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ABSTRACT An innovative solution, based on the exploitation of the harmonic beams generated by time-
modulated electromagnetic skins (TM-EMSs), is proposed for the implementation of integrated sensing and
communication (ISAC) functionalities in a smart electromagnetic environment (SEME) scenario. More in
detail, the field radiated by a user terminal, located at an unknown position, is assumed to illuminate a passive
TM-EMS that, thanks to a suitable modulation of the local reflection coefficients at the meta-atom level of the
EMS surface, simultaneously reflects toward a receiving base station (BS) a “sum” beam and a “difference” one
at slightly different frequencies. By processing the received signals and exploiting monopulse radar tracking
concepts, both BSs localize the user terminal and, as a by-product, establish a communication link with it by
leveraging on the “sum” reflected beam. Toward this purpose, the arising harmonic beam control problem is
reformulated as a global optimization one, which is successively solved by means of an evolutionary iterative
approach to determine the desired TM-EMS modulation sequence. The results from selected numerical and
experimental tests are reported to assess the effectiveness and the reliability of the proposed approach.

INDEX TERMS Integrated sensing and communications (ISACs), next-generation communications, reconfigurable
passive EM skins (EMSs), smart electromagnetic environment (SEME), space-time coding.

INTRODUCTION AND RATIONALE environments can be tailored to enhance the “quality” of the result-
In the last few years, the concept of smart electromagnetic environ-  ing wireless links [1], [2], [3], [4], [S]. Toward this end, several
ment (SEME) has emerged as a revolutionary paradigm to address  technological solutions have been proposed including both static
several major challenges in next-generation wireless communica- and reconfigurable electromagnetic skins (EMSs) [1], [6], [7].
tions systems [1], [2], [3], [4], [5]. The SEME vision is based on  These latter enable the implementation of advanced wave manipu-
the idea that the wave propagation properties of outdoor/indoor lation functionalities such as the arbitrary control of the reflected
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energy from buildings/walls [6], [7]. This is typically achieved by
adjusting the reflected wave phase at the meta-atom level either by
designing the cell geometry [6] or by electronically modifying its
response [7]. EMSs have been exploited not only for communica-
tions but also for the localization/tracking of users to yield
improved quality-of-service levels as well as to enable advanced
wireless planning/deployment [8], [9]. As a matter of fact, the use
of EMS technologies for sensing purposes is widely explored, as
proved by the long list of recent contributions (see [8], [9], [10],
[11], and the references therein).

It is worth pointing out that the possibility to jointly localize
and establish a connection with wireless terminals not in line-
of-sight (NLOS) is of great practical interest, especially at
higher frequencies, owing to the harsh path loss conditions
[10], [11], [12]. This can be accomplished through dedicated
HWSs/SWs that separately implement the two functionalities
[13]. Obviously, a more efficient integrated sensing and com-
munications (ISACs) solution is preferable for costs and scal-
ability reasons [10], [11], [12], [13]. Toward this end, an
efficient strategy could be that of exploiting the monopulse
radar concept [14], [15], [16], [17], [18] within the SEME sce-
nario. In principle, a traditional monopulse radar is a multibeam
sensing system devoted to identify the position of a target [14],
[15], [17]. Such a localization functionality is physically imple-
mented by realizing two separate simultaneous wireless beams:
a difference beam, A, and a sum beam, X [14], [15], [17]. Deal-
ing with an ISAC system, the sum beam can be used not only
for localization purposes but also to establish a communication
channel with the user terminal.

Adopting the monopulse radar concept in ISAC NLOS sce-
nario needs: 1) the terminal to operate as the primary source and
not like in radar scenarios where the target is passive; 2) the EMS
to reflect the impinging wave from the terminal toward the BS;
and 3) the BS to distinguish the received power associated with
each £ /A beam. Unfortunately, the practical implementation of
such an idea is not trivial. As a matter of fact, a straightforward
realization of the monopulse functionality requires the receiving
antenna (i.e., the BS in the SEME case) to be equipped with at
least two separate adaptive feeding networks for affording the
> /A beams [10] as in traditional radar monopulse systems. Fol-
lowing this line of reasoning, reconfigurable EMSs have been
used in combination with multiple antennas to build monopulse
ISAC systems [10], albeit requiring significant modifications to
the BS hardware since independent directive antennas and a com-
parator feed network must be added [10]. Alternatively, reconfig-
urable EMSs have been designed to synthesize either a X~ beam or
a A beam directed toward the BS at different time instants [11]
but lose the simultaneous beams generation [11]. Otherwise,
simultaneous X /A beams could be radiated by resorting to the
polarization diversity subject to the condition that the user termi-
nal generates dual-polarized signals.

To overcome such limitations, this work proposes a different
approach that enables the simultaneous synthesis of the X/A
beams and avoids major hardware modifications to both the
BS and the user terminal by borrowing some key concepts
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from time modulated arrays (TMAs) engineering [16], [18],
[19], [20], [21]. A TMA is an array where the antenna excita-
tions are periodically turned ON and OFF according to a user-
defined time sequence by means of a set of radio-frequency
switches [21]. Thanks to the time-modulation process, a set of
harmonic signals are generated around the carrier frequency
[21]. Each harmonic signal is associated with a unique radia-
tion pattern, which is controlled by the array geometry and the
modulation sequence [21]. Such a working mechanism enables
a wide variety of functionalities in wireless sensing and com-
munications [21]. As for monopulse radars, TMAs have been
previously and successfully adopted to implement /A beams
at different harmonic frequencies [18], [21], [22], [23].

To translate similar concepts in the SEME context, let us
consider time-modulated EMSs (TM-EMSs) as the corre-
sponding counterpart of TMAs. A TM-EMS is an artificial
passive surface where, instead of modulating the excitations of
the array elements as in TMAs, the reflection properties of the
EMS meta-atoms are dynamically modulated (Fig. 1) [21],
[24]. By leveraging the properties of time-modulated devices,
advanced functionalities in terms of reflected harmonic beam
generation and control may be synthesized in TM-EMSs, as
well. Therefore, the development of an innovative solution,
based on TM-EMSs, for the ISAC scenario at hand is dis-
cussed hereinafter. Fig. 1 sketches the operation principle of
the proposed ISAC TM-EMS system. The user terminal,
which is in NLOS with the BS, acts as the source that illumi-
nates the passive TM-EMS. Such a TM-EMS, thanks to the
modulation in time of the surface reflection properties at the
meta-atom level, reflects toward the BS both a £ beam at the
carrier frequency and a A beam at the first harmonic frequency.
The BS separately collects the power at the carrier frequency,
Py, and at the first harmonic term, Py, to compute the power
index ¢ (E£(Pg/Pa)). According to the monopulse radar
rules, the maximization of ¢ allows the BS to detect the
angular position of the user terminal in NLOS conditions
(“sensing”) and, as a byproduct, to establish a maximum-gain
link (“communication’) thanks to the X beam.

Despite the similarities between TMAs and TM-EMSs,
there are several methodological and practical challenges to be
addressed before releasing a reliable ISAC TM-EMS system.
For instance, unlike TMAs, the modulation enforced at the
meta-atom level is not “ON—OFF” but rather involves a change
in the local reflection coefficient on the EMS area. Moreover,
while the feed network of a TMA controls the input signal to
each antenna, a TM-EMS must accommodate for any imping-
ing wave regardless of its incidence angle.

The main innovative contributions of this work then include:
1) the customization of the TMA concepts to the control of
time-reconfigurable passive EMSs; 2) the proof of the feasibil-
ity of ISAC solutions based on TM-EMSs and monopulse
radar principles without major modifications on the structure
of BSs/user-terminals; and 3) the assessment of the proposed
ISAC system with full-wave numerical simulations as well as
experimental measurements on a prototype.
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FIG. 1. Problem scenario—sketch of the proposed ISAC system.

The outline of the article is as follows. After the description
of the proposed ISAC NLOS system, the design problem at
hand is formulated, and an iterative procedure for the synthesis
of the time-modulation sequence of the TM-EMS is detailed
(“Problem Formulation and TM-EMS Design for ISAC” sec-
tion). A set of representative numerical and experimental
results are then reported to illustrate the features of the pro-
posed approach as well as to assess its effectiveness in differ-
ent operative conditions (“Numerical and Experimental
Validation” section). Finally, some conclusions and final
remarks follow (“Concluding Remarks” section).

PROBLEM FORMULATION AND TM-EMS DESIGN
FORISAC

Let us consider the scenario in Fig. 1 where a rectangular
TM-EMS, composed of P x Q time-modulated meta-atoms and
occupying an area €2, is illuminated by a time-harmonic incident
field E™(r), generated by the user terminal, which is modeled
as a locally plane wave with wave vector k™ (r), r = (x,y,2)
being the position vector in a Cartesian coordinate system cen-
tered on the EMS aperture. The instantaneous local reflection
tensor I (1) at the pgth (p = 1,...,P; ¢ = 1,..., Q) unit cell of
the TM-EMS is assumed to be time-modulated by means of a
digital signal U,,(t) of period T [21]. By denoting with tog
o< ton <T)and t°ff o< tOff < T) the switch-ON and sw1tch-
OFF 1nstants respectlvely, (t) is mathematically described as
a rectangular pulse function with values Uy, (1) =1 when
lhg <1< t;’(flf and U, () = 0 otherwise. Accordingly,

Tp(t) = ?OHUM(’) +?Off0pq(t) @)
where U ,,(t) 21— U, () and
oo
F%I;S/Off(einc, Pinc) r%li/f’fffM(einc: Pinc) )
T e O @ine) - T (Ones )
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is the ON/OFF numerically computed reflection tensor state of the
meta-atom when illuminated from direction (i, @;,c), Whose
on-diagonal entries (i.e., T'Y°" and T9°™) are the TE/TM
copolar local reflection coefﬁments when the cell is in the ON/OFF
state, while the off-diagonal ones (1 e., Ton/o and T80 ) are
the corresponding cross-polar terms' [7], [26]

Under the local periodicity approximation [6], the
electric/magnetic field in a generic point of the TM-EMS
(r € Q) is given by the following expression [6], [25], [26]:

P Q0
ZZFP‘] E"( (1pq) Iy ()
p=1g=1 3)
H_(r,1)= niokinc(r) x E_(r,1)

where 7, is the free-space impedance, r,, = (x,,y,,0) is the
barycenter of the pgth (p =1,...,P; g =1,...,0) meta-atom,
and II,,(r) is the pgth pixel basis function defined as
IT,,(r ) 1 when reQ, and II,(r)=0 elsewhere
Qg 2 {x € 5 = (Av/2).3, + (Ax/2)].y € [y = (Av/2). v+
(Ay/2)]} being the pgth meta-atom support of size Ax x Ay).

By exploiting the Love’s equivalence principle, the equiva-
lent electric/magnetic current induced on the EMS (r € Q) can
be computed as follows [6], [27]:

{Je(r,t) =z xH_(r,1)

Jn(r,t) = =72 X E_(r,1) X

and the far-field expression of the field reflected by the
TM-EMS (r ¢ Q) at the instant 7 turns out to be [6], [21]

:jﬁexp(—jkor)exp(jwot) "
4n r

/i X [noz x Jo (', 1) + 3, (¥, 1)]exp(jkot - ¥')dr’ 5)
0

Eref(r’ t)

where k is the wavenumber at the carrier frequency fy and wq
(wo £ 27tfy) is the angular frequency of the carrier.

Because of the pulse periodicity, each pgth (p =1,...,P;
g=1,..,0) instantaneous local reflection tensor can be
expanded in a Fourier series [21]

!

pg(t) = I, exp (]h?t) 6)

h=—00

—=h —h —on —off
where I', [, A(F uh +T ﬁ;’q)] is the Ath harmonic
equlvalent surface reﬂectlon tensor in the pgth (p = l ,P,
I,..,0) meta-atom, while u” = 7(1 / T) (1)
exp(—jh(Zn/T)t)dt and ﬁqu l/T ) ()exp(—]h
(2n/T)r)dt

'For the sake of notation simplicity, the angular dependency of T
will be omitted in the following.

—on/off
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By substituting (6) in (3), one obtains that

Z Ehexp< h—t)

h=-00
= 1. 2
—ki"(r) x Eexp < Jh o t)
h=—00 "o T

(N
H_(r,t)= )

where
h

- zP:ZQ:?pq

p=1 g=1

Emc (1pg) g (). 3

Thus, the expression (4)(4) can be rewritten in the following
harmonic form:

Jo( g Jh exp(]h—t)
h*—oo

2n

72"

r)exp<] Tt)

-
h=—00
where J'(r) =2 x (1/5,)k™(r) x E" (r) and J’ (r) = —2x
By replacing (9) in (5), the harmonic expansion of the
reflected field (r € Q) turns out to be

Z E(r exp[ <w0+h277f>t}

h=—00

&)

Eref ( 10)

E"(r) being the Ath harmonic term of the reflected field
given by
_ Jkoexp(—jkor) .

P2
e D g

p=1g=1

/ 2{?°“qu< n+T - pq(f)]}exp<—jh27nt> dr

E'(r)

~

/ [i X kinc(r/) % Einc(rpq) _ Einc(rpq)]
Qpc/

x exp(jkor - r')dr’. (11)

The expressions (10) and (11) show that, as expected, the field
reflected by a TM-EMS, E‘Ef(r, 1), r € Q, can be written as a
series of harmonic fields, each Ath one, E" (r,1), being spec-
trally located at the /hth angular frequency wy
[wn = (wo + h(2%/T))]. This implies that the frequency of
each /th component of the reflected field can be easily con-
trolled by suitably tailoring 7, which is of fundamental impor-
tance in the ISAC scenario at hand since all the harmonic
beams of interest must be measured by the receiver (i.e., the
BS) without relevant updates with respect to the standard one.
Moreover, it is worth remarking that the power associated with
each /Ath harmonic term/beam decreases as the harmonic index
h increases, hence only the first harmonic modes can be profit-
ably used [21]. This is not an issue for the proposed ISAC sys-
tem since it is based on a TM-EMS that reflects a X-beam at
the carrier frequency (h =0) and a A-beam at the first har-
monic component (h = H = 1), while all the remaining are not
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necess.ary.2 Furthermore, one can infer from the above deriva-
tion (11) that the synthesis of a desired functionality/pattern at
the central (A = 0) and harmonic (& # 0) frequencies requires
the definition of suitable sequences of switch-ON/switch-OFF
instants, which are coded into the time-modulation vector 7°
(Té{t;’g,t;g;p =1,..P;q=1,..,0}.

Therefore, after defining the cost function ®(7") to enforce
the desired pattern features at the harmonic beams of interest
(i.e.,h=0,....,H; H=1) as follows [18]:

oT)=Y" /W RIE" ()2 = U (1, )] dudv

—|—/R[£h(u, V) — |E" (uv)[*]dudy (12)
¥
where E"(u,v) £E"(r)|,_, (u%sin0cos ¢ and v £ sin Osin ),
rep is an arbitrary far—ﬁeld dlstance L"(u,v) and U" (u,v) are
the lower and the upper masks for the ith (h=0,...,H) har-
monic pattern,® W2 {(u,v) : u*> +1?> < 1} is the entire far-field
visible range in the uv-plane, (r, 0, ¢) = r is the representation of
the position vector in a spherical coordinate system centered on
the EMS aperture, while R[-] (R[] £[] x H][:], H]:] being the
Heaviside function) is the ramp function, the synthesis problem
at hand can be stated as that of determining the optimal time-
modulation setup, 7, such that ®(7") is minimized
Tx= arg{ mTin[(I)(T)]}. (13)
It is worth remarking that (12) is a penalty function quantifying
the deviations of each /th harmonic power pattern from the cor-
responding upper/lower mask limits. While the design of the
desired X/A-beams may be carried out by defining suitable
masks £"(r) and " (r) and minimizing (12) with respect to 7,
the efficiency of the synthesis process can be significantly
improved by adding a set of constraints on the switch-ON and
switch-OFF time instants to take into account the nature of the
desired beams. From the TMA theory [18], [21], it is well known
that a A-shaped first (4 = 1) harmonic beam can be generated by
setting £, =10+ (T/2) p=1,....,(P/2);q=1,...0) in
the digital sequences of the P x QO TM-EMS atoms. In other
words, a half-period shift between the left and the right portions
of the EMS aperture automatically enforces the desired deep null
in the A beam [18]. Thanks to this, the size of 7 (i.e., the number
of solution descriptors) is reduced from the original P x Q x 2
real-valued entries to P x Q. Nevertheless, the minimization of
(12) is still a challenging task owing to the highly nonlinear and
multiminima nature of ®(7").

%For the sake of simplicity, the potential spectrum pollution caused by
the A > 1 harmonics will not be discussed. However, its minimization
could be addressed by including suitable terms in (12) or by implementing
pulse shaping techniques such as those illustrated in [28]. As for these
latter, sideband level reduction of > 10 dB has already been demonstrated
in TMA applications [28].

*The £"(u,v) and U" (u,v) masks allow the designer to specify, for each
direction, the admissible values of the reflected power on the h-th
harmonic beam. Examples of such masks are provided in “Numerical and
Experimental Validation” section.
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To properly address the complexity of such a global optimi-
zation problem, an evolutionary strategy, inspired by the TMA
design [18] and based on the particle swarm (PS) mechanisms
[29], is adopted. More in detail, an iterative loop is carried out
(¢ being the iteration index, / = 1,...,L) where at each / th
(¢ =1,...,,L) iteration, a set of C guess solutions, {7 EO;
c¢=1,..,C}, are updated according to the PS evolution mecha-
nisms until either a maximum number of iterations is reached
(i.e., / = L) or the stagnation condition on the optimal value of

,,,,,,

,,,,,

outputted.

For the sake of clarity, it is worthwhile to point out the key dif-
ferences with respect to the control of a standard TMA: 1) unlike
a TMA, a TM-EMS is a passive reconfigurable structure reflect-
ing an external field, Ei““(r), which is not under the control of
the EMS itself, but it depends on both the position and the type
of the user terminal; 2) the modulation at the meta-atom level in
TM-EMSs varies the surface reflection coefficient between dif-

ferent states (e.g., TO“/T°“) instead of connecting/disconnecting
each antenna from the feed network as in TMAs; and 3) the aim
of a TM-EMS is to yield the anomalous reflection functionality
as well as the harmonic beam shaping without exploiting “static
excitations” as usually done in TMAs [18].

According to the outlined architecture (Fig. 1), the detection
of the angular position of an unknown user in NLOS condi-
tions can be carried out by a passive listening BS by: 1)
dynamically reconfiguring the TM-EMS status 7 so
that it scans the candidate incidence Aglq'llrnegtl%(g){ls
(Oine> Pine) Within a user-defined range (i.e., Oinc € [0y, , 0y |,
Pinc € [Pine s Pina]); 2) collecting and storing for each angle
the BS received power at the central frequency (h=0 —
Ps(Oinc, Pinc)) and at the first harmonic term (h=1-
Pa(Oines Pine)); 3) computing the resulting  &(Oine, Pine) =
(Ps(Oines Pine) /PA(Oines Pine)); and 4) finally identifying the
retrieved user position (Oine, @;,.) by evaluating

(éinc’ (Npinc) £ arg ,\mai( [é(/éinm ainc)] :
(oinc ’ (pinc)

(14)

The fundamental benefit of such a mechanism with respect to sol-
utions not implementing time modulation and based on the col-
lection of Py alone [30] resides in the increased sensitivity
enabled by the narrow null of the difference beam. In fact, when
(Oine> Pine) = (Oine> Pine) (i€, the TM-EMS configuration is
aligned to the actual user direction), PA(Oine, Pine) = 0 at the
denominator of &(0iyc, @i, ), hence resulting in a sharper increase
of the £ /A beam ratio. This potentially allows to achieve good
localization accuracies even for small skin apertures, as it will be
shown in “Numerical and Experimental Validation™ section.

NUMERICAL AND EXPERIMENTAL VALIDATION

This section is aimed at illustrating the potentialities of the pro-
posed ISAC solution as well as to assess the effectiveness of
the synthesized TM-EMSs with numerical full-wave Ansys

VOLUME 1, 2025
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FIG. 2. lllustrative example (ideal meta-atom, PxQ=10x10, 6;,.=40°,
0ren1=—20°)=plots of (a) and (b) lower masks £"(u, v) [(@) h=0; (b) h=1], (c)
and (d) upper masks 4" (u, v) [(c) h=0; (d) h=1], and (e) and (f) reflected
power patterns |E"(u, V)\2 [(e) h=0; (f) h=1] along with corresponding (g)
normalized pulse duration 7, and (h) normalized rising instant {,, sets.

HEFSS [31] simulations as well as experimental measurements
on a prototype.

Let us model the incident field, generated by the user termi-
nal, as a ¢-polarized plane wave at the carrier frequency
fo=5.5 GHz with 1 V/m magnitude that impinges on the
EMS aperture from the direction 0iyc (¢, = 0). The TM-EMS
is composed of square unit cells with 0.45 x 0.45\% area and
the time-modulation period has been chosen equal to 7 = 107°
s, while the optimization of the time-modulation vector 7 has
been carried out according to the state-of-the-art PS guidelines
[18] by setting a swarm size of C =20 guess solutions,
L = 1000 iterations, and an inertial weight equal to 0.4, while
the social and the cognitive acceleration coefficients have been
fixed to 2.0.
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PxQ=10x10, 8,,,=40 [deg], 6,¢=-10 [deg], h=0 PxQ=10x10, 6,;=40 [deg], 8,47=-10 [deg]. h=1
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FIG. 3. Numerical analysis (ideal meta-atom, Px Q=10x10, 6;,.=40°)—plots
of reflected power patterns |[E”(u, v)[?, when (a) and (b) 6,en=—10° [(a) h=0;
(b) h=11, and (c) and (d) 0,eq=0° [(c) h=0; (d) h=1].

Numerical Results

In the first numerical experiment, the user has been assumed to
be along the direction 0;,c = 40° [i.e., Ujpe = 0.64 (Ujne = uyr)
and vjpe = 0.0 (vine = vur)] and connected to a BS situated at
an angle O.q=-20° [i.e., U =0.34 (Uen =ups) and
Viefl = 0.0 (Viest = vBs)] with respect to a Px QO =10x 10
TM-EMS. The upper and lower masks for the sum and the dif-
ference beams in (12) have been set as in Fig. 2(a)—(d). Such
masks have been designed so that: 1) the 7 = 0 power pattern
features a single main beam located in the BS direction and a
10 dB sidelobe level elsewhere [Fig. 2(a) and (c)]; and 2) the
h =1 power pattern shows a difference beam shape with a
sharp null in the BS direction and the same 10 dB
sidelobe level elsewhere [Fig. 2(b) and (d)]. Moreover, the uni-

t cell response (2) has been modeled as an ideally reflecting
—off

structure with 100% efficiency (i.e., f(m =, I' =-1.71
being the identity matrix).

By optimizing the time-modulation vector 7 * according to
the synthesis procedure detailed in ‘“Problem Formulation and
TM-EMS Design for ISAC” section, the time-modulated
TM-EMS control sequence turned out to be characterized by
the normalized pulse duration t,, (7,5 (158 —190/T)) in
Fig. 2(g) and the normalized rising instant 7, (z,, < (15 /T)) in
Fig. 2(h). The corresponding distributions of the magnitude of
the harmonic beams radiated at the carrier, E (x, v), and at the
first harmonic, E' (u,v), are shown in Fig. 2(e) and (f), respec-
tively.4 As it can be observed, the TM-EMS reflects the field
radiated by the user-terminal toward the BS with a Z-pattern at
the carrier frequency (h = 0) [Fig. 2(e)] and a A-pattern at the
h = 1 harmonic [Fig. 2(f)]. In both cases, the sidelobe distribu-
tion appears well controlled with no major secondary lobes.

“In the following, all the pattern plots have been normalized to
maxhe{ovl};(u,v)e‘l’IEh(M'v)l .
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FIG. 5. Numerical analysis (ideal meta-atom, Px Q=10x10, 6,.4=0°)—plots
of (a) ¢ versus 0;,c and of the reflected power patterns at (b) and (d) carrier
frequency (h=0) and (c) and (e) first (h=1) harmonic when (b) and (c)
0inc=30° and (d) and (e) 0;,c=20°.

Moreover, the obtained peak power pattern value of the sum
beam turns out slightly lower than that of the difference beams
[Fig. 2(e) and (f)]. More in general, the peak powers obtained
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FIG. 6. Numerical analysis (ideal meta-atom, Px Q=10x10, 0,.4=0°, column-
wise control)—plots of (a) & versus 6;,c and of the reflected power patterns at
(b) and (d) carrier frequency (h=0) and (c) and (e) first (h=1) harmonic when
(b) and (c) 6;,:=40° and (d) and (e) 0;n,c=20°.

for the sum and difference beams depend on the specific
scenario/setup, but in most operative conditions these two
quantities turn out close (see subsequent examples).

The effectiveness of the TM-EMS design process when
varying the position of the BS has been assessed next. The
plots of the reflected beams when 0, is varied from the value
of the first test case (i.e., O = —20°) to O = —10° [i.e.,
ugs = 0.17 and vgs = 0.0] [Fig. 3(a) and (b)] or O = 0° [i.e.,
ugs = vgs = 0.0] [Fig. 3(c) and (d)] show that the conceived
ISAC system is able to reconfigure the reflection status of the
EMS meta-atoms to adequately accommodate the desired
¥ /A-beam directions regardless of the BS position.

To quantify the robustness of the proposed solution, the plot
of the /A beam ratio & [18]

[E°(r)°
E' ()]

versus O is reported in Fig. 4. Despite the small EMS aper-
ture Q and the unavoidable scan losses caused by the planar

¢= (15)

0=0ren
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(h= 0) and (b) first (h=1) harmonic along with the corresponding (c) 7, and
(d) t values

nature as well as the fact that the anomalous reflection is
directed away from broadside, the value of ¢ ranges in the
interval 15.4 < ¢ <24.9. Such a positive result (i.e., & > 10)
points out that the TM-EMS is not constrained to be oriented
toward the BS for enabling a correct ISAC working of the
system.

The third numerical experiment has been devoted to investi-
gate the dependence of the ISAC performance on the location
of the user terminal. Toward this end, the position of the BS
has been kept fixed at O, = 0° [i.e., ups = vgs = 0.0] while
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the user direction has been varied within the range 20°
< Oine < 40° (Fig. 5). Also in this case, the plot of & versus ;¢
[Fig. 5(a)] and the corresponding reflected patterns
[Fig. 5(b)—(e)] assess an effective control of the harmonic
beams according to the ISAC requirements, regardless of the
angular position of the user [e.g., A-beam (h = 1)—Fig. 5(c)
and (e)]. However, the adjustment of the ON/OFF sequences to
compensate for the different incident fields, since the user posi-
tion changes while 0, is kept unaltered, yields to an unavoid-
able nonsymmetric distribution of the lobes in the harmonic
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patterns [e.g., X-beam (h = 0)—Fig. 5(b) and (d)] even though
the pattern masks in (12) are symmetric.

Moreover, Fig. 5(a) highlights that the resolution accuracy
reduces as O;,c and O, gets angularly closer (i.e., ¢ =11.2
when 0;,. =20°, while &=25 when 0. =40° being
Oen = 0°). This result shows that, as physically expected,
the detection of a user terminal through the proposed
scheme is more challenging, although still possible [i.e.,
& > 10—Fig. 5(a)], when its angular position is closer to that
of the BS.
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FIG. 10. Numerical analysis (HFSS full-wave modeling)—meta-atom geome-
try: (a) top view; (b) side view; and (c) bottom view.

TABLE I. Numerical validation—meta-atom descriptors

Parameter Value Parameter Value
g1 35 pm 83 1.1 mm
2 1.6 mm g9 2.4 mm
23 15.2 um 210 0.3 mm
g4 0.1 mm g 30°
gs 0.2 mm g 0.8 mm
g6 12.6 mm 813 4.0 mm
g7 2.0 mm 814 4.4 mm

Previous experiments refer to an architecture that admits an
independent setup of #90 and 7 at each pgth (p=1,..., P;
g =1,...,0) EMS unit cell, which may yield to complex con-
trol electronics for separating biasing and control lines of each
EMS switch. The system can be significantly simplified if the
scan direction of the reflected beam has to vary only in the hor-
izontal plane. Under such a hypothesis, only a columnwise
control of the TM-EMS is needed so that fhg =1, and
t]?;f = t,‘i“ g=1,...0;p=1,..,P).

Fig. 6 is related to the same test case and EMS layout
(PxQ=10x10) of Fig. 5, but assuming a columnwise
working of the TM-EMS. The plot of ¢ in Fig. 6(a) proves the
effectiveness of the simplified ISAC system being
69<&<17.1 when 20° <0 <40°. For illustrative
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FIG. 11. Numerical analysis (HFSS full-wave modeling, PxQ=8x8,
0inc =30°, O,e=0°, columnwise control)—sketch of (a) full-wave model of the
TM-EMS and plots of (b) and (c) reflected power patterns at (b) carrier (h=0)
and (c) first (h=1) harmonic.

purposes, the harmonic reflected patterns, generated by the
time-modulated sequences in Fig. 7, when 0;,. =40° (i.e.,
uyt = 0.64 and VuT = 00) and Oinc =20° (i.e., uyrtr = 0.34
and vyr = 0.0) are reported in Fig. 6(b), (c) and 6(d), (e),
respectively.

In the subsequent test case, the scalability of the proposed
ISAC system has been verified by considering a wider EMS
aperture of P X Q=24x24 unit cells, while setting
Oine = 30° (i.e., uyr = 0.5 and vy = 0.0) and O,.q = 0° (i.e.,
ugs = vgs = 0.0). The reflected beams synthesized, after the
PS optimization, with the time-modulated sequence in Fig. 8(c)
and (d) are shown in Fig. 8(a) (2 = 0) and 8(b) (2 =1). It can
be inferred that the increased area of the EMS Q has been prof-
itably exploited to provide narrower X/A-beams and well-
controlled sidelobes [e.g., Fig. 8(b) versus 5(c)] notwithstand-
ing the simplified columnwise controlled TM-EMS.

The process enabling a passive listening BS to detect the posi-
tion of an unknown user by means of the conceived TM-EMS-
based system is then illustrated. More specifically, a
P x Q=24 x 24 columnwise time-controlled EMS has been
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FIG. 12. Numerical analysis (HFSS full-wave modeling, PxQ=16x16,
Oinc =30°, Oe1=0°, columnwise control)—sketch of (a) full-wave model of the
TM-EMS architecture and plots of (b) and (c) reflected power patterns at (b)
carrier (h=0) and (c) first (h=1) harmonic.

assumed to lie in a scenario where there is a BS at 0.y = O that
senses the environment to localize a user terminal placed at
Oinc = 40°. Toward this end, the TM-EMS has been dynamically
reconfigured by sequentially varying the candidate direction 0y
within the range 0° < 0;,. < 50°, while the (fixed) BS has been
delegated to measure Ps, agd Py for computing the index & in
correspondence with each 0y, value. The plot of ¢ in Fig. 9(a)
shows that, as expected, the power ratio value exhibits a peak
when 6;,. = 0. Moreover, the plot of Py in the same setup
demonstrates the most relevant benefit of the proposed mecha-
nism in ISAC scenarios with respect to solutions not implement-
ing time-modulation [30]. In fact, the TM-EMS architecture
enables an improved angular accuracy (i.e., a narrower beam in
detection) for the same aperture [red versus blue line—Fig. 8(a)].
This is motivated by the sharp null of the difference beam
[Fig. 9(k)], which causes the Py /P, ratio to be more sensitive to
the user location than the Py index alone [Fig. 9(a)]. For com-
pleteness, the plots of the corresponding ¥/A-beams at represen-
tative angular samples 0y, are reported in Fig. 9 along with the
corresponding TM-EMS time-control sequences. It is interesting
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(a) ®)

FIG. 13. Experimental results (Px Q=16%16, 0i,c =30°, 0,.1=0°, columnwise
control)—photo of (a) front and (b) back of the TM-EMS prototype as installed
within the measurement setup.

to notice that the alignment of the # = 0 and & = 1 beams toward
the BS (i.e., 0rin = 0 — ups = vps = 0.0) is obtained only when
Oine = Oinc [Fig. 9() and (k)] by setting 7 * as in Fig. 9(1) and
(m).  Otherwise [ie., Oinc = 0°—Fig. 9(b) and (c);
Oinc = 20°—Fig. 9(f) and (g)], the maximum/null of the
sum/difference pattern is not at ups=vgs=0.0 when
Hinc 7& 9inc~

As for the time consumption of such a scheme, the computa-
tion of 7" in (13) is a process that needs to be performed for
each candidate user direction 0j,c, while the reflection angle is
always fixed to the base station angular position O.q. More-
over, this process is actually performed offline to derive the
optimal TM-EMS configurations 7 *(0;,.) for each 0;,., while
the online detection of a terminal location only requires using
the precomputed 7 *(0;, ). Furthermore, this offline optimiza-
tion process is relatively fast, requiring Az ~ 3.6 x 10’ s (for
each candidate angle) on a standard laptop executing a nonop-
timized MATLAB implementation of the technique.

The final numerical experiment is aimed at validating the
proposed ISAC scheme in the presence of a nonideal
TM-EMS by emulating the actual microscale response of the
reconfigurable passive TM-EMS with the Ansys HFSS simula-
tor. By considering an FR4 (g, =4.29, tand = 2.0 x 107%)
substrate with 1.6 x 107> m thickness and the Skyworks
SMPA1320-079LF diodes as switching devices, the single-bit
structure in [7] has been chosen for the TM-EMS meta-atom
by also including the biasing circuits and RF chokes (Fig. 10).
The values of the geometrical descriptors of the unit cell in
Fig. 10 are provided in Table I. Numerically, the TM-EMS has
been modeled by using the finite-element boundary-integral
(FE-BI) method, without periodic boundary conditions approx-
imations or the use of Floquet ports, to take into account both
the internal coupling and the edge diffraction effects of the
TM-EMS layout.
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The X/A patterns reflected by the P x O = 8 x 8 nonideal
TM-EMS arrangement in Fig. 11(a) when 0;,. =30° (i.e.,
uyrtr = 0.5 and VuT = 00) and Breﬂ =0° (i.C., UBS — VBS = 00)
are shown in Fig. 11(b) and (c). It turns out that the TM-EMS
reflects a well-defined sum pattern at the & =0 harmonic
[Fig. 11(b)] and the h = 1 difference beam exhibits the desired
null along the O (— ugs) direction [Fig. 11(c)]. As for the
main quantization lobe in the carrier frequency pattern
[Fig. 11(b)], it is caused by the specular reflection of the inci-
dent beam, and it can be reduced/mitigated by adopting a more
advanced EMS meta-atom design [6], [7].

Similar conclusions on the /A beam control and sidelobe
distribution hold true for the full-wave simulation of a
TM-EMS featuring a wider EMS aperture with
P x Q=16 x 16 unit cells [Fig. 12(a)].

Experimental Measurements

A TM-EMS prototype has then been manufactured and mea-
sured (Fig. 13). More specifically, the optimized
PxQ=16x16 design in Fig. 12(a) with a total area
of Q~40x40 cm” has been fabricated by printing the
meta-atoms arrangement, including the surface-mounted Sky-
works SMPA1320-079LF diodes [32], affording a switching
speed of 0.4 x 107%s, on a 1.6 x 107> m-thick FR4 substrate
[Fig. 13(a)], while realizing the biasing lines on a separate
1.0 x 10~* m-thick FR4 substrate (Table I), then connected to
a Raspberry PI control unit [Fig. 13(b)].

VOLUME 1, 2025

PxQ=16x16, 6,,,=30 [deg], 6,4=0 [deg], col. control, h=0

Simulated
Measured
_5 |
g -10
g
=
w -15
20 /
-25 L L L L L L L L L 1
90 -75 60 45 -30 -15 0 15 30 45 60 75 90
Azimuth Angle, 6 [deg]
(2)
PxQ=16x16, 6,,,=30 [deg], 0,=0 [deg], col. control, h=1
0 T T T T T T T
Simulated
Measured
_5 |
g -10 &
g
=
w -15
-20

60 75 90

15 30 45
Azimuth Angle, 6 [deg]

(b

25 1 1 1 1 1
90 -75 60 -45 -30 -15 0

FIG. 15. Experimental results (Px Q=16%16, 0;,c =30°, 0,01 =0°, columnwise
control)—plots of the measured reflected power patterns at: (a) carrier (h=0);
and (b) first (h=1) harmonic.

The measurement setup is sketched in Fig. 14(a), while the
measurement process has been carried out by using a RF
source operating at fy = 5.5 GHz and setting 7 = 3.0 x 10™®s
In particular, the TM-EMS prototype has been mounted on a
wooden frame [Fig. 13(b)], coated with a radar absorbing
material [Fig. 13(a)], and an Ainfo LB4550 standard gain horn
antenna has been used for simulating both the source and the
field probe [Fig. 14(b)]. Moreover, the receiving antenna has
been mounted on a mechanically rotating platform to automati-
cally collect the reflected pattern samples in the whole azimuth
plane [Fig. 14(b)]. The transmitting antenna has been installed
on a fixed support located 80 cm away from the TM-EMS and
with a 30° elevation offset to avoid blockage effects during the
scan [Fig. 14(a)].

The plots of the Ansys HFSS-simulated and measured beam
patterns at the carrier (h = 0) frequency [Fig. 15(a)] and at the
first (h = 1) harmonic [Fig. 15(b)] show a satisfactory agree-
ment between numerically simulated and practically measur-
able TM-EMS reflection properties at both frequencies. Such a
result also experimentally proves the feasibility of an ISAC
system based on TM-EMSs by also assessing its reliability
even when the target to be detected is located close to the EMS
(Fig. 14) and despite the relatively inexpensive fabrication of
the prototype featuring a high-loss substrate.
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CONCLUDING REMARKS

The implementation of an ISAC system operating in NLOS
conditions based on the well-established monopulse radar con-
cepts and exploiting the dynamic control of the harmonic
beam-patterns reflected by a TM-EMS has been proposed. The
control of the reflected beams features, obtained from the
design of the time-modulation sequences of the TM-EMS, has
been formulated as an optimization problem and then solved
with a PS-driven iterative approach.

From the numerical/experimental results, the following out-

comes and accomplishments can be drawn.

1) The proposed approach is able to fulfill the require-
ments of an ISAC NLOS system in terms of generation
of a X-beam at the carrier (A = 0) and a A-beam at the
first (h = 1) harmonic frequency regardless of the rela-
tive angular position of both the user terminal (source)
and the BS (receiver) (Figs. 4 and 5).

2) The use of simplified TM-EMS architectures with a
columnwise control (Fig. 7) still guarantees an excel-
lent £/A-beam control for azimuth-selective sensing
and communications functionalities (Fig. 6).

3) The feasibility of an ISAC system based on TM-EMSs is
confirmed by both full-wave numerical simulations
(Fig. 10) and experimental measurements carried out on a
prototype built with a relatively inexpensive HW (Fig. 14).

Future works, beyond the scope of the current manuscript, will
be aimed at generalizing the proposed ISAC system to multibit
architectures as well as to include additional functionalities
thanks to a further and deeper exploitation of the nonnegligible
harmonic terms of the TM-EMS reflected field. The possibility
of generalizing the introduced ISAC concept to scenarios where
signals arrive on the TM-EMS from multiple directions due to
scattering will be the subject of dedicated works.
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