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Abstract: The design of a smart electromagnetic (EM) environment for next-generation wireless
communication systems is addressed in this work. The proposed approach aims at synthesizing a
desired EM field distribution over a target region, where the receiving terminals are located, through
the opportunistic exploitation of the complex scattering interactions between the EM field generated
by a reconfigurable primary source and the objects/scatterers present in the environment, which
behave as application-driven passive metastructures. The effectiveness and the potentialities of the
proposed design methodology are assessed with a proof-of-concept numerical result obtained by
means of advanced and reliable simulation tools.

Keywords: smart EM environment; opportunistic sources design; particle swarm optimization

1. Introduction and Motivation

Nowadays, we are witnessing a wide and multidisciplinary debate on the next-
generation wireless standard [1,2] after the advent of the fifth-generation (5G)
communications systems based on the following statement. The exponential growth
of the mobile data traffic that we experimented with in recent decades is expected to
further increase in the next years. Indeed, future wireless applications and services (e.g.,
autonomous vehicles, real-time remote health care, and intelligent industrial automation,
just to mention a few [2]), will require higher capacity, lower latency, and higher reliability
than those achievable with the 5G standard. Moreover, the need to provide a massive access
and ubiquitous wireless coverage will also impose severe energy-efficiency constraints.
The wireless infrastructures for future generation mobile communications systems will have
to fit such challenging requirements for guaranteeing unprecedented link performance
levels, while minimizing the complexity, the power consumption, and the costs of the
communication architecture [3–8].

Until nowadays, the base-station (BTS) antennas and the user terminals have been
considered as the key players for fostering the technological evolution of the radio access
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to the mobile communications network. In this framework, unconventional and cost-
effective antenna solutions for both mobile terminals [9] and BTSs [10–12] have been
proposed. However, new architectural solutions, alternative to the classical approaches
that achieve better coverage and higher data throughput by using more power and more
emissions of electromagnetic waves, are required because of the electromagnetic congestion.
For instance, by implementing a Smart Electromagnetic Environment as an evolution of
the standard concepts of wireless infrastructure and wireless channel. Indeed, while
traditional communication systems focus the radiated power along the direction of the
end-user terminals in order to maximize the link quality and the overall system capacity by
increasing the antenna gain and lowering the sidelobe level (SLL) [13], the maximization of
the signal-to-noise ratio for next generation wireless networks can be yielded by spatially
distributing the radiated power to constructively exploit the wave scattering phenomena
in the multipath propagation environment, regardless of the gain, the SLL, or the presence
of grating lobes. Towards this end, the design of BTS antennas is carried out by considering
the overall end-to-end capacity as the metric to be optimized rather than the standard
free-space radiation features (e.g., antenna gain, SLL) [14].

More recently, the idea that the EM environment is a fundamental and key-enabling
actor for achieving the challenging objectives foreseen in next generation standards has
become evident [15]. If in the past the scatterers and objects present in the environment were
considered as obstructions and blockage structures for the EM signal propagation, it is now
mandatory to introduce holistic wireless network design concepts in which the environment
plays a fundamental role since it is becoming an essential degree-of-freedom (DoF) for the
wireless planning and system design. According to such a vision, smart EM environments
have been created by conceiving the use of artificial smart skins deployed/integrated
on the walls of buildings to tailor the propagation of the EM waves in complex urban
scenarios [16–19]. These skins consist of passive and/or active fixed/reconfigurable
metasurfaces, specifically designed and fabricated, that can be suitable reconfigured by
acting on simple electronic devices (e.g., radio-frequency switches, varactors). Thanks to
their reconfiguration properties and the consequent need of developing ad-hoc intelligent
reconfiguration techniques, the intelligent reflecting surfaces (IRSs) [16] are nowadays
opening the doors to a completely new research arena (widely unexplored) for future
mobile communications. Although, promising, IRS-based reconfigurable metastructures
will not be massively deployed until the introduction of cost-effective solutions.

The building of the smart EM environment is envisaged in this work from a different
perspective [20]. More specifically, the objects present in the environment are considered
as they are, without the introduction of additional coating materials or artificial skins,
and their scattering capabilities are opportunistically exploited to obtain the desired EM
field distribution in a target region of interest. Towards this end, the DoFs considered
in the synthesis are the control points (i.e., amplifiers and phase shifters) of the primary
source, namely the BTS antenna array, whose values are properly optimized with the
goal of generating the desired complex EM field distribution in the target region thanks
to the scattering obtained when properly illuminating the objects present in the scenario
through the field generated from the primary source, thus inducing suitable currents on
the scatterers. This strategy, although characterized by a reduced number of DoFs as
compared to the use of IRSs, does not require additional costs or infrastructures to the
current network systems albeit it needs advanced processing tools and optimization-based
design techniques as well as the knowledge of the surrounding environment.

The paper is organized as follows. Section 2 describes the mathematical formulation
of the problem and the proposed design methodology. Some representative numerical
results are reported in Section 3 to assess the effectiveness of the proposed method and the
idea of the opportunistic exploitation of the surrounding scatterers for building a smart
EM environment. Finally, some concluding remarks are drawn (Section 4).
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2. Mathematical Formulation

Let us consider the wireless scenario depicted in Figure 1 where a primary source
Jinc(r), r ∈ Ψ (r = {r, θ, φ}), that models a BTS antenna array composed of N radiators
with reconfigurable amplitude and phase weights w = {wn; n = 1, . . . , N}, is installed in
front of K scatterers (e.g., buildings) with known permittivity, ε(r), and conductivity, σ(r),
distributions. The electric field Einc(r) generated in far-field from the BTS is given by

Einc(θ, φ) =
N

∑
n=1

En(θ, φ)wnejkrn ·â (1)

where En(θ, φ), n = 1, . . . , N is the embedded/active far-field pattern of the n-th antenna
including the local mutual coupling interactions [13], k = 2π

λ is the wavenumber, λ being
the working wavelength, rn (n = 1, . . . , N) is the position of the n-th antenna of the BTS
array, and â = sin θ cos φx̂ + sin θ sin φŷ + cos θẑ is the unit vector identifying an arbitrary
direction (θ, φ).

Figure 1. Smart EM environment.

By assuming the absence of EM coupling between the primary, Jinc(r), and the
equivalent sources, Jeq(r), induced from the incident field Einc(r) generated by the BTS
on the scatterers lying in the environment S, the total electric field Etot(r) = Einc(r) +
Escatt(r) [21] is measured at M sampling positions rm ∈ Ω, being Ω an external observation
domain (Figure 1) where the end-user terminals are located. Moreover, Escatt(r) is the
electric field generated by Jeq(r) and mathematically expressed in the observation domain
Ω as [21]

Escatt(rm) = j2π f µ0

∫
S

G
(

rm|r′
)
· Jeq

(
r′
)
dr′ (2)

where Jeq(r) = τ(r)Etot(r), r ∈ S, and

τ(r) = [ε(r)− 1]− j
σ(r)

2π f ε0
(3)

is the so-called object function, G( rm|r′) is the Green function, f is the operation frequency,
j =
√
−1, and ε0, µ0 are the dielectric permittivity and the permeability constants of the

free space, respectively.
In order to guarantee the desired coverage within Ω, the scattering environment

is opportunistically exploited and the design problem is formulated as the synthesis of
the set of complex weights w of the BTS antenna array such that a desired target field
distribution Etar(rm), rm ∈ Ω, m = 1, . . . , M (M being the number of probing locations in
Ω), is obtained. Towards this aim, due to the nonlinearity and ill-posedness of the arising



Telecom 2021, 2 216

problem, the solution of the synthesis is cast as the optimization (i.e., the minimization) of
the following cost function

Φ(w) = ∑
p={x, y, z}

γpΦp(w) (4)

γp ≥ 0, p = {x, y, z} being real coefficients and

Φp(w) =
∑M

m=1

∣∣∣Ep( rm|w)− Ep
tar(rm)

∣∣∣2
∑M

m=1

∣∣∣Ep
tar(rm)

∣∣∣2 (5)

where Ep( rm|w) and Ep
tar(rm) are the p-th (p = {x, y, z}) component of the electric field

obtained in Ω by controlling Jinc(r) and of the target electric field, respectively. The
minimization of (4) is carried out by means the Particle Swarm Optimization (PSO), that is
an effective global optimization algorithm [22] suitable for the minimization of multimodal
and nondifferentiable cost function (5), in order to determine the optimal solution.

wopt = arg
{

min
w

[Φ(w)]

}
(6)

3. Numerical Assessment

This section is aimed at numerically assessing the effectiveness and the potentialities
of the proposed design framework. Towards this goal, an illustrative proof-of-concept is
described by considering the benchmark scenario shown in Figure 2.
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Figure 2. Numerical Assessment (K = 3, N = 25, N′ = 64, M = 441)—Simulated benchmark scenario.

The EM environment S comprises K = 3 electrically-large scatterers (i.e., the maximum
edge measures Lmax = Lz = 20 [λ], λ being the free-space wavelength at the working
frequency) whose size and location is reported in Table 1, while their dielectric characteristics
are set to concrete (i.e., relative permittivity εr = 7.0 and conductivity σ = 0.015 [S/m] [23]).

Table 1. Numerical Assessment (K = 3, N = 25, N′ = 64)—Size and location of the scatterers within S .

Scatterer Size Barycenter
k

(
L(k)

x , L(k)
y , L(k)

z

)
[λ]

(
x(k), y(k), z(k)

)
[λ]

1 (5.0, 2.0, 20.0) (7.0, 16.0, 0.0)

2 (2.0, 5.0, 20.0) (7.0, 12.0, 0.0)

3 (5.0, 5.0, 20.0) (−5.0, 15.0, 0.0)
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As for the incident current distribution, Jinc(r), r ∈ Ψ, it is that of a planar phased
array of N = (5× 5) = 25 z-directed half-wavelength dipole antennas lying on the (x, z)
plane and centered on the Cartesian axes origin (Figure 2) (Owing to the intrinsic linear
polarization of the considered source and without any loss of generality, the scalar z-
component of the electric field has been considered in the following by setting the weights
in the cost function equal to γx = γy = 0.0 and γz = 1.0). The observation domain Ω is a
square planar surface of size LΩ = 10 [λ] located beyond the scattering environment S at a
distance dΨΩ = 20 [λ] from the source (Figure 2). The EM field within Ω has been sampled
with uniform step along x and z directions with probing step ∆x = ∆y = λ

2 , yielding a
total number of measurement samples equal to M = (21× 21) = 441. Due to the large
scale of the scenario at hand, a ray-tracing numerical solver based on the physical optics
tool of Altair FEKO has been adopted to efficiently simulate the EM interactions, including
the multipath, between the primary source and the scatterers [24]. Finally, the following
parameters have been set to run the optimization: P = 10 (number of particles), I = 104

(maximum number of iterations), ω = 0.4 (constant inertial weight), and C1 = C2 = 2.0
(acceleration coefficients) [22]. The goal of the problem at hand is to synthesize a suitable
equivalent current distribution Jeq(r) within S such that the field in Ω matches a target
distribution corresponding to the field that would be radiated in free-space by a significantly
larger aperture comprising N′ = (8× 8) = 64 dipoles ( N′

N = 256%), whose magnitude and
phase are reported in Figure 3a,b, respectively.

Figure 4a shows the evolution of the cost function Φi
Φ1

, i = 1, . . . , I, Φ1 being the value
of Φ at the initial iteration, in which uniform excitations (i.e., wn = 1.0, n = 1, . . . , N) have
been exploited to set an “initial guess” for the successive solution space exploration. As it
can be observed, the mismatch between the synthesized and the target distributions has
been remarkably reduced during the optimization process as pointed out by the final value
of the Φi

Φ1
ratio (i.e., Φi

Φ1

∣∣∣
i=I

= 4.6× 10−2—Figure 4). Such an outcome is qualitatively and
pictorially evident by looking at the corresponding field distributions in Figure 3, afforded
when exciting the dipole antennas of the BTS array with the PSO-retrieved amplitude and
phase weights shown in Figure 4b. More specifically, Figure 3c,d and Figure 3e,f show
the distribution of the magnitude [Figure 3c,e] and phase [Figure 3d,f] of the electric field
afforded by the planar array of N = 25 dipoles in Ω when feeding the antennas uniformly
and with optimal set of weights synthesized by means of the PSO, respectively. Thanks to
the optimally-excited equivalent current distribution within the scattering environment,
the resulting final distribution in Ω [Eopt(r)—Figure 3e,f] is significantly closer to the target
one [Etar(r)—Figure 3a,b] than the uniformly-excited case [Euni(r)—Figure 3c,d]. It is
worth remarking that such a good matching has been yielded both in magnitude [

∣∣Eopt(r)
∣∣

vs. |Etar(r)|—Figure 3e vs. Figure 3a] and phase [∠Eopt(r) vs. ∠Etar(r)—Figure 3f vs.
Figure 3b], as clearly proved by the comparison between the plot of the corresponding
error map [i.e., ∆Eopt(r) = Eopt(r) − Etar(r)—Figure 5b] and that of the initial guess
solution [i.e., ∆Euni(r) = Euni(r)− Etar(r)—Figure 5a] shown in Figure 5.
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Figure 3. Numerical Assessment (K = 3, N = 25, N′ = 64)—(a,c,e) Magnitude and (b,d,f) phase distribution of (a,b) the
target field (N′ = 64 dipoles in free-space) and the field radiated towards the complex scattering scenario S by the planar
array of N = 25 dipoles when exciting the antennas with (c,d) uniform (“initial guess”) and (e,f) the optimized excitation
weights wopt.
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∣∣∣wopt
n

∣∣∣, n = 1, . . . , N and phase ∠wopt
n ,

n = 1, . . . , N values of the optimal excitations vector wopt (6) obtained by means of the PSO.
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[∆Eopt(r) = Eopt(r)− Etar(r)] excitations.
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4. Conclusions

Within the framework of the emerging “smart EM environments” paradigm for
enabling next generation wireless communications systems, an optimization-based strategy
for synthesizing a desired field distribution over a region of interest, where the end-
user terminals are located, has been here introduced. Thanks to the complex scattering
phenomena generated from the EM interactions of the primary source and the obstacles
present in the scenario, supposed known and opportunistic exploited as passive
metastructures, the configuration of the excitation weights controlling the field transmitted
from a BTS has been properly synthesized by solving an optimization problem with the PSO
to minimize a cost function quantifying the mismatch between the actual field generated
in the region of interest and a target field distribution. The reported illustrative result
has pointed out that it is possible to generate complex field distributions in the target
region without recurring to the deployment of wider (i.e., more complex and expensive)
free-space BTSs but just benefiting from the interactions between the EM field generated
by the actual/standard BTS and the scattering objects.

Future research activities, beyond the scope of this paper, will be aimed at extending
the proposed methodology to consider scenarios that are not deterministically known,
for example by taking into account statistical propagation models, with the inclusion of
moving scatterers. Moreover, future advances will be devoted to improving the efficiency of
the method in terms of field computation, now representing one of the key computational
issues in the optimization stage and to consider as target the power values or the EM field
strength since telecommunications’ operators usually want to obtain a power level at the
receivers higher than a threshold rather than a complex EM field distribution.
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