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Abstract—Two planar metasurface (MTS) antennas are de-
signed to produce a pattern with optimal illumination in a
radar scenario, given the a priori known path of the targets.
The antennas are extremely flat, thin, with a monopole feed
integrated in the plane of the structure. The monopole serves as
a surface-wave (SW) launcher illuminating the slab. The excited
SW progressively leaks after interacting with the MTS, forming a
radiation pattern designed to cover uniformly a portion of road
in a given scenario. The realized antennas radiation patterns
are experimentally validated. The MTSs are then deployed in a
frequency-modulated continuous wave (FMCW) radar system.
The experiments showed that the echo of the targets in the
range-Doppler map does not statistically depend on the distance
between the target and the radar, while a clear range dependence
is observed when classical patch array antennas are used. That
means, given the capability to engineer a particular shape for the
radiation pattern and the interest for simultaneously detecting
small and big targets, the MTS antennas allow one to better
resolve a small and distant target, next to a big and close one.

Index Terms—metasurfaces, FMCW radar, beam shaping.

I. INTRODUCTION

FREQUENCY modulated continuous wave (FMCW)
radars are very convenient for range and velocity detec-

tion, at short to medium distances. They also have a clear
advantage over infrared and optical sensors at night and in
bad atmospheric conditions [1]. FMCW radars are increasingly
realized with antenna arrays [2]. While arrays can be designed
to provide high gain, their complexity as well as the power
losses may significantly increase when a proper control of
the radiated field over the space is required. Metasurfaces
(MTSs) provide an efficient and low-cost alternative for the
manipulation of radiated fields [4]. MTSs acting in reflection
or transmission have been proposed in the literature for radar
antennas [3]. MTSs can also be engineered to transform
surface-waves (SW) into leaky-waves (LW) [5] - [7]. In the
latter case, the antenna is particularly low-profile and it also
includes the feeder, as preferred in many radar configurations.
SW based MTS antennas are usually comprised of a dense
array of sub-wavelength patches printed on a grounded slab.
The antenna is fed by a SW launcher (a pin) and the patches
act as a sheet impedance. The latter is defined as the ratio
between the electric field and the averaged equivalent current
flowing on the MTS [8]. Spatially modulating the surface
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impedance enables the transformation of the SW into LW, in
a controlled way (see Fig. 1). The first synthesis methods for

Fig. 1: MTS antenna illustration

such antennas were based on holography and have enabled the
generation of pencil beams through the control of the phase
of the aperture field [9]. Amplitude and phase synthesis of the
aperture field has been proposed in [10] for locally sinusoidal
modulation, and further developed in [11] for monopulse radar
with broadside pencil beam radiation. Very recently, an electric
field integral-equation based direct synthesis method has been
proposed [12] - [14]. Rather than solving the integral equation
to compute the surface current distribution flowing on a known
MTS (traditionally the case for analysis), the MTS is here
assumed unknown, and is derived from an estimate of the
surface current. The latter is related to the desired radiation
pattern. This novel synthesis method is particularly useful to
generate complex-shaped radiation patterns as demonstrated
in [7]. In surveillance applications, where it is required to
simultaneously have a wide field of view, having a high gain
is not sufficient. In that case, the shaped antenna pattern
should compensate the effect of the free-space path loss
due to varying distance, while focusing the radiated power
in the area of interest. The goal of this paper is twofold.
First, further experimental validations of the integral equation
method is provided for a shaped-beam MTS antenna adapted
to radar applications. Second, the MTSs are incorporated
into an FMCW radar system and the impact of the MTS
antennas on the observed range-Doppler diagram is discussed.
In particular, it is shown that the usage of the MTS antennas
improves the probability of detection of a small and distant
target in the vicinity of a bigger and close target. The paper
is structured as follows. Section II briefly recalls the MTS
synthesis method. Section III provides a general description of
the used radar system, and section IV is devoted to numerical
and experimental results.

II. MTS ANTENNAS ANALYSIS AND DESIGN

The sheet impedance Z
S

relates the averaged (homoge-
nized) surface current J flowing on the MTS to the averaged
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tangential electric field Et at the MTS. The surface current
therefore satisfies the following integral equation [8]:

ẑ ×
[∫∫

S′
GEJ(ρ,ρ′) J(ρ′) dS′ − Z

S
(ρ) J(ρ)

]
= −ẑ × Ei

(1)
where ẑ is the normal to the surface, GEJ is the dyadic Green’s
function providing the electric field generated at ρ by a point-
source current placed at ρ′, and Ei is the excitation electric
field. In an analysis problem, equation (1) is solved to provide
the current J consistent with a given surface impedance Z

S
and a given excitation Ei. This is done with the Method of
Moments (MoM) by expanding the surface current into a set
of basis functions, followed by a testing of the fields with the
same basis functions (Galerkin testing). In this sense, Gaussian
ring basis functions (GRBF) [15] and Fourier-Bessel basis
functions (FBBF) [16] have been proposed in the literature
to compactly represent the current distribution for MTSs
designed on circular or possibly elliptical apertures. Efficient
methods capable of analyzing arbitrarily shaped MTSs have
recently been proposed in [17].

When designing MTS antennas, the unknown is the surface
impedance Z

S
, which is assumed to be modulated around

a known average Z
0
. The considered surface impedance is

capacitive and anisotropic, so as to support the propagation
of dominantly transverse magnetic (TM) SWs. The desired
visible spectrum of the current distribution can be derived from
the desired radiation pattern. As shown in [12] the surface
impedance can be computed with the MoM, assuming a given
current distribution J and excitation electric field Ei. The
invisible current distribution being a priori unknown, it is
guessed from the one consistent with the average impedance.
The estimated current distribution J is used to derive the
required lossless surface impedance. The modulation depth is
then optimized to find a good compromise between the aper-
ture efficiency and the conversion efficiency of the antenna.
The conversion efficiency is defined as the ratio between the
power radiated by the antenna, assuming an infinite slab, and
the feeding power [18]. The conversion efficiency should be
as high as possible to avoid undesired diffraction effects at the
antenna rim.

In this paper, the two antennas (one on the transmit side,
Tx, and the other on the receive side, Rx) are designed to
cover with uniform power a road in a scenario represented in
Fig. 2.

Fig. 2: Configuration of radar on a lamp-post next to the road. The light-blue
area represents the coverage zone, focused along the right lane. Left: top view.
Right: side view.

The desired radiation pattern, considering the limited size
of the antenna, is shown in Fig. 3. The pattern then looks

(a) (b)

Fig. 3: Desired radiation pattern. (a) illustration in the uv plane, (b) cut of
the radiation pattern in the plane ϕ = 0.

like a cosecant squared diagram [19] in elevation. The only
difference between the two antennas is in their polarization.
The first antenna is right handed circularly polarized, while
the second one is left handed circularly polarized so as to
take into account the change in polarization after reflection by
a smooth perfect electric conductor.

III. FMCW RADAR SYSTEM AND SIGNAL

We consider a continuous-wave radar with a linear chirp
modulation of frequency. This type of radar is widely used
for traffic control because the observation range is limited and
the hardware is cheap [23], [24]. The system is schematically
represented in Fig. 4.

(a) (b)

Fig. 4: Illustration of the FMCW radar system. (a) front view: antennas
part, (b) back view: system part. The top left green board is the transmitter
(BGT24MTR11 from Infineon [25]) connected either to the Tx serial patch
antenna or to the Tx MTS antenna. A copy of the Tx signal is used as the
local oscillator for the dual receiver (BGT24MR2 from Infineon [26]) and its
associated baseband amplifiers and filters on the bottom right board. The Rx
serial patch antenna and the Rx MTS antenna are both connected to the dual
receiver to ease the comparison. The generation of the calibrated signal used
to tune the integrated oscillator for the frequency modulation, and the data
acquisition are performed by a PicoScope 3404D from Pico Technology [27].

The radar sends chirp signals of duration TPRF = 128 µs,
with PRF referring to the pulse repetition frequency. During
each pulse (chirp), the frequency is linearly modulated as
shown in Fig. 5.

The emitted chirp signal can be written as

s(t) = Ae
j(2π(f0t+

B
TChirp

t2

2 )+φ)
, (2)

where A is the amplitude of the signal, φ is an arbitrary phase
constant, f0 = 23.75 GHz is the minimum frequency, B =
250 MHz is the modulation bandwidth, and TChirp = 96 µs
the actual duration of the linear chirp excluding necessary
breaks between chirps, as shown in Fig 5. After scattering by
the target, the signal is received by the radar as represented
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Fig. 5: Representation of the modulation of a linear chirp FMCW radar. The
received signal is a frequency shifted and delayed version of the transmitted
one due to the Doppler effect and the distance travelled by the wave.

Fig. 6: 1D slice of the Fourier transform of an ill-posed (left) and a wellposed
(right) signal (N = 1 and K = 2). The Fourier transform of the noiseless
signal resulting from the observation of the two targets is given by the dashed
line |U1+U2|. Because algorithms rely on finding peaks in this function, the
estimation of the weaker target on the example on the left is likely to fail.

in red in Fig. 5. The received signal is then mixed with the
emitted one, resulting in a baseband signal whose frequency
is related to the distance and to the velocity of the target. This
baseband signal is sampled and the samples corresponding to
pauses between chirps are discarded. Considering K targets,
N chirps, a sampling period Ts with M samples per chirp,
the acquired baseband signal can be written, in good approxi-
mation, as a M×N matrix whose elements are given by [18],
[20], [21]:

ym,n =
∑K

k=1 αke
−j2π(µkm+νkn) +Noise, (3)

where µk = (2BTs/c)rk, and νk = (2f0TPRF /c)vk, with
c being the speed of light, rk the distance to the target, and
vk the velocity of the k-th target. Finally, αk is a complex
variable that takes into account all attenuation and phase shift
between the transmitted and received signals. The modulus of
αk is related to the power of the emitted signal through the
radar equation [28]

|αk|2 ∝ λ2A2σk

(4π)3r4k
G2, (4)

where G is the antenna gain in the direction of the target,
λ = c/f0 is the wavelength of operation, and σk is the radar
cross section of the target. In practice, it is difficult to predict
the value of σk because the target has a non predictable shape,
and orientation. Therefore, αk is usually assumed randomly
distributed with parameters that can be, for instance, roughly
estimated from measurements [29].

Once the baseband matrix ym,n is acquired, the range-
Doppler diagram can be derived through a 2D Fourier trans-
form. It is worth mentioning that since the Fourier transform
is carried out on a finite duration, each target on the range-
Doppler diagram will appear as a 2D sinc function Uk centered

at rk, vk, with a main lobe width proportional to (c/2B)
(range resolution) in the range direction, and proportional
to λ/(2NTPRF ) (speed resolution) in the speed direction.
Although complex algorithms for multiple targets parameters
estimation have been proposed in the literature [29]–[31], it is
reasonable to consider in a very general scenario that a target
can be detected if the peak level given by |αk| of a considered
target is significantly higher than the secondary lobes (or
main lobe) level generated by other observed targets at the
considered target position, as illustrated in Fig. 6. Another
condition is that |αk| should be above the noise level.

IV. RESULTS

A. MTS antennas

This section presents the design results of the MTS antennas
based on the synthesis method proposed in [12], [7]. The
antennas are designed to operate at 24 GHz, with a substrate
of relative permittivity ϵr = 3.66, and thickness d = 1.524
mm. The average reactance (imaginary part of the average
impedance) is X0 = −804 Ω. Both antennas are circular with
a radius equal to 6λ, with λ being the free-space wavelength
at 24 GHz. The synthesized surface impedance of the first
antenna is represented in Fig. 7. The modulation depth has
been optimized to find a good compromise between the
aperture efficiency and the conversion efficiency, given the
limited aperture size and the single monopole feeder [7], [14].
The surface impedance is implemented with the coffee-bean

(a) (b)

Fig. 7: Synthesis results. (a) ρρ component of the reactance modulation.ρ
and ϕ are the polar coordinates. (b) Directiviy of the effectively implemented
surface impedance, in the uv plane.

patches proposed in [5], using the procedure described in [7].
The resulting radiation pattern, considering the effectively im-
plemented surface impedance is computed with the MoM code
based on full-domain basis functions [16], and is represented
in Fig. 7(b).

The measured radiation patterns in the plane ϕ = 0 for
the two antennas are reported in Fig. 8. The measurements
have been carried out between 23.7 GHz and 24 GHz because
the RF signal is modulated within that frequency band. It can
be observed that the shape of the pattern is preserved in the
frequency band of interest. The measured gain is 22 dBi, which
compares well with the ideal gain (24 dBi). The difference
can be explained by the inaccuracy of the surface impedance

This article has been accepted for publication in IEEE Antennas and Wireless Propagation Letters. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/LAWP.2022.3231683

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Univ Catholique de Louvain/UCL. Downloaded on March 13,2023 at 15:46:17 UTC from IEEE Xplore.  Restrictions apply. 



IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. XX, 2022 4

(a) (b)

(c) (d)

Fig. 8: Measured radiation pattern. (a)-(b) First antenna at 23.7 GHz and 24
GHz. (c)-(d) Second antenna at 23.7 GHz and 24 GHz.

implementation with printed patches, and by diffraction at the
substrate rim [14].

B. Patch array antenna

For qualitative analysis purposes, classical serial patch array
antennas are considered, as shown in Fig. 4(a). The surface
of each patch array antenna is 18 cm2. This type of antennas
is used in commercial FMCW radar systems. The simulated
radiation pattern in the E and H plane is represented in Fig. 9.
The directivity of the patch array is 14 dBi.

Fig. 9: Directivity of the serial patch antenna array simulated with the CST
commercial software [32].

C. FMCW Radar measurement

In this section, the performance of the FMCW radar is
analyzed in two different cases. In the first case, the MTS
antennas are used for both Rx and Tx, and in the second case,
the serial patch antenna array has been adopted (see Fig. 4(a)).
In both cases, we have used the same emitted power. For a fair
comparison, the serial patch antenna array has been disposed
horizontally and tilted, so that its main beam points in the
same direction as that of the MTS antenna. In this way, the
patch array will cover the road as well as possible.

The measurements have been made during three minutes to
observe several targets. The received signal has been analyzed
as described in Section III to extract the range-Doppler map.
Fig. 10 illustrates the properties of the observed targets. Each
point in the graph represents a couple (|αk|2, rk) estimated
from the range Doppler-map. As expected, in both cases, the

Fig. 10: Range-Power diagram comparing the estimated power from observa-
tion of cars with the FMCW radar when using either the MTS antennas or
regular serial patch array antennas. Dots results from one frame composed of
N ×M samples acquired from the baseband signal. The solid lines: logscale
linear fitting of the dots.

Fig. 11: Example of range-Doppler maps from 2D Fourier transform of signals
from a single measurement performed simultaneously with the serial patch
array antennas (left) and with the MTS antennas (center). Observation of
two targets as shown on the photo on the right. The two targets appear
distinguishably in the MTS antennas scenario while the weaker one (a bike)
is hidden by the stronger target (a car) when patch array antennas are used.

amplitude of the targets are randomly distributed. However,
two observations can be made. First, |α| is higher when the
MTSs are used. This observation can be attributed to the
smaller size of the serial patch array antenna, which provides
a lower gain than the MTS (14 dBi vs 22 dBi). Second, on
the average, and in the sector of interest (distance ranging
from 10 m to 30 m), |α| is almost constant with respect to the
distance in the MTS case, while it significantly decreases with
the distance when the serial patch array antenna is adopted.
The latter observation is due to the particular shape of the
radiation pattern of the MTS antenna, and this implies that
the probability to simultaneously detect a distant and/or small
target (low RCS) in the vicinity of a closer and/or larger target
is higher when the MTS antennas are used. In other words,
as explained by Fig. 6, the response from the weaker target,
is no longer hidden by the sidelobes of the response of the
stronger target. This aspect is illustrated in Fig. 11.

V. CONCLUSION

Two MTS antennas with opposite polarizations have been
designed for an FMCW radar system devoted to traffic control
applications. The MTSs have been designed to cover uniformly
a road in a specific scenario, in the frequency band of the
commercial FMCW radar systems operating at 24 GHz. It
has been shown that the usage of MTSs specifically designed
to cover an a-priori known path significantly improves the
detection probability of a small and/or distant target, in the
presence of a strong and/or close one. Given the possibility
to generate very complex radiation patterns with MTSs [7],
it becomes possible to homogeneously illuminate complex,
possibly sinuous, paths.
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