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Abstract: We measured and analyzed the building penetration losses for four different kinds of
facades as a function of the incidence angle and polarization at 3.5 GHz, which is a frequency of
interest for fifth generation (5G) communication systems. Results show that the attenuation may vary
up to 8 dB with the incidence angle, which justifies the need for an angular characterization of the
penetration losses, going beyond the simpler characterization used for normal incidence. We also
found that there is a relevant polarization dependence of this attenuation, as electromagnetic theory
predicts for wave transmission across flat discontinuities and even across flat dielectric slabs. Results
would be of interest for the network design of future 5G base stations using orthogonal polarizations.
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1. Introduction

Since they emerged in the 1990s, the development of digital cellular communica-
tions has been in an endless race in which user numbers, services, data rates and in-
dustry revenue continue to grow from year to year, at times exponentially. This expan-
sion requires new resources and developments in order to manage a scarce and limited
electromagnetic spectrum.

Despite modulation efficiencies having substantially improved, bandwidth require-
ments for these systems have grown in parallel to data rate demands. From the initial
200 KHz required for a GSM (2G) channel, we have reached 20 MHz with LTE (4G) and
up to 100 MHz and 400 MHz in 5G systems, for the sub-6 GHz (FR1) and the millimetre
wave (FR2) bands, respectively [1,2]. Primary spectrum bands chosen for 5G network
deployments are C-bands n77 and n78 (3300–4200 MHz) [3]. These deployments require
a deep knowledge on the radio channel behaviour at this frequency band, so that mobile
network operators improve the planning tools needed for network rollout.

As a large number of user terminals are expected to be located indoors, but served
by outdoor base stations, there is a need to assess the propagation path losses for outdoor
to indoor links. This is necessary to analyze the base station coverage indoors, but also to
calculate the attenuation of interfering signals due to building facades and to determine
the possibility of frequency reuse in the radio network. A common outdoor to indoor
propagation model [4–6] divides the path losses (PL) in three components:

PL = PLb+PLtw+PLin [dB] (1)

where PLb is the basic outdoor propagation loss, PLw are the building penetration losses
and PLin are the indoor propagation losses.

Modeling building penetration losses is not an easy task. Although Maxwell equations
may be useful to solve the problem of a plane wave impinging on an infinite flat surface
separating two linear, isotropic and homogeneous media (see e.g., [7]), or on a series of
successive dielectric slabs (also separated by infinite flat surfaces, with each slab being
homogeneous), actual building facades are far more complex structures. Real facades may
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not have electrically flat surfaces (at least at 3.5 GHz); they may not be homogeneous;
and they may even have an internally oriented structure. This makes it difficult to find
an exact solution for the electromagnetic problem; thus, empirical modeling becomes
necessary. Different empirical studies of building penetration losses have been published,
showing that the losses depend on the facade material and structure, frequency, angle of
incidence and even, as we will see in this paper, on the polarization of the incident field. A
compendium of some studies on penetration losses can be found, for instance, in [1,8–10].
Regarding the 3.3–4.2 GHz frequency band, attenuation values vary from below 5 dB for
old office buildings to 20–30 dB for modern office buildings [11]. Recent studies in new
building materials based on concrete reinforcement and admixtures show attenuations
constants of 0.8 to 4 dB/cm [12,13]. According to [1], citing [10], residential buildings with
standard glass windows induce penetration losses up to 10 dB.

All these values correspond to normal incidence, which represents a situation where
the base station is placed in front of the building facade. Despite building penetration
losses usually tending to increase with incidence angle θ [5–7,14–16], some models do
not even consider this angular dependence [4] or consider just a fixed term to account for
non-perpendicular incidence, as in [17]:

PLtw= PLnpi − 10· log10

N

∑
i=1

(
pi·10 −0.1 Lmaterial_i

)
(2)

where PLnpi denotes the non-perpendicular incidence additional losses, Lmaterial_i is the
penetration loss of material i, pi is the proportion ratio of i-th materials and N is the number
of materials. However, no values for PLnpi are given in [17]. Other models include a
generic angular variation of the losses in the form of (1—cos θ)2 [5,6,10,15]. Finally, more
complex models, which consider both the azimuth and elevation angular dependence of
the building entry loss, have recently been developed [16]. Anyway, we have not found a
specific study for penetration losses in the 3.3–4.2 GHz frequency band, considering both
the polarization and angle of incidence.

Mobile communications systems do not commonly use a single vertically polarized
field, but orthogonal polarizations (none of them being strictly vertical, in many cases).
A few previous studies [12,18] have considered orthogonal polarizations, while the rest
just deal with vertically polarized electric fields. Simulation results for wave transmis-
sion through double-glass windows presented in [19] show significant differences in the
attenuation values for different polarizations and the angles of incidence, revealing the
importance of considering both factors when analysing penetration losses.

In this paper, we extend the study of building penetration losses to consider not just
the different construction materials used on building facades, but also the polarization and
incidence angular dependence of these losses.

Measurements have been taken using directional antennas, which is reasonable as
beamforming antennas are implemented for 5G communications. As shown in [20], di-
rectional antennas reduce the multipath contributions and increase the variation of the
measured beam entry losses. Further reduction of other multipath contributions in the
surrounding environment of the antennas is achieved by time gating.

The remainder of this paper is organized as follows: in Section 2, we provide a
theoretical background supporting the proposals; in Section 3, we describe the measurement
system and the measurement environments, including the procedure we followed during
the campaign; we present and discuss the measurement results in Section 4; and finally, we
summarize the main conclusions in Section 5.

2. Theoretical Background

When an electromagnetic wave travelling in free space impinges on an obstacle, only
part of the energy of the incident wave is transmitted across that obstacle. Another part
of the energy is reflected back while a further part may be dissipated within the obstacle
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itself. In any case, the transmitted energy is a fraction of the incident energy; thus, the
wave has suffered attenuation. This attenuation depends on the size and the shape of the
obstacle, but also on its electromagnetic properties; in addition, it may be computed using
Maxwell’s equations.

2.1. Uniform Plane Wave Incident on A Semi-Infinite Medium

Consider a uniform plane wave propagating in free space that impinges on a planar
obstacle, as seen in Figure 1.
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The surface of this obstacle represents a planar boundary of an infinite extent. As a
consequence of this discontinuity on the propagating medium, reflected and transmitted
waves emerge. The electric and magnetic field of the three waves at the boundary should
satisfy the boundary conditions derived from Maxwell’s equations. From these boundary
conditions, the ratio of the amplitudes of the reflected and transmitted electric fields, relative
to the amplitude of the incident electric field, known as reflection (Γ) and transmission (T)
coefficients, respectively, can be calculated. The expressions for these coefficients are also
known as Fresnel’s equations.

Both reflection and transmission coefficients depend on the polarization of the incident
field relative to the incidence plane, which is the plane that contains the direction of
propagation of the electromagnetic wave and a vector normal to the discontinuity surface
(
→
n). In Figure 1, the incidence plane is the plane of the paper sheet. We assume that the

first medium corresponds to free space, while the second one is a good dielectric, with a
relative dielectric constant εr and a conductivity σ. This assumption means that:(

σ

2π f εr ε0

)2
� 1 (3)

where f is the frequency and ε0 the permittivity of the vacuum. If the electric field is
polarized perpendicular to the incidence plane, as in Figure 1a, Fresnel’s coefficients
are [21]:

Γperpendicular =
cos(θincident)−

√
εr − sin2(θincident)

cos(θincident) +
√
εr − sin2(θincident)

(4)

Tperpendicular =
2 cos(θincident)

cos(θincident) +
√
εr − sin2(θincident)

(5)

while if it is polarised parallel to the incidence plane, as in Figure 1b, the coefficients are:

Γparallel =
−εr cos(θincident) +

√
εr − sin2(θincident)

εr cos(θincident) +
√
εr − sin2(θincident)

(6)

Tparallel =
2
√
εr cos(θincident)

εr cos(θincident) +
√
εr − sin2(θincident)

(7)

where θincident is the incidence angle, as depicted in Figure 1.
The attenuation, in dB, may be calculated as:

A =− 10· log10(1− |Γ|
2) (8)

In Figure 2, we plotted the attenuation as a function of the incidence angle for ob-
stacles made of concrete (εr= 5.31, σ = 0.089 S/m), brick (εr= 3.75, σ = 0.038 S/m) and
glass (εr= 6.27, σ = 0.02 S/m) as an illustrative example to observe the clear theoretical
differences due to the polarization and incidence angle. The electromagnetic properties of
these materials were calculated from [7] for a frequency of 3.5 GHz.



Electronics 2023, 12, 106 5 of 16
Electronics 2023, 12, x FOR PEER REVIEW 5 of 16 
 

 

 
(a) 

 
(b) 

Figure 2. Transmission losses, in dB: (a) with electric field perpendicular to the incidence plane; (b) 

with electric field parallel to the incidence plane. 

As can be seen in Figure 2, the values of the attenuation vary with the polarization of 

the electric field as well as with the incidence angle of the electromagnetic wave, even 

Figure 2. Transmission losses, in dB: (a) with electric field perpendicular to the incidence plane;
(b) with electric field parallel to the incidence plane.

As can be seen in Figure 2, the values of the attenuation vary with the polarization of
the electric field as well as with the incidence angle of the electromagnetic wave, even when
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impinging on walls of the same material. For the case of perpendicular polarization, the
attenuation increases monotonically with the incident angle. The attenuation for parallel
polarization is lower and does not exhibit that large variation with the incidence angle.

2.2. Uniform Plane Wave Incident on A Slab

The case studied in Section 2.1. was quite simple, as just one discontinuity was
considered in the propagating medium. If we intend to study the attenuation produced by
building facades, a more realistic approach would be to consider a slab of thickness d; thus,
with two parallel flat discontinuities in the propagating medium.

This will be the case depicted in Figure 3, where the incident wave will suffer multiple
reflections at both discontinuities.
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Figure 3. Plane wave incident on a slab of thickness d.

For this case, a solution using Maxwell’s equations can also been found [21]. The
results for 30 cm thick slabs made of concrete or brick and a 15 cm slab made of brick were
calculated and are given in Figure 4, both for perpendicular and parallel polarized incident
fields. As can be seen for this case, there is no monotonic variation of the attenuation with
the incidence angle.
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For an actual facade, where multiple slabs of different materials may be present,
the variation of the transmission losses may exhibit a much more complex behaviour.
Furthermore, modeling that reality becomes increasingly difficult when each of those slabs
is non-homogeneous and some of the discontinuities are rough instead of flat, as happens in
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many construction structures. To assess the penetration losses in such complex structures,
an experimental approach is needed.

3. Experimental Set-Up
3.1. Measurement System and Procedure

The measurement system was based on a Keysight FieldFox N9913A portable vector
network analyser (VNA). Two Electro-Metrics EM-6952 linearly polarized log-periodic
antennas were connected to the VNA ports. These wideband antennas cover all the fre-
quency range of our experiment and exhibit a 70◦ 3-dB E-plane beamwidth. During the
measurements, we placed both antennas on tripods, at the same height, in opposite posi-
tions at each side of the building facades of the School of Telecommunication Engineering
at the University of Vigo. The antennas pointed at each other. The distance from the
antennas to the beam penetrating point on the facade was 1.5 m, enough to guarantee that
the far-field conditions were met. The far-field distance was calculated as 2D2/λ, where D
is the maximum antenna dimension and λ is the wavelength. For the range of frequencies
considered in our experiment, the maximum far-field distance is 1.1 m. The radius of the
illuminated zone in the facade for a distance of 1.5 m is around 1.05 m, given the antennas’
3 dB beamwidth. The height of the antennas above the ground was chosen to avoid the
main beam of the antenna illuminating the ground, covering then the first Fresnel zone, of
which the radius is 0.274 m, for the lowest frequency in the range (3 GHz).

Measurements were taken at normal incidence (θ = 0◦) as well as at ±15◦, ±30◦, ±45◦

and±60◦ incidence angles, as shown in Figure 5, for vertical (perpendicular) and horizontal
(parallel) polarizations of the electric field. To determine the antenna positions, a 1.5 m
radius semicircle was drawn on the floor. The centre of the semicircle was at the facade,
just below the beam-centre penetrating point. The antenna positions over the semicircle
for the different incident angles were then calculated by simple trigonometric operations.
The antenna was pointed at the beam-centre penetration point on the facade by using a
laser pointer.
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incidence angle measurements.

The S21 parameter was obtained by frequency sweeping from 3 GHz to 4 GHz. A time-
gating technique [22] was applied to remove contributions from any multipath component
and keep only the data related to propagation through the direct path across the facade.
This technique consists of performing an inverse Fourier transform (iFFT) on the measured
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frequency response to obtain the impulse response of the radio channel. The radiowave
propagating directly through the facade is identified by its delay, and the rest of the
contributions due to reflection on other objects present in the nearby objects are filtered out.
Thus, the building penetration losses through the building facade can be measured on site
and the effect of the rest of the scatterers removed from the measurements.

As an example, Figure 6 shows the amplitude and phase of a measured S21 parameter
as a function of frequency.
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The result of performing the IFFT to the above result is shown in Figure 7, where the
different multipath contributions can be identified by their delays as far as the propagation
path differs by more than 30 cm. The contribution corresponding to the path through the
facade is plotted in red.
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Figure 7. Identification of the different propagation contributions in the delay domain.

3.2. Building Facades

Four different types of building facades were considered for this study. Two of them,
shown in Figures 8 and 9, are 30 cm width and are made of two brick walls separated by
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an air chamber. The brick walls are made of hollow clay bricks glued by mortar. Small
stones cover the exterior surface, made by concrete, providing a rough surface. The inner
face is plastered and painted by plastic paint. A schematic representation can be seen in
Figure 10. For the facade with a window’s case, about half of the energy of the antenna is
transmitted through the window and the other half across the facade. The windows are
made of a single-glass pane within an aluminium frame.
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The third case analyzed (see Figure 11) corresponds to a 15 cm facade made of a thin
brick wall covered with plastic paint on both sides. The last facade analyzed was fully
made of double glass pane with an air gap in the middle and aluminium frames, as we can
see in Figure 12.
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Measurements were taken at up to six spots placed with regular spacing along the
facades for each type of facade. A total of ten frequency sweeps were performed with the
VNA for each location and incident angle.

4. Results and Discussion

We computed attenuations for the different locations, angles of incidence and polar-
izations by comparing data gathered across the different facade sections with a free-space
reference measurement using Equation (9):

Attenuation (dB) = Main_ray_amplitude,free_space − Main_ray_amplitude,facade (9)

Averaging those attenuation values obtained at the different measurement points, for
each type of facade and angle, yields the results shown in Figure 13 for vertical polarization.
The averaging process reduces the measurement variability that may arise due to the
variation of the facade composition from one measurement spot to another. Attenuation
values are larger for the facade without windows than for that with windows.

The attenuation values obtained for the normal incidence (0◦) and vertical polarization
for the 30 cm facades are between 8 dB and 12 dB, depending on the presence of windows.
This agrees with results in the literature. In [23], a value of 8.4 ± 1.4 dB is reported at
3.5 GHz for the external wall of a building made of light construction materials and clear
glass windows, which is very similar to the no-windows facade used to obtain the results
in this paper.
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Figure 13. Attenuation as a function of incident angle θ for vertical polarization for 30 cm facades
without windows (red solid line); and with windows (blue dashed line), 15 cm brick facade (green
dash-dot line) and glass facade (purple dotted line).

Regarding the angular variation, the attenuation values increase with the incidence
angle by about 8 dB from 0◦ to 60◦ for both types of facade. This result is in agreement
with those in the literature at other frequencies. In [15], at 2.5 GHz, the normal incidence
attenuation will range from 4 to 20 dB, depending on the construction material, and it will
increase by 5 dB at a 60◦ incidence angle, while in [24], a 17 dB attenuation increase from a
normal to 60◦ incidence is reported at 5.2 GHz. According to [6,7,10], the normal incidence
attenuation will be 14 dB and will increase by 4 dB at 60◦ for the 2-6 GHz frequency band.

However, the increase of the losses with the incidence angle is not monotonous, as the
attenuation at 45◦ is slightly lower than at 30◦. This does not agree with other empirical
models in the literature as most of them expect a monotonous increase of the transmission
losses with the incidence angle. However, as we showed in Section 2.2. and in Figure 4a,
non-monotonous variations like these may happen in complex facades, such as the ones we
considered, made by inhomogeneous walls of rough hollow clay bricks joined by concrete
and with rough gravel covering the exterior wall.

The 15 cm facade results follow a similar trend to those of the 30 cm facade without
windows, as the values increase non-monotonically with the incidence angle; however, the
attenuation is lower due to the reduced width. The glass facade does follow a monotonous
growing curve with the incidence angle.

The attenuation for these two last facades increases up to 6 dB from a normal incidence
to 60◦ incidence, which is also in line with values reported in the literature mentioned
above. The glass facade attenuates more than the brick one, which agrees with the results
reported in [25].

For the horizontal polarization, results are given in Figure 14. For almost every angle,
the attenuation values are lower than those found for vertical polarization. Such a difference
is not strange, as even for the ideal situation of an infinite slab in air, the Fresnel equations
predict different transmission coefficients for parallel and perpendicular polarizations.
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Figure 14. Attenuation as a function of incident angle θ for horizontal polarization and 30 cm facade
without windows (red solid line); and with windows (blue dashed line), 15 cm facade (green dash-dot
line) and glass facade (purple dotted line).

The values for normal incidence on the 30 cm facades are also between 8 and 12 dB;
however, there is not a clear trend to increase with the incidence angle. This agrees with
the theoretical results in Section 2. Results vary with the incidence angle in an 8 dB range
for the facade without windows and just around 1 dB for the facade with windows. The
presence of windows in the facade increases the heterogeneity of the surface with its greater
constructive complexity, having more corners, borders, metal frames, surfaces at different
levels and so on. The presence of the metal frames of the windows may also explain why
the attenuation is larger for the facade with windows than for the facade without windows
at most incidence angles. The 15 cm facade again presents a similar trend to that of the
30 cm facade with no windows; however, with lower attenuation values and less variability
with the incidence angle. The glass facade is the only showing a decreasing attenuation
with the incidence angle. This agrees with the theoretical calculations presented in Figure 2
and also with the results given in [19].

5. Conclusions

We measured the building penetration losses for four different kinds of facade as a
function of the incidence angle and polarization, in a band from 3 to 4 GHz, that is of
interest for 5G deployment. Results show a relevant polarization and angle dependence
of this attenuation. We also found that, as a general trend, the attenuation increases with
the incidence angle if the field is vertically polarized, while for horizontal polarization,
the angular variation is lower and not monotonous. We detected variations up to 8 dB
comparing normal to 60◦ incidence with vertical polarization.

These results should be taken into account when estimating indoor 5G coverage at
3.5 GHz provided by outdoor base stations. They will also be useful for calculating the
shielding provided by building facades and exploring the possibility of frequency reuse in
a 5G mobile network at 3.5 GHz. To this extent, this paper would be of significant value to
those who are required to deploy 5G coverage predictions for realistic indoor scenarios.
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