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Abstract: This paper explores the possibility of integrating a smart electromagnetic skin into a street
light or traffic light pole to enhance the coverage of a 5G base station operating in the millimeter-
waves frequency band with the consequent improvement of the wireless network performance.
Specifically, the electromagnetic characteristics of a curved smart electromagnetic skin, which can be
easily integrated into a cylindrical radome enclosing the pole, have been analyzed and compared with
those of a planar solution. Additionally, the coverage provided by a curved smart electromagnetic
skin in a real urban scenario has been considered. The obtained results confirm that using a curved
smart electromagnetic skin is both feasible and convenient from several points of view: it guarantees
better performance than a planar configuration occupying the same volume, it is simpler to mount
and it has a lower visual impact.

Keywords: smart electromagnetic skin; reflectarray; 5G antennas

1. Introduction

Communication systems of the fifth generation (5G), with much more functionality
than those of the fourth generation, have now become a reality, and are nowadays being
installed around the world. Although they offer significant improvements compared to
the oldest systems, they will not be able to fulfill all the requirements needed by the in-
telligent and fully integrated automated systems that are going to emerge in the next ten
years. The analysis of the requirements that the next-generation of wireless communication
systems will have to meet for future applications identifies the need for a higher trans-
mission speed and very low latency as critical aspects. While there are not yet precise
standards, the ambitious goals identified by 5G and beyond wireless systems are the fol-
lowing: fast data transfer rates, corresponding to 1 TB per second download speed; wide
bandwidth availability; better coverage; almost zero latency (close to 0.1 ms); increase
in overall data traffic and connected users; reduced energy consumption; capability of
connecting intelligence rather than objects through the use of Artificial Intelligence (see for
instance [1-3]).

From preliminary studies, it emerges that using mm-waves or sub-THz frequency
bands can be very promising since they would allow reaching an extremely high bandwidth,
managing an ultra-high data rate, and providing quasi-negligible latency. On the other
hand, mm-waves and sub-THz frequencies suffer from higher free space loss, higher
building penetration loss, and strong interaction with obstacles (e.g., foliage attenuation,
rain attenuation, etc.) along the propagation path. As a result, the coverage can be
significantly deteriorated, if not completely absent, in regions not in the line of sight (LOS)
of the base station antenna.

Electronics 2023, 12, 4491. https://doi.org/10.3390/ electronics12214491

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics12214491
https://doi.org/10.3390/electronics12214491
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-7475-6682
https://orcid.org/0000-0002-7675-6694
https://orcid.org/0000-0001-8158-9694
https://orcid.org/0000-0003-1410-5703
https://orcid.org/0000-0002-2823-906X
https://doi.org/10.3390/electronics12214491
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics12214491?type=check_update&version=1

Electronics 2023, 12, 4491

20f15

The most straightforward solution for reducing these effects is increasing the number
of base stations. However, this would result in an undesired increase in the network
complexity, in the associated cost, in the visual impact, and in the electromagnetic pollution
within the covered area. A possible solution to overcome these limitations and to face the
challenge of obtaining a highly-performing communication network consists of designing
a Smart Electromagnetic Environment (SEE) in which the propagation environment is
used to enhance the properties of the wireless system itself. In this view, the environment
is no longer a “passive” part of the wireless system, affecting the propagation in an un-
controllable way but can actively contribute to improve the system’s performance (see,
for example, [4-9]).

The implementation of an SEE is possible thanks to the introduction of several active
and passive devices that are able to reach blind spots or to cover desired areas with-
out increasing the number of base stations. Among them, Smart Electromagnetic Skins
(SESs) [9-16], are very thin passive surfaces capable of enabling non-specular reflection to
reach blind spots or cover target areas. In addition, they must also satisfy constraints such
as the reduced visual/environmental impact and the low cost. More sophisticated versions
of SESs are the so-called Reflecting Intelligent Surfaces (RISs), capable of dynamically
changing the re-radiation direction in real-time by adjusting the surface’s behavior through
the use of reconfigurable elements [17-32]. In the following, the focus will be on SESs,
i.e., on entirely passive configurations. However, most of the discussed considerations are
also valid for RISs.

The literature on SESs is mainly focused on their effects on the communication network
more than on their design and realization. The latter remains an open issue, especially
considering the low cost and the reduced visual impact requirements [5].

Usually, SESs are assumed to be planar surfaces integrated into building” walls [9-16].
However, this solution is not always feasible for the specific orientation of the building
with respect to the base station, for buildings with plenty of windows, and for architectural
heritage-restricted buildings in historical city centers [33]. Thus, other supporting structures
must be used. Here, the possibility of integrating a smart skin in a street light or a traffic
light pole is investigated. While such a solution is mentioned in [5], to the best of the
authors’ knowledge, this is the first time that an analysis of its performance and its use in a
real scenario is presented. The advantages of such a configuration are several. Since the
supporting structures belong to the urban furniture, the SES installation is subject to fewer
limitations. The SES can be rotated on the pole to maximize the link with the base station.
The field re-radiated by the SES is not affected by the contribution of the wall, which could
be not negligible [34]. Finally, several SESs, with different orientations, can be mounted
on the same pole to cover different areas, with the incident signal arriving from the same
direction, or to redirect in the same area the field radiated by different base stations.

In principle, a planar SES can also be integrated into the urban furniture. However,
as discussed in Section 4.1, this may not represent the optimal solution, especially when
aiming to maintain a limited volume for the structure. The alternative presented here
consists of using a curved SES, that can be easily located between the supporting pole
and a concentric radome. In the following, the main aspects of the curved SES design are
discussed and compared with a planar surface that occupies the same volume. Numerical
results show that the curved solution is feasible and that it guarantees even better per-
formance than the planar one. Since the SES is assumed to be manufactured with square
patches printed on a grounded dielectric layer, its cost is comparable with that of a planar
solution. The choice of the substrate material and its thickness is dictated by its possibility
to be easily bent. Moreover, it is worth noting that only a single cylindrical curvature
is required which is not expensive to obtain. Finally, the curvature of the SES allows its
placement under a cylindrical radome, which is low cost in comparison with a shaped
radome that would be required if a planar SES with comparable performance is used,
as discussed in Section 4.1.
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The paper is organized as follows. In Section 2, the reference scenario is introduced,
while in Section 3, the main aspects taken into account during the curved SES design are
discussed. Finally, in Section 4, several numerical results are presented, such as those
related to the comparison between the performance of the curved SES and a planar one
occupying the same volume. Then, the effect of the radome is analyzed, and to conclude,
the coverage provided by the SES in the scenario introduced in Section 2 is shown. All
these results confirm the feasibility of curved smart electromagnetic skins and confirm that
their performance is never lower but, in some cases, even better than a planar solution with
the same visual impact and comparable cost.

2. Scenario

Figure 1 represents a typical application scenario where curved SESs, operating in
the 5G Italian millimeter band 26.5—27.5 GHz, could be usefully exploited to increase the
coverage of crowded areas. It consists of a neighborhood square that hosts goods, fruit,
and vegetable market in the morning, and some recreational events at night, especially in
the summertime. The square also hosts and is surrounded by numerous shops, restaurants,
pizzerias, and pubs, several of them with outdoor tables.

We assume that a base station (BS) located on a border of the square (red dot in
Figure 1) at a height of 6.3 m provides the 5G service in the millimeter band. It is supposed
to consist of a 16 x 16 Multiple In Multiple Out (MIMO) array that can cover a horizontal
angular area of +60° [35].

In the square, several light poles (yellow dots in Figure 1) in the line of sight of the
base station are already present and they can allocate an SES. In particular, the SES can be
positioned at 6.3 m from the road surface, inside a cylindrical radome conformal with the
pole itself, as represented in Figure 2.

Typical diameters of street light poles vary from 98 mm to 240 mm, depending on
their height and the considered position of SES along the pole itself. In the following, the
pole diameter of 240 mm, representing the worst case, can be considered, while it will
be assumed that the SES is encapsulated within a cylindrical radome whose diameter is
D, = 300 mm at maximum.

Figure 1. A possible scenario of application 5G. The yellow area is the LOS area covered by the base
station (BS), represented by a red dot. The hatched red area represents the market area. The yellow-
red circled dots identify the location of existing light poles where curved SESs can be mounted.
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Figure 2. Light pole supporting a curved SES located in a cylindrical radome.

3. Design of a Curved SES

Figure 3 shows the geometry of the considered curved SES and the adopted reference
system. It is worth noting that the SES is located between the pole and the radome, but it
is not concentric to them. In this way, the curved SES has a minimum curvature radius
of 175 mm, which is slightly larger than the radius of the pole. In this case, the aperture
angle of the curved SES in the horizontal plane is 96°. The equivalent planar area of the
SES measures 300 mm x 340 mm, which corresponds to about 27.5A x 314, where Ag
is the free space wavelength at the upper bound of the considered frequency band (i.e.,
27.5GHz).

(b)

Figure 3. Top (a) and lateral (b) view of the considered geometry, with the adopted coordinate

reference system.

When a planar SES is mounted on the wall of a building, the incident angle remains
the same for all the unit cells; it depends on the relative position of the base station and
the wall itself and cannot be changed. Vice versa, if the SES is mounted on a pole, it is
possible to arrange its orientation so that the incident angle is not too skewed. In the case
of the curved configuration, the angle of incidence on each re-radiating element depends
on its position in the surface layout. Moreover, it depends on the SES curvature and its
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variation along the SES is minimum when the field impinges orthogonally on the SES
central element (i.e., when 6" = 0, with 6 defined in Figure 3). For the case considered here,
this condition implies having a maximum angle of incidence equal to 47°. Thus, if the plane
wave impinges on the central element with an angle 6’ different from zero, the maximum
angle of incidence on the elements will increase by .

As a re-radiating element, a simple square patch has been selected since the aim is to
demonstrate the profitable utility of a curved SES for 5G applications. Although simple,
the square patch allows its use with double polarization and good performance in the 5G
frequency band allocated in Europe (i.e., 26.5-27.5 GHz).

Each re-radiating element has a dimension of 545 mm x 5.45mm (i.e.,, Ag/2 X Ag/2
at 27.5 GHz) and is made of a square metallic patch of side W, as shown in the inset of
Figure 4, printed on a grounded dielectric DiClad527 substrate (e, = 2.55, tan é = 0.0022),
h = 0.8 mm thick. Thus, the SES layout consists of 55 x 62 cells. The choice of the
substrate thickness is guided by the necessity to have a surface that can be curved, once the
re-radiated elements are printed.

-0.5

0.8 mn [
I

T

5.45 mm

Magnitude (dB)

0 1 2 3
W (mm) W (mm)

(a) (b)

Figure 4. Magnitude (a) and phase (b) of the reflection coefficient versus the patch size at 27 GHz
for different plane wave incidence angles when the element is embedded in a periodic lattice with
period 5.45mm x 5.45mm.

Figure 4 shows the magnitude (a) and phase (b) of the reflection coefficient versus
the patch size W, evaluated at 27 GHz for different plane wave incidence angles when the
element is assumed embedded in a periodic lattice. Since the curvature radius is 151 at
26 GHz, it does not significantly affect the phase of the reflection coefficient provided by
the unit cell. For this reason, its analysis has been carried out considering it is embedded
in an infinite periodic array. This statement is supported by Figure 5, where the variation
of the phase of the reflection coefficient evaluated with three different methods is plotted:
using the planar infinite periodic model, considering a finite 5 x 5 element planar array and
a finite 5 x 5 element array concentric to a cylinder with radius of curvature equal to 157,
sketched in the inset of Figure 5. The agreement among the curves plotted in the figure,
confirms that the three approaches provide essentially the same results and therefore each
of them could be equally used.

The plots in Figure 4 highlight the existence of a deep resonance for W ~ 4.6 mm for
angles of incidence greater than zero. The presence of this resonance limits to W = 4 mm
the maximum size of the patch. Moreover, for values of W lower than 1 mm the phase of
the reflection coefficient stays almost constant, and therefore the lower bound of the range
of variation for the patch size is set to 1 mm. As expected, the re-radiating element does
not cover a phase range of 360°, but it introduces a variation of almost 290°; this implies
that the required phase delay is approximated at certain points on the surface, leading to a
subsequent reduction in the performance of the SES. However, as already pointed out, here
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we aim to prove the feasibility of a curved SES and compare its performance with those of
a planar one, designed using the same unit cell. The optimization of the unit cell will be an
object of future analyses.

=50 .
-100
E—‘I 50
@
= =B
o -200
w
@©
¥ o
& 250 |
[—infinite periodic array|
-300 ¢ ——— planar 5x5
| curve 5x5 ‘
-350 : g g : :
1 1.5 2 25 3 3.5 4

W (mm)

Figure 5. Phase of the reflection coefficient for the unit cell evaluated with three different models.
Inset: sketch of the 5 x 5 array conformal to a cylinder with a radius of curvature equal to 15A.

Assume that f (u v) is the desired phase distribution on a plane uv orthogonal to an
arbitrary unit vector k. In the case of uniform aperture distribution k is the direction of
maximum radiation. With reference to Figure 6, k’ denotes the direction of incidence of the
impinging plane wave, while ?gj identifies the center of the ij-th SES re-radiating element.
Hence, the phase delay A¢;; that the ij-th element has to introduce is

A(Pl] = kok’ _‘/ — kok 1’ +f(u1, ’0]) +¢o , 1

where f(u;,v;) is the phase distribution corresponding to the ij-th element projected on the
plane uv, and ¢y is an arbitrary constant phase.

ij-th
element

Figure 6. Geometry of the problem.

Figure 7a shows the phase delay introduced by each element of the SES in case of
an incidence §' = 10°, ¢ = —90° and required uniform phase distribution on a plane
orthogonal to the direction §° = 30°, ¢° = 70°: note that the orientation of the SES
is selected to have ' close to its optimal value, according to the previous discussion.
Figure 7b shows the phase delay map for the generation of the cosecant squared pattern
that will be described in Section 4.4.
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Figure 7. Phase delay maps that generate (a) a pencil beam in the direction 8° = 30°, ¢° = 70° in case
of an incidence 6" = 10°, ¢/ = —90°, and (b) a cosecant squared pattern in the vertical plane rotated

clockwise of 30° with respect to the z-axis of the SES shown in Figure 3 when 6% = 20°, ¢' = 90°.

4. Results

In this section, some numerical results, obtained with CST Microwave Studio [36], are
presented. They aim to confirm the curved SES feasibility and its possible application in a
real scenario.

4.1. Comparison between Planar and Curved SES

The performance of the curved SES is compared with that of two planar configurations,
having the same height as the curved one, but different widths. Figure 8 shows with the
same scale the cross-section of the pole with the three SES (the curved one and the two
planar) and the radome needed for their protection and camouflaging. The first considered
planar SES (Figure 8b) is tangent to the pole and fits the space between the pole and the
radome, thus its width is equal to 180 mm and it is discretized with 33 unit cells. In the
second case (Figure 8c), the planar SES has a width of 262 mm, which is the length of the
curved SES chord and it is discretized with 48 unit cells. The latter case will be considered
only for reference since its installation is not feasible. In fact, if the entire structure volume
is to be held, the pole would be cut to accommodate the surface inside the radome and this
is not clearly possible. On the contrary, if the SES is mounted on the pole as it is, it would
be necessary to manufacture a customized radome, with a significant increase in the cost,
the volume, and, therefore, in the visual impact as it appears from Figure 8c.

‘t"‘-z, ¥ X f‘o
a4
(a) (b) ()
Figure 8. Cross sections of (a) the proposed curved SES, (b) a flat SES that can be allocated into a

cylindrical radome with a diameter of 30 cm, (c) a flat SES with a horizontal dimension equal to the
length of the curved SES chord that requires a customized radome.
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In Figure 9, the 2D map of the Radar Cross Section (RCS) [37] evaluated at 27.0 GHz
for the curved SES is plotted. As it appears, the SES collimates the beam in the desired
direction, the side lobes are mainly present in the two principal planes, while out of them
the RCS value is strongly lower.

0—
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Figure 9. 2D map of the RCS of the curved SES evaluated at 27.0 GHz when a plane wave impinges
from 6% = 10°, ¢! = —90°.

In Figure 10, the RCS in the vertical (left) and horizontal (right) planes with respect
to the ground, evaluated for both the curved and the narrower flat SES at 26.5GHz
(Figure 10a,b), 27 GHz (Figure 10c,d), and 27.5 GHz (Figure 10e,f) are shown. It is im-
portant to highlight that in Figure 10, 8’ = 0° corresponds to the nominal beam pointing
direction 6° = 30°, ¢° = 70°. For the sake of readability, the patterns for the larger SES
are omitted, since they are higher but very similar to those of the smaller SES. Despite the
curvature, which reduces the effective area of the surface and tends to spread the incident
field, the plots confirm that the curved solution outperforms the planar one, keeping the
occupied volume equal. In the vertical plane, the RCS diagram for the curved configuration
is almost the same as that for the planar case, a part for a shift due to the higher maximum
value of its RCS. In the horizontal plane, the pattern radiated by the curved SES is less
symmetrical, especially at 27.5 GHz, where the side lobes increase with respect to those
of the planar one, still maintaining a sufficiently low level. The good performance of the
curved SES is also confirmed by Figure 11a, where the frequency behavior of the maximum
RCS is plotted for the three considered smart surfaces. As predictable from the plots in
Figure 10, the maximum value of the RCS obtained with the curved SES is never lower
than that of the narrower planar configuration, while at the central frequency;, it is higher
by approximately 3 dB. As expected, the maximum RCS of the curved SES is lower than
that of the larger planar (theoretical) solution, but the difference between the value of the
provided maximum RCS is less than 1 dB at the central frequency. Finally, it is worth noting
that within the considered frequency band indicated in the plot for the sake of clearness,
the variation of the maximum RCS is lower than 1 dB for the curved SES.
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Figure 10. Comparison between the simulated RCS for a vertical polarization of the field in the vertical
(left) and horizontal (right) planes, for the curved and the narrower planar SESs (i.e., 180 mm x
340 mm) at the lower (26.5 GHz (a,b)), central (27.0 GHz (c,d)) and upper (27.5 GHz (e f)) frequencies
when a plane wave impinges on the SES from 6 = 10°, ¢/ = —90°. ¢’ = 0° corresponds to the
nominal beam pointing direction 6° = 30°, ¢° = 70°.
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Figure 11. Maximum RCS value versus frequency: (a) comparison between curved and planar SESs
in the absence of any radome; (b) influence of the radome for the curved SES.

4.2. Radome Influence

To assess the impact of the radome on the curved SES, the effect of two possible
cylindrical structures, concentric to the pole and with an internal radius of 150 mm, has
been investigated. The first is made of a PTFE layer (¢, = 2, tanJ = 0.0002) 3.85 mm thick.
The second is made of LEXAN™ (¢, = 2.8, tan§ = 0.01) and has a thickness of 3.26 mm.
For both radomes, the layer thickness corresponds to a quarter of the wavelength in the
dielectric. The obtained RCS patterns, which are not shown for the sake of compactness,
are very similar to those shown in Figure 10, but slightly lower. To appreciate the RCS
lowering, Figure 11b compares the maximum RCS obtained when the two radomes are
present with the case they are absent. It is worth noting that the PTFE radome decreases the
RCS at 27 GHz by about 0.9 dB, while the LEXAN™ one, characterized by higher losses,
by about 1.2dB.

4.3. Incidence Sensitivity

To determine the necessary accuracy for fixing the SES to the pole, we analyzed how
the RCS is modified by a rotation of the SES around the pole or by its vertical translation.
It is worth noting that since the base station is fixed a vertical translation of the SES
corresponds to a change in the incidence angle of the impinging wave in the vertical plane.
In particular, we considered the curved SES designed in the previous section to redirect
a plane wave arriving from a direction characterized by 6; = 10° and ¢; = —90°, and we
separately changed the angles of incidence to see how this affects the SES performance.
The RCS obtained by changing the incident angle in the vertical plane of £3° is plotted
in Figure 12a, while in Figure 12b the effect on the RCS when the SES is rotated along
the pole axis (i.e., the x axis) is shown. As expected, a variation of the angle of incidence
corresponds to a deviation in the pointing direction in both cases. Specifically, as it appears
from the plots in Figure 12, the increase in the incident angle corresponds to a decrease
in the pointing angle and vice versa. Hence, it enables slight adjustment of the antenna
coverage during installation by rotating the SES on the pole or making vertical translations.
Moreover, in the vertical plane, a slight reduction in the maximum RCS can be appreciated,
while its diagram stays the same. Vice versa, in the other plane we can observe a distortion
of the RCS diagram, which is however slight when the incidence angle varies no more
than £2°.
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Figure 12. RCS patterns at 27 GHz: (a) in the vertical plane when the incident angle varies in the

vertical plane with respect to the nominal incidence; (b) in the horizontal plane when the incident
angle varies in the horizontal plane with respect to the nominal incidence.

4.4. Example of Real Application

As an example of application, the link between the base station denoted by BS in
Figure 1 and the SES located at a distance of 45 m from it (denoted by SES in the same
figure) is considered. The SES is in the far field of the base station, and therefore the field
impinging on it can be modeled as a plane wave. It is assumed that both the base station
and the SES are located at the same height of 6.3 m, and the direction of the plane wave
incident on the SES makes an angle 6; = 20° with the unit vector orthogonal to the SES
surface on its center (i.e., the z-axis in Figure 3). The SES is supposed to be used to provide
coverage to the street at its left, which is not in the line of sight of the base station. It means
that the SES has to focalize the incident field in a direction making 30° with respect to its
z-axis (see Figure 3).

A cosecant squared beam has to be generated in the vertical plane to illuminate the
street surface uniformly. To this purpose, Powell’s direction set algorithm (DSA) with
implicitly constrained current elements [38] has been used to synthesize the phase of the
scattered field on the SES aperture. Figure 7b shows the phase delay that each element of
the SES has to introduce.

The field scattered by the SES has been calculated by using CST. Figure 13 shows
the simulated radar cross section in the vertical plane for the design frequency and for
those limiting the considered band. A cosecant squared curve (red) is superimposed as a
reference. We can observe several ripples in the patterns, including in the main lobe. They
are due to the finiteness of the SES combined with the fact that a plane wave is impinging
on it. As a matter of fact, differently from a classical reflector antenna where the feed
illuminates the edges with reduced power (typically —11 dB with respect to the maximum),
now the whole SES is uniformly illuminated. Thus, the ripples observed in the cosecant
squared pattern are due to the field diffracted by the SES borders. While the variation
in the ripple is acceptable for the specific application, it is worth noting that mitigating
this ripple would lead to a significant increase in the vertical size of the reflecting surface
and a subsequent increase in the cost of the SES. The three patterns in Figure 13 are very
close to each other, and this confirms that the designed SES is suitable for the considered
frequency band.

Then, the field map was georeferenced and calculated at ground level. In particular,
we considered a BS characterized by a full MIMO array of dimensions 8A x 8A, with A the
free space wavelength at 27 GHz. The dimensions of the BS assure that the far-field starts
at a distance less than 3 m for the frequency band of interest. Furthermore, the dimensions
of the SES and its distance from the BS allow approximating the impinging spherical wave
on the SES as a plane wave. In fact, the variation between the path lengths of an impinging
spherical and plane wave is less than 0.0525A.
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Figure 13. RCS patterns in the vertical plane ¢ = 30°: (a) 26.5 GHz; (b) 27.0 GHz; (c) 27.5 GHz. The
dashed red line represents the ideal cosecant squared RCS.

Thus, the power density S’ impinging on the SES is computed as S' = EIRP/ (47tAps_sEs),
where Apg_srg is the distance between the BS and the SES. In the following, the effective
isotropic radiation power (EIRP) is assumed equal to 1W. Then, the power density S°
scattered at ground level is computed as S° = S'RCS(R)/(471R?), where the unit vector
R identifies the direction between the SES and the observation point at the ground and R
its distance. Figure 14 shows the estimated power density scattered by the SES at 27 GHz:
as required, the coverage of the street has been obtained. Furthermore, the field scattered
by the SES is summed up to the field radiated by the BS by considering the correct phase
delay introduced by the different path lengths. The total power density at ground level is
shown in Figure 15. Although the power density radiated directly by the BS is about 20 dB
higher than the power density scattered by the SES, the street will not be covered without
the latter. Clearly, the considered SES has a limited size and therefore intercepts a small
portion of the field radiated by the base station. Nevertheless, the provided power density
on the street is sufficient to guarantee a stable connection. A larger SES would increase the
field intensity but at the cost of a higher visual impact.

Figure 14. Map of the simulated power density scattered by the curved SES at ground level superim-
posed on the urban scenario.
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Figure 15. Map of the simulated power density radiated by the BS and scattered by the curved SES at
ground level superimposed on the urban scenario.

5. Conclusions

The results presented in the paper prove that a curved smart electromagnetic skin (SES)
can be conveniently integrated with a light or traffic light pole to enhance the coverage of a
base station operating in the 5G Italian millimeter-wave band (26.5-27.5 GHz).

While a planar SES mounted onto buildings” walls requires a specific orientation of
the building with respect to the base station and its installation is limited by architectural
restrictions, the proposed curved SES can be easily installed onto any existing poles and
hidden under a cylindrical radome to minimize the visual impact.

The features of a curved SES have been compared with those of a planar configuration
allocable under the same cylindrical radome. This analysis has shown that the former
solution performs better, with an increase in the RCS of more than 3 dB. In principle,
a larger planar SES can also be adopted to obtain the same performance as the curved one.
However, its use results in increased manufacturing and installation complexity and cost (a
shaped radome, instead of a cylindrical one, is now necessary) with further growth of the
visual impact. Therefore, the proposed curved solution represents the optimal compromise
among the performance, visual impact, installation easiness, and costs.

Moreover, the proposed solution has been tested for sensitivity to positioning errors
and its performances have been analyzed in a real urban scenario. The results confirm that
a curved SES can be profitably used in a millimeter wave 5G wireless system to enhance
its performance.
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