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Single Channel Frequency Diverse Computational
Imaging System for Through-the-Wall Sensing

María García-Fernández, Member, IEEE, Guillermo Álvarez-Narciandi, Member, IEEE, and
Okan Yurduseven, Senior Member, IEEE

Abstract—This paper presents a through-the-wall computa-
tional imaging (CI) system employing frequency-diverse anten-
nas. CI has emerged as a promising alternative to conventional
radar imaging systems (such as those based on synthetic aperture
radar) since they allow to significantly reduce the acquisition time
and the hardware complexity. CI relies on using compressive
antennas, radiating quasi-orthogonal radiation patterns, to com-
press the scene information into a single channel (or a reduced
number of them). The feasibility of performing through-the-wall
sensing employing frequency-diverse antennas is demonstrated
for the first time in this work. Furthermore, a method to
account for the propagation through the wall, which helps to
increase the quality of the reconstructed images, is also proposed.
Measurement results show that the system can successfully image
targets hidden behind a wall with only a single standalone
acquisition, thus drastically reducing the inspection time.

Index Terms—frequency diverse antennas; computational
imaging; through-the-wall imaging; radar.

I. INTRODUCTION

ELECTROMAGNETIC waves can propagate through mul-
tiple optically opaque materials, making electromagnetic

imaging of great interest for a wide range of applications
[1]. In particular, electromagnetic imaging at microwave and
millimeter-wave frequency bands has been used in the context
of security and defense applications for people screening
[2], [3], [4], [5] and landmine detection [6], [7], [8], [9],
in the field of non-destructive evaluation (NDE) [10], [11],
[12], and for medical diagnosis [13], [14] among other fields.
Active electromagnetic imaging systems illuminate the scene
under investigation with electromagnetic waves and capture
the signals backscattered by it. Most of these systems are
based on synthetic aperture radar (SAR) techniques, which
enable to bypass the need of a big physical aperture to
achieve a good cross-range resolution. Instead, SAR-based
systems rely on combining measurements acquired at different
positions to synthetically increase the cross-range resolution
of the obtained images [2]. This usually involves moving a
single transmitter (TX) - receiver (RX) pair according to a
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given acquisition grid over the scene under investigation using
mechanical positioners, making the overall system bulky and
entailing long acquisition times. The use of multiple TX-RX
pairs and multiple-input multiple-output (MIMO) configura-
tions has been adopted to reduce the acquisition time of these
systems [3]. Moreover, recently a great research effort has
been devoted to the development of imaging systems taking
advantadge of flexible moving platforms, such as unmanned
aerial vehicles (UAVs) [8], [9], or handheld approaches [15],
[16], [17], [18] to overcome the contraints posed by heavy
positioning equipment.

Alternatively, the computational imaging (CI) paradigm was
introduced aiming to achieve a significant reduction of both
the required number of TX-RX channels and the overall
acquisition time of the system [4], [19]. For this purpose,
CI-based systems generate a set of quasi-orthogonal radiation
patterns, or measurement modes, to illuminate the scene under
inspection and compress its information into a single channel
(or a reduced number of them). The compressive antennas
capable of generating the required measurement modes can
be found under different implementations, although in the
remainder of the manuscript only those based on metasurface
antennas will be considered due to their reduced form factor
and ease of manufacturing. Metasurface-based antennas for
CI can be classified into three main groups depending on
how they generate the different radiation patterns required
to probe the scene under investigation: (i) through frequency
diversity [20], (ii) by means of a dynamic reconfigurability
of the antenna aperture [21], or (iii) a combination of both
[22]. In frequency diverse antennas the different measurement
modes are a set of frequency dependent radiation patterns
which ideally are orthogonal to each other [23], [24]. In
contrast, a dynamic metasurface antenna (DMA) generates the
different radiation patterns by turning on and off the radiating
elements that populate the antenna aperture by means of a
tunable element such as a diode [21]. The use of a DMA or a
hybrid approach enables a reduced frequency bandwidth when
compared to frequency diverse antennas, which in turn do not
require the use of additional tunable elements nor a control
circuit to turn them on and off.

From a hardware perspective, current research efforts in CI
systems are devoted to increase the number of measurement
modes. As an example, for frequency-diverse antennas, this
has been achieved by mechanically rotating a frequency-
polarization sensitive metasurface fed by a patch antenna [25]
(in order to consider different rotation angles with respect to
the feeding patch). In dynamic reconfigurable antennas, the
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Fig. 1. (a) cELC unit cell design (black colour denotes copper, whilst white
regions show etched areas), and (b) normalized radiated power for different
values of the unit cell width.

Fig. 2. Picture of the fabricated frequency diverse metasurface antennas.

number of measurement modes has been augmented by re-
sorting to dual-polarized antennas [26] (enabling polarimetric
CI), or by using varactors as tuning elements [27]. All these
approaches, either relying on mechanical rotation, mechani-
cal movement and/or dynamic reconfigurability, increase the
hardware complexity with respect to conventional frequency-
diverse antennas. From a software perspective, recent works
are particularly focused on improving the efficiency of the
imaging algorithms (e.g., applying a decompression step to
perform the reconstruction in the frequency domain for 1D
DMAs [28][29]) and on leveraging machine learning (e.g.,
to achieve super-resolution [30]). Nevertheless, it should be
highlighted that all these works deal with free-space scenarios.

Regardless of the considered electromagnetic imaging ap-
proach, the inspection of an area behind or inside dielectric
media (e.g., through-the-wall imaging (TWI) or ground pene-
trating radar (GPR)) entails additional challenges to the image
reconstruction process, namely extra clutter from the reflection
produced at the interface between the different media, a shift in
the target position and a widening of the point spread function
(PSF) along the cross-range direction [31]. Nonetheless, a
great research effort has been carried out to improve the
quality of the images retrieved by conventional SAR imaging
systems in the context of both TWI [32], [33], [34], [35],
[36], [37] and GPR [8], [9], [38]. However, the use of CI-
based systems in the context of TWI and GPR remains vastly

understudied [39], [40], [41], [42]. In [39], a pair of 1D DMAs
is used to perform 2D TWI, i.e., a 3D reconstruction is not
enabled. Alternatively, in [40], [41], [42] some preliminary
studies based on simulations are presented. Besides comprising
only simulation results, in these cases the sensing matrix that
characterizes the CI system is computed considering a free-
space forward model [43]. This is a significant limitation when
dealing with realistic walls and can fail to reconstruct the
hidden targets.

The main novelties and contributions of this work are
summarized as follows:

1) Development of a frequency-diverse antenna at X band,
specifically designed for through-the-wall CI. Most CI
systems employ antennas at K band, as their targeted ap-
plication solely involves wave propagation in free-space,
such as personnel screening. However, in this work,
a lower frequency band has been considered for the
development of the compressive antenna to improve the
penetration into dielectric media, specifically through-
the-wall. The proposed CI antennas do not include any
tuning elements, leading to a reduced hardware com-
plexity as they require only a simple frequency sweep
to acquire enough information to retrieve an image of
the inspected scene.

2) Development of a mathematical model for through-the-
wall CI, including the following features:

a) Contrary to common (free-space) CI models, the
proposed model incorporates a backpropagation
approach based on solving an inverse problem to
estimate an equivalent magnetic current distribu-
tion in the antenna aperture. This, in turn, makes
possible to consider scenarios where walls are
placed at any given distance from the antennas (i.e.,
not only further than the characterization plane).

b) The model also takes into account the propagation
through-the-wall by resorting to a 3D ray-tracing
procedure based on the Snell’s law. This enables
to obtain well-focused images of the hidden targets
at their actual position.

3) Experimental validation of the first frequency-diverse
through-the-wall CI system considering different types
of wall and different target positions. This constitutes
the first practical demonstration of through-the-wall CI
relying entirely on frequency-diversity to synthesize
quasi-orthogonal radiated field patterns, demonstrating
the ability of retrieving 3D radar images from a single
acquisition (i.e., frequency sweep).

This work proposes to use frequency diverse antennas to
perform through-the-wall sensing. This approach, based on
the CI paradigm, allows to retrieve images of the inspected
scenario using only a single standalone acquisition, drastically
reducing the inspection time compared to conventional radar
systems (where the inspected scene must be sampled fulfilling
the Nyquist criterion). Furthermore, a processing method to ac-
count for the propagation through the wall and to mitigate the
wall reflection has been derived. The designed and fabricated
frequency diverse antennas, as well as the proposed processing
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Fig. 3. Measured field magnitude of one the fabricated frequency diverse
panels at (a) 9.15GHz, (b) 10.15GHz, (c) 11.15GHz, and at (d) 12.15GHz.
The spatial diversity of the radiated fields versus frequency is evident.

techniques, have been experimentally validated. Results show
the feasibility of imaging targets behind different types of wall
using a frequency diverse CI system. Furthermore, the devel-
oped processing techniques enable improved quality images,
facilitating the detection of targets.

The manuscript is organized as follows. The proposed
system is described in Section II. This section comprises
the design of the frequency diverse antennas and the system
architecture, as well as the derivation of the through-the-wall
CI reconstruction algorithm. Section III is devoted to the
experimental validation of the proposed system. Finally, the
main conclusions are drawn in Section IV.

II. DESCRIPTION OF THE SYSTEM

In this Section, the design of the fabricated 2D frequency
diverse metasurface antennas used for CI and the architecture
of the overall system are presented, and the processing algo-
rithms are discussed.

A. Two-dimensional frequency diverse metasurface antennas

As previously introduced, frequency diverse antennas for
CI produce a set of quasi-orthogonal radiation patterns as a
function of frequency. The antennas presented in this work are
two 2D metasurface panels of 15.2 cm× 15.2 cm size fed by
one central port. Although the majority of 2D metasurface
antennas for CI operates at K-band (as they are used in
personnel screening applications), these antennas have been
designed at X-band to improve the penetration through the
walls. Each of them is populated by a set of complementary
electric inductive-capacitive (cELC) unit cells randomly dis-
tributed across the aperture. The cELC unit cells share the
same design, depicted in Fig. 1(a), and occupy an area of
6 mm×6 mm. Their length Lc is set to 5 mm, but their width,
Wc, is different from cell to cell. As a consequence, the peak
of the power radiated by each unit cell is shifted in frequency.
This can be seen in Fig. 1(b), where the power radiated by
the unit cell for different values of Wc across the frequency

band considered in this work is depicted. These results, which
were obtained with a commercial full-wave electromagnetic
solver, show that considering unit cells with Wc ∈ [2, 5] mm,
the whole [7.5, 12.5] GHz band can be covered. The random
distribution of the cells across the aperture, both in terms of
position and of the value of Wc (which, in turn, determines
the cell radiating frequency), contributes to obtain the required
quasi-orthogonal radiation patterns.

Two units of the metasurface panel were fabricated using a
copper-plated Rogers TMM3 substrate of 3.175 mm thickness,
with permittivity εr = 3.45 and loss tangent of tan δ = 0.002.
Both panels are arranged side by side as depicted in Fig. 2,
and the distance between their centers (i.e., their feeding ports)
is 16 cm. In this configuration one panel acts as transmitter,
whilst the other acts as receiver, i.e., only one radiofrequency
channel is considered.

It should be noted that some cells have been removed in the
central area of the panels to avoid most of the power being
radiated by the cells closer to the feeding port. These cells
have been randomly removed, with a probability of removal
inversely proportional to the distance to the feeding port.
Furthermore, the edges of the antennas have been covered with
copper tape to avoid leakage.

The electric near-field (NF) radiated by each of the panels
was measured in a planar range antenna measurement facility
at 401 equally spaced frequency points in the [7.5, 12.5] GHz
frequency band. As it will be explained in Section II-B, an
accurate characterization of the antennas is key to enable CI.
The magnitude of the measured field radiated by one of the
prototypes at four different frequencies is depicted in Fig. 3.
As can be seen, the NF radiated by the fabricated antennas dif-
fers greatly from the field radiated by conventional antennas.
Instead of a well-defined main beam in a fixed direction, there
are several beams pointing at different directions. In addition,
it should be remarked that the NF changes significantly from
frequency to frequency, as required in a frequency diverse
antenna to enable CI. To further illustrate how the radiation
patterns change with frequency, the correlation coefficient [44]
of the measured electric NF among the different frequencies
is shown in Fig. 4 for both the fabricated antennas. The closer
this correlation matrix to the identity matrix is, the higher the
uncorrelation among the different radiation patterns is. Thus,
as can be observed in Fig. 4, the radiation patterns are highly
uncorrelated among the different frequencies.

Finally, the architecture of the overall system is depicted in
Fig. 5. The two frequency diverse panels are placed in front of
the wall to be inspected, and are connected to a measurement
device (e.g., a vector network analyzer). The ultimate goal
is to retrieve an image of the hidden targets (placed behind
the wall). A great advantage of the proposed system is that, in
order to obtain this image, only a single standalone acquisition
is required.

B. Through-the-wall computational imaging reconstruction
algorithm

1) Antenna characterization: In conventional radar imag-
ing, a significant number of reconstruction algorithms, such as
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Fig. 4. Correlation of the measured electric NF among the different frequen-
cies for the two frequency diverse fabricated antennas. (a) TX panel, and (b)
RX panel.
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Fig. 5. Architecture of the proposed frequency diverse through-the-wall
computational imaging system

those based on Delay-and-Sum [45] or Range Migration [46],
do not take into account the antenna radiation pattern (i.e., an
isotropic radiation is assumed). However, in CI systems the
characterization of the compressive antennas plays a major
role, as the radiation patterns are required to retrieve the radar
images. This is because compressive antennas radiate quasi-
orthogonal (spatially-incoherent) radiation patterns, whereas
the antennas used in conventional radar imaging usually ex-
hibit a well-defined main beam in a fixed direction.

Assuming the antenna aperture is placed in the xy-plane
(pointing towards the +z-axis), an equivalent model of the
antenna can be obtained applying the equivalence principle
and image theory [47], [48]. In particular, if the antenna is
measured in an infinite plane S (at z = zs and enclosing the
radiating sources), an equivalent magnetic current Meq can
be estimated as:

Meq = −2n̂×Es, (1)

where n̂ is the unit vector normal to S and Es is the electric
field on S. Therefore, Meq is proportional to the tangential
electric field and radiates the same fields as the original
radiating sources for all points in the region z > zs. In
practice, the measurement plane is truncated to a finite size
plane S′, which limits the region in which the fields can be
accurately computed.

Once Meq is estimated, the electric field in a point r can
be obtained as:

E(r)=− 1

4π

∫∫
S′
∇×

[
Meq(r′)

e−jkR

R

]
dS′

=
1

4π

∫∫
S′

[R̂×Meq(r′)]

(
1 + jkR

R2

)
e−jkRdS′,

(2)

where ∇× denotes the curl or rotor operator, r′ are the points
belonging to S′, k is the wavenumber in free-space, R =
‖r − r′‖ and R̂ = r−r′

R .
2) Free-space CI system modeling: The forward model

that relates the backscattered radar measurements (g) and the
reflectivity of the imaged scene (ρ) is given by:

gM×1 = HM×NρN×1 + nM×1, (3)

where M is the number of measurement modes (i.e., the
number of measured frequency points, which in this case is
M = 401), N is the number of voxels in the imaged scene,
H is the sensing matrix that characterizes the CI system and
n is the system noise. It should be noted that in the case
of frequency-diverse antennas, the number of measurement
modes corresponds to the number of measured frequency
points.

Under the first Born approximation, the sensing matrix is
given by the dot product between the electric fields of the Tx
and Rx antennas projected to the imaged scene [43], i.e.,

H = ETx ·ERx. (4)

In the literature, these projected fields are obtained applying
(2) for each point r in the imaged scene. Furthermore, they
consider that the equivalent magnetic current Meq is given
by (1), where Es is the electric field measured in a NF
plane parallel to the antenna aperture and at a given distance
from it (typically at several wavelengths) [43]. This means
that backpropagation is not considered, thus restricting the
applicability to scenarios or targets located further from the
antennas than the NF plane. This NF plane is sampled at
λmin/2 (where λmin is the smallest wavelength, corresponding
to the highest frequency).

3) Through-the-wall CI system modeling: As the targeted
application of this system is through-the-wall imaging, the
computation of the sensing matrix should be modified to
account for the propagation through the wall.

The first step consists of estimating an equivalent magnetic
current on the antenna aperture. This is accomplished by
solving the inverse problem arising from (2) [49], [50]. In
particular, assuming the electric field is measured in a plane
in the NF region (ENF), the goal is to estimate Meq in a
plane tangential to the antenna aperture S′ (enclosing the
antenna), as illustrated in Fig. 6. According to (1), Meq =
Meq,xx̂+Meq,y ŷ and the equations corresponding to the x−
and y−components of the electric field in (2) are decoupled,
yielding:[

ENF
x (r)

ENF
y (r)

]
=

1

4π

∫∫
S′

[
0 −R̂z

R̂z 0

] [
Meq,x(r′)
Meq,y(r′)

]
·
(

1 + jkR

R2

)
e−jkRdS′,

(5)



5

Antenna measurement plane in the NF region

Plane tangential to the 

antenna aperture       

Fig. 6. Illustration of the backpropagation step.

Wall

Plane of incidence

Fig. 7. Scheme of the ray tracing approximation.

where R̂z is the z-component of R̂.
The system of equations obtained from discretizing (5)

for all points r where the electric NF is measured and all
points r′ ∈ S′ is solved using least squares to estimate
Meq . Then, the electric field in a plane in front of the wall
surface, Efw, is computed using (2). In order to compensate
for the propagation through the wall, the electric field in a
plane placed between the antennas and the wall is needed.
Therefore, this backpropagation step is essential as the wall
under inspection might be closer to the antennas than the NF
plane where the electric field was measured.

The next step aims to take into account the refraction
of the electromagnetic waves when they impinge on the
wall. The approach followed is based on defining a virtual
magnetic current on a plane placed behind the wall. This
virtual magnetic current aims to model the radiation of the
antennas and the propagation through the wall. To compute
it, the electric field in the plane in front of the wall (Efw) is
propagated to each point rt in the plane behind the wall using
ray tracing as follows:

Ebw(rt) =

Ns∑
s=1

Efw(rs)
e−j(k∆rs

1 +kwall∆
rs
2 +k∆rs

3 )

∆rs
, (6)

where rs (s = 1, ..., Ns) are the points belonging to the

Fig. 8. Scheme of the through-the-wall CI system modeling.

plane in front of the wall, and kwall is the wavenumber in
the wall. ∆rs

1 , ∆rs
2 and ∆rs

3 are the distances traveled by a
ray propagating from rs to rt (in particular, between rs and
the wall front face, inside the wall, and between the wall back
face and rt, respectively), and ∆rs is the total distance traveled
between rs and rt.

The ray tracing procedure is illustrated in Fig. 7, and the
computation of the distances traveled by the ray is based on
the Snell’s law (applied in the plane of incidence, which is the
plane perpendicular to the wall and containing rs and rt).

The virtual magnetic current is computed according to (1)
with Es = Ebw (i.e., the estimated electric field behind the
wall). Finally, the electric field is estimated in the imaged
scene using (2). This whole procedure, which is summarized
in the flowchart shown in Fig. 8, is conducted for both the TX
and RX antennas to obtain ETX and ERX and, as a result,
retrieve the sensing matrix applying (4).

In this work, the permittivity of the wall is estimated from
[51] taking into account the type of material composing the
wall. Future work is devoted to estimate the wall parameters
from the measurements.

4) Image reconstruction: In order to accurately image
the targets hidden behind a wall, besides compensating the
refraction due to the presence of the wall, another major issue
should be addressed: the clutter caused by the reflections in
the wall. To mitigate the reflections from the wall, which in
most cases mask the reflection from hidden targets, an average
subtraction technique is adopted. This technique consists of
averaging Nav measurements to estimate the wall response
as:
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Fig. 9. Reconstruction of a point scatterer (PSF): (a) XY cut and (b) XZ
cut. The backscattered signal has been simulated from the measured electric
fields.

gwall =
1

Nav

Nav∑
nm=1

gnm
(7)

This estimation of the wall response is subtracted from the
backscattered radar measurement before applying the image
reconstruction algorithm, i.e., g = gmeas − gwall.

To estimate the reflectivity of the scene ρest, a least squares
approach has been adopted. In particular, ρest is obtained by
minimizing the cost function given in (8), where ‖ · ‖ is the
Euclidean norm.

ρest = arg minρ‖g −Hρ‖22 (8)

5) Point Spread Function (PSF) analysis: In order to an-
alyze the spatial resolution of the system, the PSF has been
studied. For this purpose, the backscattered signal from a point
scatterer (placed at x = y = 0 m, and z = 0.27 m from
the antennas) has been simulated considering the measured
electric fields of the fabricated antennas and applying the
forward model stated in 4. Two main cuts (XY and XZ) of
the reconstructed image, i.e., of the resulting PSF, are shown
in Fig. 9. Hence, the spatial resolution of the proposed CI
system can be estimated as the width of the PSF at half of its
maximum value (known as the Full Width at Half Maximum,
FWHM) in the three main axis, yielding: δx = 0.058 m,
δy = 0.047 m, and δz = 0.045 m.

The estimated resolution of the proposed frequency-diverse
CI system is slightly worse than the resolution expected from
a conventional SAR-based imaging system (when considering
an aperture with a similar size). However, when using larger
apertures (or more TX/RX panels), it has been shown that the
resolution achieved with CI is almost the same as with SAR
[4].

III. EXPERIMENTAL VALIDATION

The capability of the proposed through-the-wall CI sys-
tem to detect targets hidden behind a wall has been tested
for different types of materials. The experimental validation
setup is shown in Fig. 10. In particular, the following wall
materials and thicknesses have been considered: knotty pine
wood (εr = 1.8) of 1.8 cm; multilayer plywood with 6 plies
(εr = 2.25) of 1 cm; chipboard (εr = 2.7) of 3.7 cm; and
plasterboard (εr = 2.4) of 3.75 cm. As aforementioned, the
estimations of the wall permittivity εr have been extracted
from [51], where the complex relative permittivity of common
building materials has been measured in the frequency range
from 0.2 to 67 GHz.

Wall

Frequency diverse
antennas

y
xz

Target 1 Target 2

Fig. 10. Setup of the experimental validation. Hidden targets behind the wall
are depicted at the bottom.

A. Experiments with a single target

In the first set of experiments, a single target consisting
of a 4 cm × 4 cm square patch (made of copper tape) has
been considered (target 1 shown in Fig. 10). To facilitate the
comparison of the results, the target is placed at the same
distance (z = 27 cm) from the antennas for all the materials.
In addition, the back side of the walls is at z = 15.6 cm in all
the experiments.

The reconstructed images (in the xy plane where the target
is placed) are shown in Fig. 11 for three different positions
of the target (in the middle and in two positions close to
the corners of the imaged scene). The reconstructions of the
target without the presence of a wall are also shown as a
baseline for comparison in Figs. 11(a)-(c). The rest of the
reconstructions correspond to plasterboard (Fig. 11(d)-(f)),
plywood (Fig. 11(g)-(i)), knotty pine wood (Fig. 11(j)-(l)), and
chipboard (Fig. 11(m)-(o)) walls. Analyzing Fig. 11, it can be
concluded that the target is clearly distinguishable in all cases.
The reconstructed images when the target is hidden behind a
wall are similar to those obtained without the presence of the
wall. The main differences are obtained for the wall made of
knotty pine wood, Figs. 11(j)-(l), which might be related to
the heterogeneity of the pine wood caused by the knots.

It should be highlighted again the benefit of using a CI-
based imaging system instead of a conventional SAR system
in terms of acquisition time and hardware complexity. In
particular, using the proposed system, only a single standalone
acquisition is needed to retrieve an image of the inspected
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Fig. 11. Reconstructed images of a single target when (a)-(c) no wall is
present, and behind a wall made of (d)-(f) plasterboard, (g)-(i) plywood, (j)-
(l) knotty pine wood, and (m)-(o) chipboard when the propagation through
the wall is accounted for in the processing. Each column corresponds to a
different target position, which is depicted with a white square.

scene. However, with a SAR-based system 18 × 18 = 324
measurement positions would be needed for inspecting an
area of 0.2 m × 0.2 m (which is the region covered by the
CI system), as it requires to sample the imaged scene with a
λmin/2 step to satisfy the Nyquist criterion.

In the case of through-the-wall imaging scenarios, an aver-
age subtraction technique is employed to mitigate the wall
reflection. Nevertheless, in the results shown in this work,
only Nav = 10 measurements are used to estimate the wall
response (the measurements gathered with the target placed
at the three different positions considered, and seven more
measurements with the target placed at a random position
behind the wall). Therefore, there is still a drastic reduction in
the inspection time compared to a conventional SAR system.

B. Effect of the wall modeling

The procedure explained in II-B to account for the propa-
gation through the wall has been adopted to reconstruct the
images shown in Fig. 11. However, it is also of interest
to compare these results with the ones obtained when the

Fig. 12. Reconstructed images of a single target hidden behind a wall made
of (a)-(c) plasterboard, (d)-(f) plywood, (g)-(i) knotty pine wood, and (j)-(l)
chipboard when the propagation through the wall is not considered in the
processing. Each column corresponds to a different target position, which is
depicted with a white square.

presence of the wall is not taken into account (that is, when
the sensing matrix used in free-space scenarios is considered).

The reconstructed images for the three target positions and
the different wall materials when the free-space sensing matrix
is used are shown in Fig. 12. As can be seen, there is a clear
improvement in the reconstructed images when the sensing
matrix with the wall compensation is used (Fig. 11), especially
when the target is not located in the middle of the imaged
scene. This improvement is particularly noticeable for the
walls made of plasterboard and chipboard (because the delay
in the propagation of the electromagnetic waves caused by
the wall increases with the wall permittivity and thickness).
In these cases, the targets in the corners are not detected in
the reconstructed images when using the free-space sensing
matrix at the location where the targets are placed (see Fig.
12(a), (c), (j), (l)), and there is a significant increase of the
clutter of the images.

C. Effect of the wall reflection

As aforementioned, the clutter caused by the reflections of
the wall can mask the reflections coming from the hidden
targets. Therefore, a clutter mitigation technique, based on
averaging a set of Nav measurements to estimate the wall
has been applied. To illustrate how the detection capabilities
deteriorate if the wall reflections are not mitigated, the recon-
structed images for the wall made of plasterboard when the
clutter reduction technique is not applied are shown in Fig. 13.
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Fig. 13. Reconstructed images of a single target hidden behind a wall made
of plasterboard when the propagation through the wall is considered in the
processing, but the clutter reduction technique is not applied. Each column
corresponds to a different target position, which is depicted with a white
square.

Fig. 14. Reconstructed images of a single target hidden behind a wall made
of plasterboard from full-wave simulations. Each column corresponds to a
different target position, which is depicted with a white square.

It can be concluded that the quality of the resulting images is
significantly deteriorated. Furthermore, in the case of the target
placed in the bottom left corner, the clutter level is similar to
the reflectivity of the target, thus masking its detection.

D. Comparison with full-wave simulations

It is also worth comparing the reconstructions from the
experiments with those obtained from simulations. In par-
ticular, a full-wave simulation software has been used to
replicate the measurement setup shown in Fig. 10 under ideal
conditions. The reconstructed images for the wall made of
plasterboard (considering the propagation through the wall in
the processing) are shown in Fig. 14 for the three positions of
the target. As shown in this figure, the best reconstruction is
obtained when the target is placed in the middle of the imaged
scene, whereas the clutter level is slightly more noticeable in
the reconstructions obtained for the other two target positions.
It should be noted that this is in agreement with the results
obtained in the experimental campaign (Fig. 11(d)-(f)).

E. Experiments with a distributed target

After assessing the performance of the system for detecting
one target hidden behind different types of wall, the capability
to detect multiple targets is assessed. In particular, a distributed
target composed of two square patches of 4 cm × 4 cm made
of copper tape (whose centers are separated ∆x = 10 cm and
∆y = 4 cm) has been considered (target 2 shown in Fig. 10).
This distributed target is also placed at z = 27 cm from the
antennas.

The reconstructed images are shown in Fig. 15. Fig. 15(a)
shows the image retrieved when there was no wall in the
imaging scenario, which serves as a baseline for the other
cases with different types of wall. Figs. 15(b), (c), (d), and
(e) are the obtained images when the targets were behind a

Fig. 15. Reconstructed images of the two square targets (a) in free-space, and
behind (b) a plasterboard wall, (c) a plywood wall, (d) a knotty pine wood
wall, and (e) a chipboard wall. The targets locations are depicted with white
squares.

Fig. 16. Reconstructed image of the two square targets behind a plasterboard
wall: (a) XZ and (b) Y Z planes for the target placed on the right in Fig.
15(b); and (c) XZ and (d) Y Z planes for the target placed on the left in Fig.
15(b).

wall made of plasterboard, plywood, knotty pine wood, and
chipboard, respectively. As it can be observed, the two targets
can be clearly detected and the reconstructed images when
the wall is present are similar to the case without a wall. As
in the previous experiments (with only a single target), the
main differences are observed for the wall made of knotty
pine wood.

To facilitate the comparison of the results obtained in the
different experiments, the reconstructed images have been
compared in the XY plane where the targets are located.
However, it should be noted that a full 3D reconstruction
is retrieved. In Fig. 16 the reconstructed image for the two
targets hidden behind the plasterboard wall is shown at the
two perpendicular planes intersecting each of the targets. As
can be observed in this figure, the two targets can be clearly
detected and there is almost no clutter in the reconstructed
image.

IV. CONCLUSIONS

This manuscript presented a through-the-wall imaging sys-
tem based on using frequency diverse metasurface antennas.
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By relying on CI, the scene information is compressed into a
single channel, so only one standalone acquisition is needed
to retrieve an image from the scene, which drastically reduces
the acquisition time required to retrieve an image from the
scene. The results obtained in the experimental validation
demonstrated that the proposed system can successfully detect
targets hidden behind different types of wall, drastically reduc-
ing the number of measurements compared to conventional
radar systems (e.g., based on SAR). Furthermore, it was also
shown that when the propagation through the wall is accounted
for in the processing method, the quality of the resulting
images improves notably. This work paves the way to use
frequency diverse CI systems for a wide range of through-
the-wall sensing applications, allowing a fast inspection of the
region of interest.
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