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Abstract—This paper deals with radar imaging in non-line
of sight (NLOS) with the aid of non-reconfigurable electro-
magnetic skins (NR-EMSs). NR-EMSs are passive metasurfaces
whose reflection properties are defined during the manufacturing
process, and represent a low-cost alternative to reconfigurable
intelligent surfaces to implement advanced wave manipulations.
We propose and discuss a multi-view near-field radar imaging
system where a moving source progressively illuminates different
portions of the NR-EMS, whereby each portion (module) is
purposely phase-configured to focus the impinging radiation over
a desired NLOS area of interest. The source, e.g., a radar-
equipped vehicle, synthesizes a wide aperture that maps onto
the NR-EMS, allowing NLOS imaging with enhanced resolution
compared to the standalone radar capabilities. Simulation results
show the feasibility and benefits of such an imaging approach
and shed light on a possible practical application of metasurfaces
for sensing.

Index Terms—Radar imaging, multi-view, NLOS, near-field,
EM skins, synthetic aperture

I. INTRODUCTION

Radar sensing technology has witnessed remarkable
progress in recent years, driven by the constant pursuit of
improving overall performance. Among the innovative ap-
proaches, the integration of metasurfaces into radar systems
has emerged as a promising frontier. Metasurfaces are planar
or conformal metamaterial surfaces whose EM properties can
be can be engineered to implement advanced wave manipula-
tion (anomalous reflection, focusing, beam shaping, etc. [1]).
When manufactured as reflectarrays, metasurfaces are made
by a very large number of sub-wavelength elements (meta-
atoms), whose scattering phases are designed to accomplish
the aforementioned functionalities. If the phase across the
metasurface is time-varying, we refer to reconfigurable intel-
ligent surfaces (RISs), and their application to communication
and localization systems has been the focus of the vast major-
ity of research works. In [2]], for instance, the authors propose
to use a RIS to assist radar in non-line-of-sight (NLOS)
conditions. The work [3]], instead, uses a RIS for NLOS
radar localization of targets. The authors of [4] analyze the
fundamental position and orientation error bounds on a RIS-
aided localization system, proposing a suitable phase design
approach. Recently, the research interest shifted towards large
metasurfaces (whose size is comparable with the propagation
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distance), to exploit the additional degrees of freedom brought
by near-field operation, namely the propagation condition in
which the wavefront across the metasurface is non-planar [5].
Examples of works on RIS-aided near-field localization are in
l6l, 7).

Differently from localization, whose aim is to infer mean-
ingful parameters of a set of desired targets (e.g., position,
orientation, speed, etc.), imaging refers to the generation of a
reflectivity map of the environment, from which to infer the
presence of targets via detection, prior to localization. Imaging
performance is not assessed in terms of estimation accuracy
but rather resolution, i.e., the capability of distinguishing two
closely spaced targets. Currently, very few works address the
usage of RISs (and metasurfaces in general) for imaging
(e.g., see [8]), with specific use cases mostly limited to
biomedical imaging [9]. Other relevant works are [[10]-[12].
The authors of [10] address the imaging problem as an inverse
scattering reconstruction in far-field, considering distributed
antenna systems. Work [11]], instead, addresses the near-field
by employing the RIS as an active reflector, amplifying and
reflecting the impinging signals from a large holographic
aperture. Recently, the authors of [12] tackled the imaging
with RISs in both LOS and NLOS scenarios, designing the
illumination pattern and the RIS coefficients to minimize the
reconstruction error of the reflectivity map in a desired area
of interest.

While the aforementioned works address the usage of
RISs, whose phase pattern can be dynamically changed in
time according to special needs, relevant research has been
produced on non-reconfigurable metasurfaces, also called non-
reconfigurable EM skins (NR-EMSs), whose wave manip-
ulation capabilities are defined in the design process [13],
[14]. NR-EMSs offer limited flexibility compared to RISs,
but they come with orders-of-magnitude lower manufacturing
costs, allowing potential mass-production of large devices
[13], [14]]. NR-EMS with conformal design have been targeted
in our previous works for vehicular communication systems
[15]], while few others addressed the potential of SP-EMS for
localization (see [16]], [[17]]).

Contribution: This paper delves in the usage of NR-EMSs
for radar imaging in NLOS in a way that multiples modules
generates an artificial sweeping useful for imaging. The se-
lected use case is the high-resolution environment mapping
for autonomous or assisted driving, where a radar-equipped
traveling vehicle exploits an NR-EMS purposely deployed on



a building to illuminate a desired area in NLOS (’see around
the corner’), and gathers the echoes undergoing double bounce
with the NR-EMS. The peculiarity of such a system is that
the vehicle, while moving, progressively illuminates different
portions of the metasurface, namely modules, each suitably
designed to focus the impinging radiation on a desired spot in
NLOS. The vehicle generates a synthetic aperture that maps
into a multi-view imaging system through the NR-EMS. The
imaging resolution is dictated by the equivalent aperture on
the NR-EMS, rather than the radar physical aperture. As the
former can be very large, the proposed system allows high-
resolution near-field imaging with progressive low-resolution
far-field acquisitions. We discuss the peculiar system design,
outlining the related requirements. Simulation results confirm
the feasibility of our imaging system and shed light on a
promising usage of NR-EMSs for sensing.

Organization: The paper is organized as follows: Sect.
describes the role of NR-EMSs in multi-view radar imaging,
Sect. [IT] outlines the system model, Sect. [[V]details the design
of the system and related trade-offs while Sect. [V] reports the
image synthesis technique and the simulation results. Finally,
Sect. concludes the paper.

Notation: The following notation is adopted in the paper:
bold upper- and lower-case letters describe matrices and
column vectors. Vector norm is denoted with |la]|. Vector
transposition is a’. With a ~ CN/ (i, 0?) we denote a multi-
variate circularly complex Gaussian random variable a with
mean 4 and variance o2. E[] is the expectation operator,
while R, C stand for the set of real and complex numbers,
respectively. J,, is the Kronecker delta function.

II. NR-EMSs IN MULTI-VIEW RADAR SYSTEMS

Let us consider the 2D scenario depicted in Fig. where
a source equipped with a radar, located in s = [s,, 5,]7, aims
at creating an image of an area of interest where a target is
located in r = [r,, 7,]7. We assume that the area where the
target is present is in NLOS, thus the image of the environment
is enabled by the presence of a reflection plane deployed
along z. The source is equipped with a radar with aperture
A, emitting a signal along direction 1 (pointing towards the
reflection plane) over a narrow beamwidth Ay oc A~L If
the reflection plane is a mirror, the target is illuminated under
specular reflection, i.e., for ; = 6,, where §; = ™ — ¢ and
6, are the incidence and reflection angles onto the reflection
plane. The point p of specular reflection that allows imaging
the target satisfies s,/D; = r,/D, where D; = |p — s,
D, = |lr — p| denote the source-plane and plane-target
distances, respectively. The resolution of the corresponding
image of the target r is ruled by the radar’s physical aperture
A, thus reducing the beamwidth Ay o A~! yields better
resolution.

Since increasing the radar’s physical aperture A leads to a
non-negligible additional cost for the hardware platform, we
opt for a different solution to enhance the imaging resolution.
Let us consider the case in which the radar moves along x with
velocity v (see Fig. [Ib). The radar’s position in space is now

time-varying, s(7), where 7 denotes the slow time. We assume
to fix the pointing angle v onto the reflection plane, thus the
incident angle 6; is fixed accordingly and the corresponding
point on the plane is denoted by p(7) = [s,(7)+D; cos v, 0]
We have a multi-view radar system if the reflection plane
behaves like an anomalous mirror for the impinging radiation,
namely it changes the reflection angle such that the signal
emitted by the radar along its motion s(7), 7 = 0,...,T is
focused on the target in r. The reflection angle at time 7 shall
be set as follows:

0,(r) = arccos (”)
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and the dependence on time can be related to a specific
position onto the anomalous mirror through p(7). The system
is depicted in Fig. Now, with the aid of the anomalous
mirror, the moving radar progressively increases the spatial
diversity in the observation of the target, implement a synthetic
aperture that enhances both the resolution of the image of r
as well as the SNR. Indeed, the image resolution is now ruled
by the effective aperture onto the anomalous mirror:
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Fig. 1: NLOS imaging with (a) reflection plane (mirror) and fixed
source position, (b) NR-EMS and moving source.
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typically much larger that the aperture provided by the
radar [[18]. To cater to arbitrary geometries, we opt for the
usage of a NR-EMS as the required anomalous mirror de-
ployed on the reflection plane, whose design is detailed in the
following.

III. SYSTEM MODEL

The system model stems from Section [[Il The radar-
equipped source moves along x, taking positions located
in s(1) = [5:(0) + v7,s,]T, along the slow time interval
7 € [0, T]. The radar periodically emits the pass-band signal

h(t) = g(t)e?*m /ot 3)

where ¢ is the fast time, ¢(¢) is the base-band range-
compressed pulse of bandwidth B, centered around carrier
frequency fy. Tx signal is emitted every pulse repetition
interval A7, that is herein neglected for the seek of simplicity
in the notation. The radar is characterized by a linear aperture
A along y (i.e., orthogonal to the direction of motion), that
allows beamforming the pass-band signal (3)) towards direction
1. The beamwidth on the azimuth plane (i.e., xy plane)
is AYp ~ Ng/(Acostp), where A\g = c¢/fp is the carrier
wavelength. The anomalous reflection is by a planar NR-EMS,
made by N \g/4-spaced elements along the x axis , whose
center is located in the origin of the global coordinate syste

At time instant 7 the radar illuminates a portion of the NR-
EMS made by

D; Ay
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elements, for n = ng(7) — Npad/2, ..., n0(7) + Npaa/2 — 1,
where ng(7) is the element index corresponding at the maxi-
mum pointing at time 7, whose location in global coordinates
is xo(7). The general model of the received signal at the
radar in s(7) due to scattering from target r through a double
reflection from the NR-EMS is reported in (3). The two-way
propagation delay between the source s(7) and target r is

Dsn(T) + Dpr + Dyyy + Dn’s(T)
C
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IThe 2D system model outlined in this paper is instrumental to describe
the NR-EMS-aided radar imaging system design on the azimuth plane. In
practice, planar NR-EMSs deployed on the xz plane are required to guarantee
a sufficient SNR. The 3D modeling would complicate the exposition and it
is therefore not treated herein, but its development follows from the present
with due adaptations.

accounting for propagation as forward scattering from the nth
element and backward scattering from the n’th, n’ # n in
general, Dg,(7) = ||x, — s(7)]|| being the distance between
s(7) and the nth element in x,, (and similar definition for other
terms), while ¢,, is the NR-EMS phase at the nth element.
The back-scattering power, whose expression is not reported
for brevity, is inversely proportional to the product of the
four travelled distances and proportional to the directivity of
the radar, thus |p,, (7)|?> < D;2(7)D;2D. 2D, A (1) Ay~
Term w(t,7) € CN(0,02) is the additive white Gaussian
noise corrupting the signal. Model (5) describes a generic
near-field and spatially wideband system, where the wave-
front across the illuminated NR-EMS portion is curved and
Ay (T) > 1/B in general.

A. Simplified Narrow-Beam Model

The usage of a comparatively narrow beam At at the radar
allows approximating the model of the Rx signal, yielding
some useful simplifications. We have: (a) far-field when the
wavefront across the portion of illuminated metasurface is ap-
proximated as planar and (b) spatially narrowband operation
when the residual delays across the portion of illuminated
metasurface do not practically affect the envelope of the Rx
base-band pulse. Far-field implies

2D; 2D,(t
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d
+(n+n/)g[sm 0; —sinfo(7)] (8)
where D; = ||xo(7) — s(7)|| and D,(7) = ||[r — x0(7)]|, and
|p(r)|? oc DD 4(7) Ay~1. Spatially narrowband operation
holds when
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and it yields to this delayed echo:
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The signal model under approximations (a) and (b) is reported
in (6). While the far-field condition usually applies for beams
At in the order of some degrees and distances of few to
tens of meters (as in the considered use case), the spatially
narrowband operation is strongly dependent on the employed
bandwidth. For instance, for ¢» = 30 deg, D; = 10 m, we
obtain that B < 100 MHz for Ay = 10 deg, and B < 1 GHz



for Ay =1 deg, the latter being the current limit for off-the-
shelf automotive radars in terms of angular resolution [[19].

IV. SYSTEM DESIGN

The design of the system has the ultimate goal of enabling
high-resolution imaging in NLOS conditions. If the radar
employs a very large beamwidth, illuminating the whole NR-
EMS, the NR-EMS phase profile is optimal only for a single
position of the source and the target, as double focusing is
required:

2m
by
Thus, the coverage is limited to a very small region in
space, unless RISs are employed. In the following, we detail

the system design using NR-EMSs under the narrow-beam
approximation in Sect. [[II-A]

9n = 5 ([Ixn =l + [lr =xa]l) (1D

A. Modular NR-EMS

The NR-EMS shall fulfill two goals, namely (i) increasing
the effective aperture of the radar, thus the resolution of the
image, and (ii) ensuring the full coverage of the NLOS area,
i.e., any target shall be detectable within NLOS region. In
this setting, the NR-EMS can be designed by composition
of multiple equally sized modules, each made by N’ < N
elements (along z) and pre-configured with a linear phase
profile on each. The latter eases the design and manufacturing
of each module, and the optimal non-linear phase profile
across the NR-EMS (for near-field focusing) is obtained by
suitable configuration of multiple adjacent modules. Let us
consider L NR-EMS modules of N’ elements each. In order
to enable the coherent combination of echoes from a target
located in r, (i) the source must implement a synthetic aperture
of duration 1" > M (assuming a narrow beamwidth,
ie., Nyqq << LN’) and (ii) the L modules must focus the
impinging radiation from the location s(7) of the moving
source to the location of the target, yielding a phase profile

brs = QALOdn {sin () - sin(arCCOS(r_”M)ﬂ
(12)

forn =nge—N'/2,....,n00+N'/2-1,0=—L/2,..,L/2—1,
where xg ¢ is the phase center of the /th module—identified
by element ng,—illuminated by the moving source at time
7 = {(N'd/v). With this configuration, the effective aperture
of the radar system is (2)), approximately equal to A’ ~ LN'd.
Notice that this system allows near-field sensing by employing
multiple NR-EMS modules configured for far-field, progres-
sively approximating the curved wavefront with local planar
ones.

With L modules configured as (12)), the impinging radiation
from the radar is focused on a single point r in space, thus
the system has enhanced resolution but not enough coverage.
For the coverage of the entire NLOS area, it is necessary to
consider multiple clusters of L modules, properly cascaded
along z, each configured to focus on a different anchor point
r*. By having K clusters, a reasonable choice to allow the

high-resolution imaging of the environment is to select the
anchor points {r} }/< | over the iso-range curve at distance R
from the center of the NR-EMS. The result is depicted in Fig.
[2l The phase gradient at the ¢th module of the kth cluster is
obtained by (I2) plugging r = rj. The complete image of the
NLOS area is synthesized by illuminating all the K clusters
through a synthetic aperture of duration 7'~ K LN’ /v.

B. Selection of the radar beamwidth

The choice of the radar beamwidth A is a degree of
freedom for the proposed system. Employing a wide radar
beam, such that N,,q > N’, allows illuminating multiple
modules at the same time instant 7. Once the NR-EMS
is deployed, a wide radar beamwidth relaxes the hardware
requirements (and the cost) of the device, but it yields a lower
SNR at the target’s location compared to a narrow beamwidth.
Possibly, if N;,q ~ N (all the metasurface is illuminated in
one shot), there is no need of a synthetic aperture. However,
the SNR at the target’s location diminishes by widening the
radar beamwidth Az, as can be devised by inspection of
the CRB on bistatic range estimation (see [20] for further
details and the analytical derivationsf’] It can be shown that
the relative SNR loss due to beam widening amounts to

3
%) , pushing for the usage of the phased-array radars

with the narrowest possible beamwidth compatible with the
hardware availability.

Besides the radar beamwidth, for N;,q < N it is necessary
that the radar implements a further synthetic aperture to
illuminate all the metasurface (all the K clusters), to form the

2The bistatic range considered in the CRB is the distance between the
source (at the center of its synthetic aperture) to the phase center of the
metasurface, plus the distance with the target.
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Fig. 2: Modular NR-EMS for imaging in NLOS. The NR-EMS is
made of multiple modules, organized in clusters. Each cluster focus
the impinging radiation on a fixed anchor point, and each module
implements a linear phase gradient.
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Fig. 3: Sketch of the simulation environment with moving radar.

image without spatial ambiguities (ghost targets). Those arise
from partial illumination of multiple clusters that focus the
radiation over different anchor points. If no synthetic aperture
is implemented (thus no coherent combination of echoes from
all clusters), it is possible that ghost targets appear in the final
image. Differently, by progressively illuminating the whole
metasurface, ghost targets disappear.

V. IMAGE SYNTHESIS AND SIMULATION RESULTS
A. Image Synthesis

The image is synthesized by back-projection (BP) in time,
under narrow beamwidth assumption (). The BP technique for
image synthesis is based on the wavefield migration integral
extensively used in remote sensing to find the location of one
or more targets [21]. It describes the spatio-temporal matched
filtering (correlation) between the Rx signal and the model
signal that would be received by back-scattering from a target
in a given position in space (typically chosen over a pre-
defined grid). The complex image value for a point r in the
NLOS area can be computed as follows [21E|:

ab 2-DZ -Do 5 ;A . r.r
1) &Sy <t _ H(”)]J) JHZ DDy (r)]

. c

(13)
where D; = ||xo(r) — s(7)|| = sy/sine is the forward
path toward the metasurface (that is constant over 7) while
D,(r,7) = |lr — xo(7)|| is the distance between the illu-

minated point at time 7, i.e., Xo(7) and point r. BP for
narrow beamwidths and spatially wideband operation (over
single slow-time snapshots) requires the relative position w.r.t.
metasurface (s,) as well as the pointing angle .

B. Simulation results

The system setup is skecthed in Fig. [3] The simulation
parameters are: carrier frequency fo = 77 GHz, employed
bandwidth B = 1 GHz, radar beamwidth along the azimuth
plane (xy) Ay = 1 deg, Tx power —10 dBm. The NLOS

3Image (T3) can be also cast as an operation that provides the likelihood
of the targets’ positions in space, from which it follows their estimation by
maximum likelihood approaches as described in [22].
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Fig. 4: 2D map of the SNR (in dB) in the NLOS area (image not in
scale). The SNR is > 0 dB in 98% of the area.
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Fig. 5: Focused image in the considered NLOS area, showing few
point targets. The inset is a zoom on a selected target (images not in
scale).

area to be monitored is 10 x 40 m?. The NR-EMS is made by
K = 4 clusters of L = 5 modules, each of size 0.1 m along =
(horizontal) and 0.5 m along z (vertical). We assume that the
radar’s physical aperture is 1D, as for a uniform linear array,
thus the elevation beamwidth is largeﬂ In this latter setting, we
exploit the vertical direction on the reflection plane to deploy
additional NR-EMS clusters (up to 12) to increase the number
of anchor points on the NLOS covered area. The results are
discussed in the following.

Fig. @] reports the achieved SNR map (in dB scale) in the
NLOS area. The 12 anchor points are selected to be deployed

4As for typical automotive radars, achieving high azimuth resolution and
no (or poor) elevation resolution [19].



at range distances of 15,25, 35 m from the phase center of the
NR-EMS. The synthetic aperture is 2 m such that to illuminate
all the NR-EMS clusters. The SNR map is built by deploying
regularly spaced fictitious targets with an RCS of 0.1 m? and
evaluate the SNR after image formation. In the considered
settings, the proposed system is able to achieve an SNR above
0 dB in ~ 98% of the NLOS area, allowing the detection of
targets notwithstanding the severe path-loss induced by the
double reflection on the NR-EMS. It is worth remarking that
such an SNR can be attained with very large metasurfaces,
that can be practically manufactured only as NR-EMS.

The second remarkable result, reported in Fig. [5] shows
instead a focused radar image of a few randomly deployed
point targets in the NLOS area, each with an RCS of 0.5 m2,
The image is normalized to the maximum value and reported
in dB scale. Remarkably, we have that (i) both targets in
near and far range are detectable (as the SNR after image
formation is comparably large) and (ii) each point target is
imaged with a resolution of few to tens of centimeters, with
little variation in space. The latter result should be compared
with the radar’s resolution capabilities without the NR-EMS
focusing effect. For instance, for the target in the inset of
Fig. 3] located at approx D, = 20 m from the NR-EMS and
D; = 10 m from the source, the native cross-range resolution
of the radar (approximately equivalent to the resolution along
x) would be dz ~ (D; + D,)Ay = 50 cm, while drops to
d0x ~ 10 cm thanks to the NR-EMS. The range resolution
(circa dy) is instead ruled by the employed bandwidth for
the considered point oy ~ ¢/2B = 15 cm, with a slight
improvement when using the NR-EMS thanks to the near-
field effect. The results show the feasibility of the proposed
imaging system with NR-EMS, and shed light on a promising
usage of passive metasurfaces for NLOS sensing.

VI. CONCLUSIONS

This work proposes and discusses a novel radar system ex-
ploiting a modular low-cost NR-EMS for NLOS imaging of a
desired area in the environment, with application to automotive
and road safety. The proposed system leverages the vehicle’s
motion to synthesize an aperture on the NR-EMS that allows
for increasing the physical radar’s aperture, enabling high-
resolution imaging in NLOS over a desired area of interest.
Design peculiarities are discussed and simulation results are
presented to validate the idea. Next investigations will involve
generalization to integrated communication and sensing over
NR-EMS, and further simulations for more realistic settings
with possibly dedicated experimentation.
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