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Abstract
Thispaper investigates the use of largeReconfigurable Intelligent Surfaces (RISs), also known as
“Smart Skins,” to improve outdoor-to-indoor millimeter-wave (mmWave) propagation, taking
advantage of ventilation holes commonly found – or easily implemented – in European build-
ings. By using a transmissive, focusing RIS, the signal can be concentrated and routed through
the opening, enhancing signal penetration into the indoor space even in modern, highly insu-
lated buildings that particularly hinder signal penetration. Using Ray Tracing simulations, we
compare scenarios with and without RIS at 29GHz, demonstrating significant indoor signal
coverage improvements in the first case. The study highlights the use of RIS – or Smart-Skins
– as a cost-effective solution to address the challenges of mmWave propagation in modern
building designs.

Introduction

A key trend in “5G and beyond technology” lies in the exploitation of high-frequency bands,
particularly millimeter-wave (mmWave) frequencies in the range of 24 GHz and above. These
bands offer access to vast amounts of undivided spectrum, enabling unprecedented data rates
and enhancing the quality of service across a wide range of applications. However, a signifi-
cant challenge associated with mmWave signals is their poor penetration through materials,
which results in severe path loss and consequently heavily limits the link range in both indoor
and outdoor-to-indoor (O2I) scenarios [1]. Ensuring reliable indoor connectivity at mmWave
frequencies has therefore become a critical concern, especially considering thatmost high-data-
rate applications take place indoors and that modern buildings employ thermal and acoustic
insulation solutions that further hinder signal penetration. Several innovative approaches have
been explored to mitigate these issues. Advanced beamforming techniques, network densifica-
tion, and the incorporation of active repeaters and antenna-embedded walls [2, 3] have been
proposed as potential solutions. Nevertheless, one particularly promising approach that has
gained significant attention is the use of Reconfigurable Intelligent Surfaces (RISs) [4, 5].

A RIS is an engineered two-dimensional thin structure composed of a substrate with a dis-
tribution of sub-wavelength metallic or dielectric patches (called unit cells) printed on it [6].
The shape and size of these patches vary across the surface to achieve the desired effect on the
wavefront of the re-radiated wave [7]. By controlling the phase, amplitude, and polarization of
the re-radiated wave, RIS enables functionalities that were previously unattainable with natural
materials. The real-time reconfigurability of RIS is achieved through the integration of tunable
components [8, 9], thereby positioning RIS-assisted networks as a key enabling technology for
future 6G communication systems [10].

RIS can either anomalously reflect or transmit (refract) waves based on its configuration. In
a reflective RIS, the surface re-radiates the wave toward the intended user when both the base
station (BS) and the user are on the same side. In contrast, transmissive RIS is used to transmit
a wave through the surface when the BS and user are located on opposite sides, such as in O2I
scenarios [11]. Although the transmissive mode is important for improving indoor coverage,
much of the existing research has primarily focused on reflective RIS [12–14]. Only recent stud-
ies have started to investigate transmissive RIS and their potential to enhance indoor coverage
[15–19]. When strategically positioned on walls or windows, transmissive RIS can concentrate
(focus) and reroute the signal through openings toward the desired spot, thereby mitigating
signal blockage and offering a promising solution to indoor coverage challenges.The power effi-
ciency of RIS, as reported in several studies [20–24], is a key performance metric that quantifies
how effectively the surface can direct energy toward a designated point. Reported efficiencies
typically range from 40% to 65%, depending on the RIS physical dimension and focal distance.
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Building on these insights, this work further investigates the feasi-
bility of employing a focusing transmissive RIS for enhancing O2I
coverage.

Based on previous work on macroscopic modeling of RIS [25],
a realistic RIS is designed and simulated using the macroscopic
model in [26] combined with the RIS simulation for O2I cov-
erage improvement. This work investigates the use of ventilation
holes – standardized openings in European buildings – as nat-
ural locations for embedding RIS/Smart Skins to enhance O2I
coverage. It is worth noting that the RIS considered here is not
reconfigurable; it is a low-cost, fixed-functionality “Smart Skin,”
sufficient to demonstrate the effectiveness of its introduction in
enhancing O2I coverage. The O2I coverage is evaluated without
and with RIS, using the proposed model in [26]. Furthermore, the
feasibility of employing a focusing RIS for O2I coverage enhance-
ment is discussed, with the RIS parameters derived from dedicated
electromagnetic simulations of a realistic deployment scenario.

An earlier version of this paper was presented at the 19th

European Conference on Antennas and Propagation and was pub-
lished in its Proceedings [26].

Transmissive RIS

RIS macroscopic modeling

In the reference macroscopic model developed in [25, 27], the
RIS is viewed as a two-dimensional array of antenna elements.
Specifically, the surface is divided into NX × NY elements of area
ΔS, each of which can be seen as an aperture antenna that receives
an incident power Pi and re-radiates the fraction of it, Pm (see [25,
27] for more details). The position in space of the generic n-th ele-
ment is defined by the coordinates (xn, yn) = (Δl ⋅ u, Δl ⋅ v),
where Δl represents the interspace between the individual ele-
ments (≃ 𝜆/2), and (u, v) are the indices identifying them. The
reference system used for this work is shown in Fig. 1. RIS is posi-
tioned in the XY plane with its center located at the origin. The
position of the transmitter (Tx) and receiver (Rx) is defined using
spherical coordinates: (𝜃i,r, 𝜙i,r, dTx,Rx) where the angles 𝜃i, 𝜙i and
𝜃r , 𝜙r represent the direction (with respect to the center of the
RIS) of incidence and re-radiation, respectively. dTx is the Tx-RIS
distance and dRx is the Rx-RIS distance.

Since the RIS aims to re-radiate the incident wave in a desired
direction by reducing specular reflection and scattering, it imposes
a certain spatial modulation (in phase and in some cases also
amplitude ) on the reradiated wave on the surface. In order to
obtain the phase shift of the RIS for a given functionality, first, the
phase shifts of the incident and desired re-radiated wave need to
be determined. In case of an incident plane wave, i.e. when the Tx
is farther than the Fraunhofer distance dF = 2D2/𝜆, with D being
themaximum linear dimension of theRIS, the phase of the incident
wave at the generic n-th element is expressed as:

𝜒i pw = 𝛽 sin(𝜃i) (xn cos(𝜙i) + yn sin(𝜙i)) , (1)

where 𝛽 is the wavenumber. Referring to Fig. 1, (1) is obtained con-
sidering the following constant phase differences between adjacent
antenna elements along the x-axis Δ𝜒x and y-axis Δ𝜒y:

Δ𝜒x = 𝛽udx sin(𝜃i) cos(𝜙i), (2)

Δ𝜒y = 𝛽vdy sin(𝜃i) sin(𝜙i), (3)

where u ∈ 1, … ,Nx and v ∈ 1, … ,Ny.

Y
Z

Tx

X

Rx
(a)

Tx
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Z Y
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Figure 1. Reference scheme for an RIS illuminated by an incident wave. In 1(a),
under plane wave incidence, traveled distance – and therefore phase – from the Tx
to each RIS element varies linearly, whereas in the spherical wave scenario shown
in Figure 1(b), traveled distance varies in a non-linear fashion. (a) Incident plane
wave. (b) Incident spherical wave.

In scenarios where the Tx is closer than the Fraunhofer distance
and therefore the plane wave assumption is unacceptable, the inci-
dent field phase is calculated using individual distances shown in
Fig. 1(b), as:

𝜒i sw = −𝛽dnTx, (4)

where dnTx is the distance between Tx and n-th element of the RIS.
The macroscopic model used in the present work can efficiently

handle both cases of incident waves described above.
Moreover, the phase of the re-radiated wave is calculated based

on the desired RIS functionality for the following two different
cases:

https://doi.org/10.1017/S1759078726103328 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078726103328


International Journal of Microwave and Wireless Technologies 3

(1) the case where RIS works as an anomalous reflector
re-radiating the wave toward a desired direction. The
phase of the re-radiated wave is expressed by:

𝜒r = −𝛽 sin(𝜃r)(xn cos(𝜙r) + yn sin(𝜙r)) (5)

(2) the case where RIS works as a focusing lens at a desired near-
field reception point. The phase of the re-radiated wave in this
case is given by (6):

𝜒rfocus = −𝛽dnRx (6)

where dnRx is the distance between Rx and the n-th element of
the RIS.

Therefore, the phase of the spatial modulation coefficient asso-
ciated with the n-th element of the RIS for a desired functionality
is calculated through the difference between the phase of the re-
radiated wave and the phase of the incident wave, as expressed
in (7):

𝜒RIS = 𝜒re−radiated − 𝜒incident, (7)

where 𝜒re−radiated can be either 𝜒r or 𝜒rfocus depending onRIS func-
tionality and 𝜒incident can be either 𝜒ipw or 𝜒isw depending on if
incident wave is plane or spherical.

After obtaining the phase shift generated by RIS, the bilateral
power balance in [25] for all the re-radiation modes needs to be
satisfied:

1 = R2
R

N

∑
n=0

mRn
+ S2

R

N

∑
n=0

mRn

+R2
T

K

∑
k=0

mTk
+ S2

T

K

∑
k=0

mTk
+ 𝛼 (8)

Here mR and mT are the re-radiation coefficients that determine
the fraction of incident power that is re-radiated in one mode in

reflection and transmission and
N

∑
n=1

mRn
and

K

∑
k=1

mTk
represent the

fraction of the total power that is re-radiated for all the modes in
the backward (reflection) and forward half-space (transmission),
respectively. 𝛼 is the dissipation parameter that accounts for the
percentage of the dissipated power on the substrate, and RT,R and
ST,R are the Rayleigh and diffuse scattering coefficients, respec-
tively. In the summations above, the indices n = 0 and k = 0
indicate the specular propagating modes.

Once the power balance is satisfied, the total re-radiated field is
calculated as the sum of all propagating modes:

Etot(P) =
Nx

∑
u=1

Ny

∑
v=1

ΔEm(P|xn, yn) (9)

where P represents the position of the receiver.

Feasibility: Proof of concept for RIS O2I hardware

The feasibility of implementing a transmissive RIS for O2I scenar-
ios has been assessed bymeans of full-wave simulations of realistic,
all-dielectric unit cell (UC)-based transmissive surface. This tech-
nological choice is motivated by two reasons. First, as already
demonstrated in [28], such dielectric configurations exhibit a
remarkably low dependence on the angle of incidence and ensure
that the phase of |S21| is almost linear over a range of almost 360∘.
Moreover, all-dielectric cells can be prototyped rapidly with low-
cost and easily accessible additive manufacturing techniques. In

Figure 2. Phase and magnitude of the transmission coefficient S21 and |S11|
behavior at 29 GHz. Inset: geometry of the UC.

view of these considerations, a transmissive all-dielectric UC was
designed and analyzed.

The selected geometry is the one represented in the inset of
Fig. 2: it consists of a perforated square hole UC made of VisiJet
M2R-CL, an optically transparent, UV-curable photopolymeric
resin, adopted to facilitate architectural integration originally con-
ceived for application to windows, which has already been exper-
imentally characterized in the Ka band [29], yielding a relative
permittivity of 𝜀r = 2.7 and a loss tangent of tan 𝛿 = 0.017.

The side W of the central hole is used as the sole degree of
freedom to control the response of the cell. The UC periodicity is
p = 𝜆0/2 = 5mm at the design frequency f0 = 29GHz in order
to avoid grating lobes. The thickness T is the result of a trade-off
aimed at simultaneously (i) providing a phase range of variation
close to 360∘ and (ii) minimizing the magnitude of the reflec-
tion coefficient |S11| over the considered interval of variation for
W . This choice balances phase agility and matching, yielding low
insertion loss and robust manufacturability with the considered
resin.

Figure 2 reports the UC response at 29GHz under normal
incidence. The phase ∠S21 exhibits a smooth, nearly monotonic
progressionwithW , and covers almost 360∘, while the loss remains
modest throughout the considered interval, as confirmed by the
fact that |S21| is never lower than -1.7 dB, and |S11| never exceeds
-11 dB. The analysis has been carried out considering the element
embedded in a periodic lattice with CST Microwave Studio™.

Once the UC has been characterized, two proof-of-concept
transmissive RISs have been designed. Although the RIS aims
to work as a convex lens, i.e focusing the field impinging field
(modeled as a plane wave coming from a BS usually placed in
the far-field) in a region close to it, its design can be simplified
by exploiting the fact that the transmissive surface is a reciprocal
device. In view of this, the RIS can be considered as a transmitar-
ray (TA), with the source of the incident field located in the focus
of the RIS, designed to radiate in the direction of arrival of the
plane wave impinging on the RIS. In both the considered cases,
the surface is a square aperture with side D = 20𝜆0, discretized
with 40 × 40 UCs. The lenses were synthesized to radiate a broad-
side beam when two different focal distances, F1 = 100mm and
F2 = 50mm are considered. They correspond to the ratios of
F1/D = 0.5 and F2/D = 0.25, respectively. The feeding point is
centered with respect to the transmissive surface.
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Figure 3. Phase distributions (top) and corresponding layouts (bottom) of the all-dielectric transmissive RIS at 29 GHz: (a) and (c) F1/D = 0.50. (b) and (d) F2/D = 0.25.

Table 1. 𝜂rad vs focal ratios and frequency behavior

F/D 29 GHz 30 GHz 31 GHz

0.5 𝜂rad = 0.798 𝜂rad = 0.786 𝜂rad = 0.779
0.25 𝜂rad = 0.781 𝜂rad = 0.768 𝜂rad = 0.766

In Fig. 3(a) and (b), the maps of the required phase distribu-
tions for the two configurations are shown, while Fig. 3(c) and (d)
present the corresponding layouts.

For each design, the radiation efficiency 𝜂rad has been evaluated
using the standard feed-to-plane configuration in CST Microwave
Studio. This metric isolates the material and ohmic losses and is
therefore the relevant parameter for the analytical model used in
this work.

Table 1 highlights a robust frequency behavior of the radiation
efficiency over the considered band, with variations of only a few
points. A slightly lower 𝜂rad is observed for F2 = 0.25 compared
with F1 = 0.5. This is expected: focusing the field closer to the
transmitting surface requires a greater number of phase jumps,
which involves steeper phase transitions from one cell to another,
resulting in a break in local periodicity, which in turn causes a slight
reduction in radiation efficiency. However, the limited reduction in
efficiency confirms the validity of the analytical model considered
in this work.

Use case and discussion

To evaluate the impact of RIS on indoor coverage, the authors pro-
pose to take advantage of the ventilation holes commonly found in
European buildings, serving to ensure air flow in kitchens, boiler
rooms, and windowless bathrooms. According to the Italian stan-
dard UNI 10738 [30], each ventilation opening must measure at

least 10 cm × 10 cm – or, if circular, have a diameter of at least
11.3 cm. Their consistent presence and standardized sizing make
such openings excellent locations for integrating RIS with mini-
mal structural disruption (refer to Fig. 4 for the schematic setup).
To assess their effectiveness, a comparative O2I study is conducted
using ray tracing (RT) simulations at 29GHz considering two
cases: one without RIS and one with RIS. The detailed simulation
parameters are summarized in Table 2.

Case without RIS

In the first scenario, the RT simulation between Tx and Rxwas per-
formed without the presence of RIS. The Tx was placed in the far
field (quasi-normal plane wave incidence), illuminating the exter-
nal wall of a building composed of a room only for simulation
overhead reduction.The façade was initiallymodeled without win-
dows and subsequently modified to include them (see Table 2 for
window details), ensuring amore realistic representation of typical
building conditions. A dense grid of receivers at different heights
was placed inside the room in order to obtain insight into the
received power throughout the room. The external wall is a brick
wall with its permittivity and conductivity taken from [31]. A cen-
tral ventilation hole is present in the external wall at a height of
40 cm from the floor, representing a realistic position. The objec-
tive of this simulation was to evaluate signal penetration through
the wall and its spatial distribution within the indoor environment.
Figure 5 illustrates the received power inside the room, including
the presence of windows, at a height of 1m from the floor, which
corresponds to a typical user height. As seen from Fig. 5, it was
confirmed that the indoor received power in the case of no RIS
was notably low (in most locations below -90 dBm), with a higher
received power only in the region directly in front of the ventilation
hole and the windows. This behavior results from the rays entering
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Figure 4. Schematic simulation scenario with RIS.

Table 2. Simulation parameters

Parameter Values

Tx-RIS relative height 8m
Tx power 10 dBW
Tx antenna gain 10 dBi
Rx antenna Omnidirectional
Tx-external wall distance 150m
Incident wave Plane, 0 ∘

Frequency 29 GHz
Polarization Vertical
Room size 5m x 5m x 3m
RIS dimension 1m x 1m
Ventilation hole dimension 0.2m x 0.1m
Window dimension 1m x 1.5m
RIS Focusing distance 0.25m
RIS efficiency 78.1%
𝜖r external wall 5.4 F/m
𝜎 external wall 0.4 S/m
Thickness external wall 0.25m
𝜖r glass window 2.16 F/m
𝜎 glass window 1.5 S/m
Thickness glass window 0.02m

the room through these openings from the Tx. The high attenu-
ation elsewhere in the room is due to the high attenuation of the
external wall at 29GHz.

Case with RIS

In the second scenario, a RIS was integrated into the RT simula-
tion discussed above, combining it with the model described in
Section II.

The proposed approach exploits small ventilation holes com-
monly found in most European buildings by placing a focusing
RIS on the external part of the wall. Thanks to the phase profile
generated according to Section II, the RIS collects the impinging
power and focuses it toward the center of the ventilation hole, using
a power efficiency value of 78.1% as given in Table 1 for the fre-
quency of interest. After propagation through the hole (properly

coated with a metal film waveguide), the wave spreads into the
indoor environment, therefore offering enhanced coverage com-
pared to the scenario without RIS. The simulation scenario is
illustrated in a schematic way in Fig. 4. The dimensions of the
RIS, the ventilation hole, and the focusing distance from the RIS
surface were chosen with careful consideration in order to reflect
realistic conditions and practical fabrication limitations for a low-
cost RIS realization (refer to Table 2 for more details). However,
it is important to mention that with very advanced manufactur-
ing techniques, much larger Smart Skins (even 2m2) could be
produced, leading to greater performance in terms of coverage
improvement. Furthermore, although the present study focuses on
a fixed-functionality Smart Skin, the proposed parametric model
in Section II and its integration within the RT framework are
inherently independent of the specific surface implementation.
Reconfigurability can be naturally accommodated by updating the
surface parameters for each configuration, without requiring any
modification to the underlying formulation.

Figure 6 shows the received power distribution at a height of
1m from the floor when RIS is used in a room with windows.
It can be observed that RIS effectively spreads coverage into the
room in a fan-shaped area, creating a well-covered region (around
-70 dBm) near the center of the x-coordinate of the room that
is aligned with the position of the ventilation hole. As expected,
power decreases with distance from the focal point, showing a
smooth gradient toward the edges of the room. Figure 7 shows the
Cumulative Distribution Functions (CDF) of the received power
obtained from the 3D grid of receivers placed throughout the room
without windows. The CDFs are presented for the cases without
RIS and with RIS considering three different power efficiencies:
30% (as already discussed in [26]), 78.1% (as proposed in Section
II B), and the ideal case of 100%. It can be observed that in the
case with RIS, the overall received power is around 27 dB higher
and more uniform across the environment. On the contrary, with-
out RIS, coverage is confined to the area directly aligned with the
ventilation hole, where the direct path from the BS exists. This
is reflected by the higher probability of receiving power below -
140 dBm. At high CDF values, the curves converge because those
correspond to receiver points directly after the ventilation hole,
where the direct Tx-Rx rays dominate, and the gain of the RIS
becomes negligible compared to the strong direct signal.
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Figure 5. Indoor coverage without RIS (room with windows).

Figure 6. Indoor coverage with RIS (room with windows).

Figure 7. Power CDF with and without the RIS (room with
no window).
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Figure 8. Power CDF with and without the RIS (room with
window).

Figure 8 presents the corresponding CDFs for the scenario with
windows included in the façade. In this case, the overall received
power increases for both the RIS and non-RIS configurations due
to the additional transmission paths provided by the glass open-
ings. Nevertheless, the gain achieved with the RIS remains evident,
though less pronounced than in the windowless case, since part
of the signal already penetrates through the windows. The RIS
still contributes to a higher and more uniform power distribu-
tion inside the room. At high CDF values, the curves converge, as
in the case of the room with no windows. However, for both the
case with and without windows, the gain in coverage from 30% to
78.1% in the RIS efficiency is around 3–4 dB, while the difference
between 78.1% and the ideal 100% case is negligible, indicating that
near-optimal focusing performance can already be achieved with
a realistic fabrication.

The main focus of this study is to propose a new approach to
indoor coverage improvement by the aid of a RIS/Smart-Skins and
to compare performance in a simple case with and without the
integration of RIS. Looking ahead, the development of modern
buildings with low thermal emission and highly insulating mate-
rials is expected to further hinder mmWave propagation. As a
result, the use of RIS or Smart-Skin technology can be considered
a promising and cost-effective solution to mitigate these future
propagation issues and enhance indoor signal penetration.

Conclusions

In this work, a realistic RIS has been designed and simulated to
demonstrate its capability to enhance O2I coverage by focusing
the impinging field through a ventilation opening. The proposed
all-dielectric transmissive surface, designed for architectural com-
patibility and high power efficiency, wasmodeled using themacro-
scopic model proposed in this work and was integrated into an
RT simulation to assess its impact on indoor coverage. The results
show that strategically placing a focusing RIS over a ventilation
hole can increase the average indoor received power by several
tens of dBs. The improvement is particularly evident in scenarios
without windows, where the RIS effectively compensates for the
lack of natural transmission paths. Moreover, the analysis of dif-
ferent power efficiencies shows that increasing the RIS efficiency
from 30% to 78.1% results in a coverage gain of about 3–4 dB,
while the difference between 78.1% and the ideal 100% case is

negligible, confirming that near-optimal focusing can be achieved
under realistic design conditions. Future work will extend the
analysis tomore realistic building layouts as well as the electromag-
netic synthesis of suitable RIS microstructure for the realization
of large-scale intelligent skins with low focal lengths and practical
implementation constraints.
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