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Abstract—In future wireless systems, radar and communica-
tion functionalities are expected to be integrated to improve the
awareness of the network and enable new applications. To make
the radar work even in the presence of obstacles, this paper
proposes the use of a passive frequency-selective metasurface,
named metaprism, to allow a conventional frequency-modulated
continuous wave (FMCW) radar to estimate both the range
and the angle of a target hidden by an obstacle. Results
indicate that it is possible to obtain a very accurate angle and
range estimate without involving additional active devices and/or
multiple antennas at the radar.

Index Terms—Metaprism, NLOS localization, intelligent sur-
faces, localization, FMCW radar, ISAC.

I. INTRODUCTION

Recently, the holographic radio concept has been defined
as the capability of a wireless system to obtain a holistic
perception of the surrounding environment and a way to
manipulate, with unprecedented flexibility, the electromagnetic
field generated or sensed by an antenna [1]. Towards this
concept, next-generation wireless systems are expected to em-
bed typical radar functionality in addition to communication,
thus leading to the definition of the integrated sensing and
communication (ISAC) concept [2], [3]. A common type
of signal used in radar systems is the frequency-modulated
continuous wave (FMCW), which is characterized by the
transmission of frequency sweeps (chirps) and the estimation
of the target’s range using low-complexity receivers.

In indoor scenarios with many obstacles (e.g., industrial
Internet-of-things (IIoT)), it becomes difficult to locate a
target without adding more base stations (BSs) and hence
leading to prohibitive costs. An envisaged solution is to
deploy in the environment reconfigurable intelligent surfaces
(RISs) which are capable of reflecting the signals to create
virtual line-of-sight (LOS) conditions [4]-[6]. However, RISs
require reconfigurable devices, energy supply, the estimation
of the channel state information (CSI), and dedicated control
channels. To overcome these drawbacks, in [7], the concept
of metaprism was introduced to allow communication in non-
line-of-sight (NLOS) condition. A metaprism is a passive and
non-reconfigurable metasurface that acts as a metamirror and
has the property of generating frequency-dependent reflec-
tions. In fact, if properly designed, the reflection angle of the
signal that impinges the metaprism does not follow the usual
Snell law, but it is a function of the signal’s characteristics.
Therefore, differently from a RIS, it is possible to shape and
reflect the signal without having to interact with the metaprism
or having to estimate the CSIL
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Fig. 1. Reference scenario.

In this work, we show that by using a metaprism it is
possible to detect the position of a target hidden by an obstacle
using a standard FMCW signal. In particular, we propose
an enhanced FMCW receiver capable of jointly estimating
with high accuracy the range and angle of the target using a
simple-single antenna FMCW radar. The performance of angle
estimation is characterized both in terms of the Cramér-Rao
bound (CRB) and simulations.

II. SYSTEM MODEL

The reference scenario considered in this paper is shown in
Fig. 1, where a BS located at coordinates pgs operating as a
radar generates an FMCW signal to detect and localize a target
at position pr hidden by an obstacle. To accomplish this task,
the BS exploits the reflection through a frequency-selective
non-reconfigurable metasurface (the metaprism) which is sup-
posed to be in LOS with respect to both the BS and the target.
With reference to the normal of the metaprism, denote by
Oine and 6y, respectively, the angle of incidence of the signal
generated by the BS and the angle of view of the target along
the z — z plane. No particular assumption is made on the BS’
antenna that can be a single element or an array. The signal
emitted by the FMCW radar is composed of one or more
linear frequency modulated (LFM) chirps, i.e., a sinusoidal
signal whose frequency varies linearly starting from an initial
frequency foar and ending at the final frequency fiop, thus
covering the bandwidth W = fgop — fsarx in a period of
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Fig. 2. Modified FMCW transceiver.

duration 7" (chirp time). The normalized chirp is given by
(8]

h(t) = rect (;) cos (27 f(1) 1) ()

where f(t) = fo — W/2 + Bt is the instantaneous frequency,
with fy being the center frequency, 8 the slope of the FMCW
signal, and rect(z) = 1, for |z| < 0.5, zero otherwise. The
transmitted signal is x(t) = +/2Prh(t), where Pr is the
transmitted power.

As it will be described in Sec. III, the metaprism is designed
in such a way, for a given incident angle 6;,., the FMCW signal
emitted by the BS is reflected towards the angle 6(¢) = 6(f(t))
depending on the instantaneous frequency f(¢) of the chirp. As
a consequence, the frequency sweep of the chirp translates into
an angle sweep of the reflected beam. Assuming the channel
does not change within the chirp time, the signal backscattered
by the target in the time interval in which the angle of the beam
is close to 8 is reflected back towards the BS.

We propose now a signal processing scheme capable of
estimating both the target angle 6, and its distance r( from the
metaprism, and hence its position, starting from the reflected
signal. The signal returned from a stationary target at the range
distance 7y and angle 6y is

r(t) =+/2p(t) cosrf(t — ) (t —7) + dr) + n(t) (2)

where ¢r is the carrier phase, n(t) is the additive white
Gaussian noise (AWGN) with double-side power spectral
density No/2, and 7 = 27¢/c is the round-trip propagation
time with ¢ being the speed of light.! p(t) represents the
instantaneous received power whose behavior is affected by
the metaprism and the target, as it will be clarified in the
following. The receiver at the BS is shown in Fig. 2. As
in conventional FMCW receivers, the received signal r(t) is
mixed with the normalized heterodyne signal generated by the

'In reality, 7 accounts also for the extra delay due to the path between the
BS and the metaprism. However, since this is a known quantity, it can always
be subtracted then we do not consider it in the following.

LFM generator thus obtaining [8]

y(t) =r(t) h(t)
=/p(t) cos2m(f(t —7)(t —7) = f(t)1) + dr)+
p(t) cos2m(f(t)t + f(t = 7)(t = 7)) + ¢r) + w(t)
3)
where w(t) = n(t) h(t). The signal is then filtered by an ideal
low-pass filter with bandwidth . Note that the choice of W
affects the maximum range detectable by the radar as well

as the output SNR. After the low-pass filter, all the high-
frequency terms are filtered out and the signal becomes

y(t) =v/p(t) cos2m(f(t —7)(t —7) = f(t) 1) + dr) + w(t)
:MCOS (AnBrt+ oy) +w(t). 4)

having defined ¢y = 27 for — 7W7 — 27372, and w(t) the
filtered version of w(t). The last equation puts in evidence
that at the output we obtain a constant frequency signal with
frequency [8]

Jo = folro) = 2687 = &)

that depends on the target range . Note that in a conventional
FMCW radar setup, i.e., without the metaprism, the instanta-
neous received power p(t) would be a constant during the
reception of one chirp, that is,

p(t) = Prrect (t_TT> (6)

where Pgr is the received power given by the radar range
equation. On the contrary, in the presence of the metaprism,
the sinusoid in (4) results modulated because, due to the
frequency-angular selectivity effect of the metaprism, the
signal is reflected by the target only in the time interval close
to tg, being tg € [—T/2,T/2] the time instant at which the
instantaneous frequency f(to) corresponds to a reflection of
the metaprism towards the target’s angle 6y, i.e., 8(tog) ~ 6p.
We model the instantaneous received amplitude as a delayed
version of the waveform s(t) such that /p(t) = s(t — tp),
where the shape of s(t) depends on the target’s position, size,
and reflection characteristic, and 0 < s(t) < s(0), for |t| > 0.
Therefore, (4) can be rewritten as

y(t) =s(t —tg) cos 2mfyt + Py ) + w(t). (7)

The output signal (7) can be processed in order to obtain an
estimate of the target’s range ry and angle of view 6y. The
estimate of the target’s range ro, through the estimate of f,,
can be obtained according to the classical scheme based on the
Fourier transform of y(t) (see the upper branch of the receiver
in Fig. 2). In particular, the spectrum of (7) is

4’)”05
c

Y(f) =5 8(f — foje Tty
% S(f + fo)e® 099 L W (f) ®)

where S(f) and W(f) are the Fourier transforms of s(t)
and w(t), respectively. Specifically, the estimate of f; can be
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Fig. 3. Geometry of the metaprism.
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simply obtained by locating the maximum of |Y(f)|. Since
the resolution is related to the width of the central lobe of
the spectrum around fy, it is affected by the target position
and its characteristics. The main difference with respect to
the classical scheme is in the time-dependent power p(t)
which decreases the received energy. Regarding the angle 6y,
it affects the time instant ¢, at which the instantaneous receiver
power p(t) presents a peak. Therefore, it is possible to estimate
it using the scheme depicted in the lower branch of the receiver
in Fig. 2. It consists of an envelope demodulator of the signal
y(t) to extract the signal s(¢ — tg), that is,

2(t) ~ s(t —tg) + v(t) )

followed by a delay estimator consisting of a maximum search,
where v(t) is AWGN with power spectral density G,(f) =
Norect(f/2W) [8], [9]. With the estimated time ¢, the angle
0o of the signal backscattered from the target can be obtained
as explained later.

III. METAPRISM DESIGN
A. General model

With reference to Fig. 3, we consider the metasurface in
the x — y plane consisting of N x M cells whose size is
dy x dy, where d; = dy ~ /2, where ) is the wavelength.
Denote by Pnm = {;L‘n, Ym, 0}, the position of the nmth cell,
where z, = nd, — Nd,/2, with n = 0,1,...N — 1, and
Ym = mdy, — M d,/2, with m = 0,1,... M — 1. The center
of the metaprism is pg = {0, 0, 0}. For an incident plane wave
with 3D angle Oiyc = (finc, Pinc) (azimuth and elevation), the
nm-th cell reflection coefficient at the generic 3D observation
angle © = (0, ¢) can be expressed by the following equation

Tnm @mc’ ©; f \/ mc G an

= 5nm(9im, @; fed¥nm > (10)

where F'(©) is the normalized power radiation pattern that
accounts for possible non-isotropic behavior of the cell, we
model as

F(O) - cosi(®) 0He [Ojﬂ/2], ¢ € [0, 27]

0 otherwise.

The parameter ¢ depends on the specific technology adopted
as well as on the dimension of the cell. Gc = 47 Acen/A? is the

boresight gain of the cell and it was chosen, as in [7], to have

the effective area of the cell equal to the geometric area of the
cell. Ty, (f) is the load reflection coefficient, and according to
its design it is possible to realize different reflecting behaviors
of the metasurface. S, (Oinc, ©; f) is the reflection amplitude
and U, (f) is the reflection phase shift of the metasurface.
According to the model in [7], ¥,,,,(f) can be designed such
that it exhibits a linear behavior with the frequency f, i.e.,

with f = f(¢) being the instantaneous frequency of the
FMCW signal, a.,,, a cell-dependent coefficient. The coef-
ficient v, can be written in a manner it is related to the
position py,., as

Qpm = G Ty + bO Ym (12)

where ag and by are two constants that have to be properly
designed. As a consequence, the frequency-dependent phase
profile results

\Ijnm(f) = (a0$n + boym) (f - fO) .

The relationship between the metaprism’s phase profile
U, (f), the angle of incidence Oj,, and the angle of re-
flection © is

2mnd,

\I’nm (f) = - Y
B 2mmd
A

where we have defined the quantities u,(©) = sin(6) cos(¢)
and u,(©) = sin(f) sin(¢). By comparing (13) and (14), we
can determine the reflection direction © as a function of the
frequency f as follows

13)

(ux(@inc) + Uy (8))

Y (uy (Oine) + uy (0)) (14)

Clo/\ (

uw(@) = _Um(e)inc) -

= fo)
Uy(0) = —ty(Oinc) — ﬁ (f — fo) - (15)

B. Design example

Suppose that the signal transmitted by the BS impinges the
metaprism with incident angle Oy = (0, 0) in the z — 2
plane, such that ¢ = 0°. Thus we have u,(©) = sin(#) and
uy(0) = 0. Therefore (15) becomes

ao)\ (

sin(f) = — sin(Oinc) — f=fo)

from which we can obtain the frequency—dependent angle of
reflection

0(f) = arcsin <— sin(Bie) —

(16)

“OA = a7

f—=f 0))
When illuminated by the chirp signal in (1), the reflected angle
becomes time-dependent within the chirp duration 7', that is,

0(t) = arcsin (— sin(fine) — aO)‘ (

s-w/). (v

Now, as an example, we design the coefficient ag in (12) in
such a way the incident signal from the BS is reflected towards
the angle § = —0;,c — 01, when the instantaneous frequency of
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the signal is fou = fo — W /2 (at the beginning of the chirp),
and towards the angle § = —#0;,, when the instantaneous
frequency is faop = fo + W/2 (at the end of the chirp).
Therefore, 6, represents the desired angle span necessary to
cover the intended NLOS area. From (17) it follows that

2
ap = — —sin(Bipe + Oin) + sin(6;y,
0 )\(fO_W/Q_fO>( ( c ) ( C))
4
- —% (= Sin(fine + Om) + i (Oine)) (19)
and by = 0. These values can be used in (12) to obtain

the design coefficient of each cell composing the metaprism.
Examples of how a.,,, are related to the specific design of the
cell can be found in [7].

C. Link Budget

Assuming the BS and the target in free-space condition with
respect to the metaprism, the isotropic two-way channel gain
accounting for the metaprism at frequency f is

L (f)

|pBS - pnm'lpT - pnml
2

N—-1M-1

2 2

n=0m=0

M GZEF (Oue) F (00)
- (4m)*

Go(f)

(20)

2T
x0 (<2 by = Bl = e~ 21 )

where the sum accounts for the N - M elements of the
metaprism along the x, y-directions. I';,,,, is modeled such that
ITnm| =1 and £T,,, = (f — fo) (@ozn + boym)- The power
intercepted by the target having radar cross-section (RCS) o,
is:

Py, (f) = PrGr Go(f) Go,(f)

where Gt is the antenna gain of the BS, G, (f) = G,, =
o.47/)\? is the equivalent gain of the target considered as
isotropic, as a first approximation. So the power received by
the radar becomes

P(f) = P, ()G Go(f) = PrG} Go(f)* G, .

Note that during a frequency sweep, p(t) = P(f(t)), where
P(f) is given by (22).

ey

(22)

IV. THEORETICAL PERFORMANCE OF 6y ESTIMATION

To obtain an idea of the achievable performance bound
in the estimation error variance of the angle 6, using the
metaprism and the proposed scheme described in Sec.Il, we
derive the corresponding CRB. Since 6 is obtained through
the estimation of the intermediate parameter ¢y, we can first
compute the CRB on the estimation error variance of ¢y from
the classical bound given by [10]

Ny - 1
2(2m)? B%,E, S8w2SNRBZ
where B2 = §_ f2|S (f)I*df/ S, |S ()| df is the square of

the effective bandwidth of s(t¢), and the signal-to-noise ratio
(SNR) is defined as

E, 1 1
SNR = —%

%o W |0 J o

CRLB,, = (23)

(24)

TABLE I

PARAMETERS USED IN THE SIMULATION
Parameter Symbol | Value
Carrier frequency fo 77 GHz
BS antenna gain Gt 5 dB
Bandwidth w 4 GHz
Chirp time T 1 ms
Target radius T 0.05 m
Receiver’s noise figure | Floise 3 dB
Test angles Orest -(0:3:90)°
Parameter for F' q 0.57

where p(t) is given by (22). Subsequently, the CRB of 6, can
be obtained considering that CRLB,, = CRLBy, - (0(t)/0t)?,
being the derivative computed for ¢ = ¢y, where £y is the
solution of (18) when 6(t) is set to 6y, which gives

Iy = % — [sin (6p) + sin (O )] aii;\rﬂ .

After some trigonometric manipulations and by defining
K = agA\3/(27), CRLBy, becomes

(25)

CRLBy, = (26)
K?/(872SNRBZ))
5 .
08?2 (fine) — K2 (% — t0> + 2K sin(6y.) (% — t0>
Finally, by replacing (25) in (26) we obtain
K2
CRLBy, — 27)

8m2SNRB2; cos? ()

The last result indicates that the CRB on the estimation error
variance of 6y worsens for large § and ag, i.e., for fast
frequency sweeps of the chirp and higher frequency selectivity
of the metaprism. Moreover, a larger effective bandwidth is
obtained for narrow power profiles p(t), i.e., smaller target
footprints in the angular domain (small target and/or far
target), and for small angle of view 6.

V. NUMERICAL RESULTS

In this section, the evaluation of the angle estimation
performance is reported. In the simulations, the target position
was moved along an arc of 6 meters radius with angles ranging
from 0 to -90°, with step 3°. The BS is at coordinates (3,0,3)m
with respect to the reference system of Fig. 1. The metaprism
was designed according to (19) with 6, = 40°, thus spanning
from -25° to -85° during a sweep of an FMCW chirp. The
values of the parameters are shown in Tab. L.

In Fig. 4, examples of the received signal y(t) and its
envelope z(t) are shown for some target test angles. It can
be seen that y(¢) is negligible for angles that do not belong to
the design range of the metaprism, i.e., [—25° : —85°]. Also,
for each test angle, the maximum of the envelope corresponds
to the time instant in which the instantaneous reflection angle
of the metaprism 6(f(¢)), given by (17) and (18), is equal to
test angle 0. Subsequently, 1000 Monte Carlo iterations were
considered to compute the root mean square error (RMSE)
of the angle estimation of the proposed receiver for each
target position. Fig. 5 shows the RMSE for different sizes
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Fig. 5. CRLB and RMSE results varying the size of the metaprism (MP)
with fixed Pr = 15dBm.

of the metaprism, in particular, from 10 x 50 cm? (i.e., N =
53, M = 257) to 20 x 100 cm? (i.e., N = 103, M = 515).
What emerges is that the best estimate of the angle, in the
range where the metaprism has been designed, is less than
10°. Moreover, lower values of RMSE can be obtained by
increasing the size of the metaprism. The square root of the
CRB on angle estimation is also reported for comparison.
The gap with respect to the performance of the proposed
receiver has to be ascribed to the fact that the CRB intrinsically
assumes that s(¢) is perfectly known at the receiver, which is
not typically the case in realistic situations. Fig. 6 investigates
the impact of the transmitted power on the performance with
a metaprism’s size of 20 x 50 cm?. The results show that it is
possible to achieve an estimation accuracy better than 1° with
a typical power of Pr = 20 dBm. As regards the estimation of
the range, simulation results indicate that, with the parameters
considered, the RMSE of the range estimate is typically below
20 cm, thus confirming the capability of the proposed scheme
to estimate both the angle and the range with high accuracy.

VI. CONCLUSIONS

In this work, an FMCW radar has been presented which ex-
ploits a passive frequency-selective non-reconfigurable meta-
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Fig. 6. CRLB and RMSE results varying Pr. Metaprism’s size: 20 x 50cm?.

surface, called metaprism, to allow the localization of a target
in NLOS localization. A modified FMCW receiver structure
has been proposed which is capable of estimating simultane-
ously the angle and the range of the target using a conventional
chirp signal. Results demonstrate that it is possible to obtain
very accurate angle and range estimates without involving
reconfigurable metasurfaces and multiple antennas at the BS.
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