3]:

y ¼ Uð0Þsð0Þ þUð1Þsð1Þ þ . . .þUðR�1ÞsðR�1Þ þ v; (11)

where sðrÞ2 CNxNy�1, r = 0, 1, . . . , R � 1 represents the
vectors of the reflectivities rðrÞp . For simplicity, the weights
of the returns are included in rðrÞp , v � G(0, r2I), and
UðrÞ2 CMN�NxNy is the dictionary matrix containing the
phase information of the target due to the rth return with
entries defined as

½UðrÞ�ip ¼ expð�j2pfmt
ðrÞ
pn Þ; (12)

m ¼ imodM ; n ¼ i
M

	 

;

i ¼ 0; 1; 2; . . . ;MN � 1:

To apply CS, (11) is multiplied by the downsampling
matrix D 2 0; 1f gJ�MN with J � MN. Basically, D is a
Bernoulli matrix that is obtained by randomly selecting J
rows from an MN 9 MN identity matrix. Downsampling
(11) gives

�y ¼ Að0Þsð0Þ þ Að1Þsð1Þ þ . . .þ AðR�1ÞsðR�1Þ þ �v (13)

with A(r) = DΦ(r). The above equation can be rewritten as
the product of a fat matrix of dictionaries and a tall vector
stacking all subimages:

�y ¼ Bsþ �v;

B ¼ ½A 0ð ÞA 1ð Þ . . . AðR�1Þ�2 CJ�NxNyR;

s ¼ ½ðsð0ÞT Þðsð1ÞT Þ. . .ðsðR�1ÞT Þ�T : (14)

To reconstruct the unknown reflectivity vectors, s, using
the compressed measurements, �y, a group sparse
reconstruction using mixed ‘1 - ‘2 norm regularization can
be used [3]:

es ¼ argmin
s

k�y� Bsk1 þ cksk2;1;

ksk2;1 ¼
XNxNy�1

p¼0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXR�1

r¼0

sðrÞp sðrÞp

� �	
vuut ; (15)

where c is a regularization parameter. Solving the mixed
norm problem in (15) and combining the subimages to
obtain the final image, sf is obtained by forming the
Euclidean norm over each group [3]:

sf½ �p ¼
��� sð0Þp ; sð1Þp ; . . . ; sðR�1Þ

p

h iT���2: (16)

A similar experimental setup and measurement volume
were adopted to generate the results, as in [3].
Fig. 6(a) shows image reconstruction using conventional

CS, and Fig. 6(b) shows the image reconstructed using the
group sparse reconstruction presented in [3].
This technique faces the following challenges; it

requires complete knowledge of the geometry, which is
not always available. It requires large matrices, resulting
in a high memory demand and prolonged processing time.
Moreover, it does not account for ghosts due to the
interactions between targets.
The authors in [22] also proposed a CS-based multipath

ghost suppression technique using SAR assuming prior
knowledge of the geometry. On the basis of a multipath
model, an overcomplete dictionary that accounts for
interactions between the radar, targets, and environment
was constructed.
There is a contribution in sparsity-based scene

reconstruction with multipath suppression instead of
exploitation presented by [20]. The authors proposed a
received signal model, y(t, n), at the nth radar location in a
multipath environment as the sum of the direct impulse
response and multipath impulse response for P targets
convolved with the transmitted pulse waveform s(t) as

y t; nð Þ ¼
XP
p¼1

s tð Þ 	 gp t; nð Þ þ dp tð Þ 	 gp t; nð Þ� �
; (17)

where gp t; nð Þ is the direct impulse response, which is
taken to be a single spike and stronger than the indirect

382 ETRI Journal, Vol. 40, No. 3, June 2018

https://doi.org/10.4218/etrij.2017-0241



returns. On the other hand, the multipath impulse response
is defined as the convolution of the direct impulse
response gp t; nð Þ and a sparse delay function dp tð Þ. The
multipath delays for a particular target are assumed to be
constant across the receivers. The authors iteratively
estimate the primary impulse response and sparse delay
using a sparse reconstruction approach. The primary
impulse response is then used to generate a ghost-free
image. The attractive feature of this approach is its
independence of the reflecting geometry. However, it
suffers from error propagation and complexity as a result
of repeated convolutions.

3. Aspect-Dependence-Based Ghost Suppression

There are contributions utilizing the AD feature of
multipath ghosts. The authors of [13] proposed a ghost
suppression technique utilizing the AD feature of ghosts.
The authors observed the variations in the intensities of
the image pixels of L subaperture images by evaluating
the normalized standard deviation INSTD [13]:

INSTD x; yð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPL
l

Il x; yð Þ � �I l x; yð Þ½ �2
s

L 
 �I l x; yð Þ

�Il x; yð Þ ¼
PL
l
Il x; yð Þ
L

; (18)

where Il x; yð Þ is the intensity of pixel x; yð Þ in lth
subaperture image. By subaperture, we mean that a subset
of the available radar locations is utilized during image
formation. A pixel with a high deviation value is

announced as a ghost target and is therefore suppressed or
attenuated; otherwise, it is retained. In this way, a ghost-
free image is generated.
In [14], [18], the authors proposed a multipath ghost

suppression method for target–target interactions by
observing the variations in the intensities of the target and
ghost pixels. Since the target intensity depends on its
orientation, which is unknown, the authors modeled the
variation in the target intensity across various subaperture
images as a hidden Markov model (HMM).
This method requires training data from known targets

to estimate the state-transition and initial state
probabilities. During training, subaperture images are
generated from the full aperture image using directional
filters. If the pth image pixel has an intensity profile Ip, the
trained HMM is used to evaluate the likelihood probability
that the observed intensity profile is generated by the
given target. The likelihood is given by

P IpjP1
� � ¼ X

all q

P Ipjq;P1
� �

P qjP1ð Þ; (19)

where P Ipjq;P1
� �

is the probability that Ip was generated
by state sequence q given the target P1, and P qjP1ð Þ is the
probability that the state sequence q occurs given the
target P1.
The output of the pixel value, y i; jð Þ, after the pixel

mask for the given (i, j) pixel value, s(i, j), is

y i; jð Þ ¼ P IpjP1
� �

sði; jÞ: (20)

However, their method requires image decomposition
into N subaperture images using directional filters and also
requires complex advanced algorithms with training
phases, which make the method relatively complex.
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Fig. 6. Simulation results: (a) conventional CS and (b) group sparse CS.
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In [16], the authors proposed a multipath ghost
suppression technique exploiting the AD feature using
marginal subapertures. To generate results, they
adopted nearly the same setup and measurement
volumes as in [16]. Three images are generated: one
using the whole aperture (Fig. 7(a)), I(i, j), and two
using subapertures from the two extreme ends of the
room denoted by I1(i, j) and I2(i, j) (Fig. 7(b) and
Fig. 7(c) respectively).
The left and right subapertures are selected such that the

multipath echoes reflected by the right and left walls,
respectively, are avoided. The final image I f x; yð Þ shown
in Fig. 7 is the product of the three images:

If x; yð Þ ¼ Iðx; yÞ � I1ðx; yÞ � I2ðx; yÞ: (21)

The method involves the tedious searching of
appropriate subapertures and the shifting of the antenna
array to two extreme ends of the room, which increases
the complexity and processing time. It also suffers from
remnants, which demand post image processing.
However, the attractive feature of this method is the
simplicity of obtaining the final image.
In [25], the authors proposed a suppression technique

for ghosts originating from only target-to-target
interactions based on subarray imaging. They suggested
different array configurations with image combining
strategies to combat the effects of multipath ghosts, taking
into account the AD feature of the multipath ghosts.
However, the effects of the side walls when considering
TWRI are significant and cannot be left out.
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Fig. 7. Ghost suppression: (a) full aperture image, (b) Subaperture-1, (c) Subaperture-2, and (d) final image.
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4. Aspect Dependence with Sparse-Reconstruction-
Based Ghost Suppression

In this category, there are two regimes: realizing AD by
using subapertures with random radar locations [2] and by
using sparse arrays. In this case, a Pythagorean aperture
under sparse reconstruction was devised in [27].

A. Random Subapertures with Sparse Reconstruction

Following the application of CS in TWRI, the multipath
ghost suppression methods based on the AD feature of
ghosts discussed above cannot be adopted as they are. The
minimum required number of measurements and the
modality need to be observed in order to correctly
reconstruct the sparse image. To address these challenges,
the authors of [2] proposed a multipath ghost suppression
technique that incorporates the AD feature of multipath
ghosts under the CS framework. They reconstructed
images using multiple measurement vectors with only
direct path information, which reduces the complexity
significantly. Multiple measurements are selected such
that the AD feature in the resulting images is pronounced.
Instead of using the reverse model, as in [3], they relaxed
the model to

y ¼ Uð0Þ�sð0Þ þ v; (22)

where �sð0Þ is the modified image containing the
contributions from multipath returns.
Then, independent sets of measurements are acquired

using undersampling matrices Di 2 0; 1f gJ�MN ; i ¼ 1; 2
with J � MN. Downsampling the given observation
gives

�yi ¼ DiU
ð0Þ�sð0Þi þ �vi: (23)

Di is selected such that the ghost locations in the
corresponding images exhibit significant differences and
can therefore be identified and suppressed. It is shown in

[2] that randomly selecting measurements in the first half
of the given array and the second set of measurements as
the corresponding locations of the first yields the best
performance.
With a high probability, the reconstructed vector ~�sð0Þ is

obtained by the solving optimization problem

~
�sð0Þl ¼ arg min

�sð0Þi

����sð0Þi

���1 s.t.����yi � Ai�s
ð0Þ
i

���
2
\e

(24)

with Ai = DiΦ
(0). The choice of ɛ is a function of the

noise power given by

e ¼ r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 log Nx � Ny

� �q
; (25)

where r is the standard deviation of the noise. Figs. 8(a)
and 8(b) show the images reconstructed using the first and
second measurement sets, and Fig. 8(c) is the final image.
The final image in Fig. 8(c) is obtained by the
multiplicative fusion of the individual images or
evaluating the group normalized variance. This scheme
does not account for the target-to-target interaction, which
is expected in TWRI scenarios.

B. Pythagorean Apertures with Sparse Reconstruction

Unlike in the random subaperture radar selection
scenario, the measurement matrix in this case is
designed using predefined radar locations, as in
[27].
In [27], the authors proposed sparse arrays based on a

Pythagorean triple. Three array configurations were
examined: a Pythagorean-based interlaced subarray
(PISA), a Pythagorean-based displaced subarray (PDSA),
and a spatial orthogonal coprime array (SOCA).
In a PISA, two Pythagorean coprime triple arrays are

amalgamated to form a long array such that the radar

location, say x, is defined as x ¼ ½x1; x2; . . . ; x S1 [ S2j j�T ,
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Fig. 8. Ghost suppression: (a) Subaperture-1, (b) Subaperture-2, and (c) final image.
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where xi 2 S1 [ S2, i ¼ 1; . . .; jS1 [ S2j, and S1 and S2 are
the Pythagorean coprime subapertures defined in [27].
In a PDSA, before merging S1 and S2, S2 is displaced

such that it is separated from S1 by a distance L, where L
is the minimum of two lengths. The radar location x is
chosen from x ¼ ½x1; x2; . . . ; xjS1[~S2j�

T
, where xi 2 S1[~S2,

i ¼ 1; . . . ; jS1 [ ~S2j [27].
In an SOCA, the Pythagorean triple subarrays are

mutually perpendicular. The configuration is affected by
the standoff distance and front-wall mitigation; therefore,
it has limited applications. The radar location (x, y) is
a vector defined by x ¼ ½x1; x2; . . . ; xjS1j�T and
y ¼ ½y1; y2; . . . ; yjS2j�T from the horizontal and vertical
subarrays, respectively [27].
A setup similar to that in [27] was adopted to

reproduce the results. The left and right sidewalls of

the room reside at the crossranges of –3 m and 3 m,
respectively, and the back wall is at a downrange of 6
m. A front wall with a thickness of 20 cm and a
relative permittivity ɛr = 7.67 is at a standoff of 2 m.
A series of 201 monochromatic waves occupying a
spectrum between 1 GHz and 3 GHz was used to
interrogate the scene. An array of 4 m with an
interelement spacing of 0.019 m was used to
interrogate the scene. The lengths of the Pythagorean
subarrays are similar to those in [27]. Two metallic
cylinders with a diameter of 0.2 m and a length of
0.6 m are used as targets located at (�0.5,4) m and
(1.5,4) m.
The images using the PISA, PDSA, and SOCA are

depicted in Fig. 9(a), 9(b), and 9(c), respectively.
Fig. 9(d) shows the image of the same scene reconstructed
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Fig. 9. Images using Pythagorean-based apertures: (a) PISA, (b) PDSA, (c) SOCA, and (d) Random CS.
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using random CS for the purpose of comparison. From the
results, the PDSA demonstrated superior performance
compared to the PISA and SOCA configurations.

VII. Performance Comparison

As the application of CS to TWRI has changed the
field dramatically, we can broadly categorize ghost
suppression methods into two groups: multipath-
exploitation-based and AD-based methods. In terms of
the image quality, the results show that the former can
achieve an SCR and clutter peak (RCP) of 95 dB and
25 dB, respectively, using the joint nonoverlapping
group sparse approach, while the latter can attain an
SCR and RCP of 97.3 dB and 23.7 dB, respectively.
In terms of the computational complexity, multipath-
exploitation-based approaches require a large sensing
matrix to accommodate multipath returns; hence, the
processing time will be relatively high. AD-based
approaches, on the other hand, are computationally
efficient but suffer a high probability of misses due to
subimage combination.

VIII. Conclusion

TWRI is among the growing fields owing to its diverse
applications. High-resolution images help during rescue
missions in the case of fires and earthquakes or in hijacked
building tragedies. The field is, however, challenged by
multipath propagation, which reduces the probability of
correct target detection, if it is not properly dealt with.
This paper presented a comparative review of multipath
ghost suppression in TWRI. The article started with a
description of a through-the-wall radar scene, elaborating
the setup and possible signal models. We enumerated the
most common ghost suppression techniques: with and
without multipath exploitation and those exploiting ghost
characteristics. Their pros and cons were discussed to
excite healthy contributions. The emphasis of the article
was in the imaging of a sparse scene with a UWB signal,
allowing the application of CS. It was found that a more
efficient multipath ghost suppression technique which is
preprocess-based is needed to properly utilize the power
of CS.
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