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How Much Exposure from 5G Towers is Radiated over Children,
Teenagers, Schools and Hospitals?

Luca Chiaraviglio(1,2), Senior Member, IEEE, Chiara Lodovisi,(1,2) Daniele Franci,(3) Enrico Grillo,(3)

Settimio Pavoncello,(3) Tommaso Aureli,(3) Nicola Blefari-Melazzi,(1,2) Mohamed-Slim Alouini(4), Fellow, IEEE
The rolling-out of 5G antennas over the territory is a fundamental step to provide 5G connectivity. However, little efforts have

been done so far on the exposure assessment from 5G cellular towers over young people and “sensitive” buildings, like schools and
medical centers. To face such issues, we provide a sound methodology for the numerical evaluation of 5G (and pre-5G) downlink
exposure over children, teenagers, schools and medical centers. We then apply the proposed methodology over two real scenarios.
Results reveal that the exposure from 5G cellular towers will increase in the forthcoming years, in parallel with the growth of the
5G adoption levels. However, the exposure levels are well below the maximum ones defined by international regulations. Moreover,
the exposure over children and teenagers is similar to the one of the whole population, while the exposure over schools and medical
centers can be lower than the one of the whole set of buildings. Finally, the exposure from 5G is strongly lower than the pre-5G
one when the building attenuation is introduced and a maturity adoption level for 5G is assumed.

Index Terms—5G networks, EMF analysis, population analysis

I. INTRODUCTION

The deployment of cellular towers generally triggers a
mixture of positive and negative reactions among the popu-
lation [1]. For example, different municipalities across the
world authorize newly installed Base Stations (BSs) only when
such installations are enough far from schools and hospitals
[2]. Clearly, innovative 5G services like Industry 4.0 and
smart healthcare can be provided only if new 5G BSs are
pervasively installed over the territory. However, generalized
bans were promoted by several Italian municipalities to deny
the installation of 5G sites [3], which required the central gov-
ernment to emanate new laws against such bans. In addition,
the minimization of exposure from cellular towers in social,
recreation and medical places is pursued by different national
regulations (see e.g., Italy [4] and Greece [5] regulations), on
the basis of a supposed “precautionary” principle.

Although there is no a scientific evidence supporting such
restrictions, the exposure from 5G towers over children,
teenagers, schools and hospitals is a matter of debate at both
municipality and community levels. As reported by Global
System for Mobile communications Association (GSMA) in
a comprehensive report [6], ensuring a dialogue with the
population and the local authorities is a fundamental task for
the deployment of BSs close to schools and medical centers.
Obviously, the expert in the exposure assessment field may
object that the amount of time spent in schools and hospitals
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is low compared to the other daily activities. However, the
topic is often dominated by irrational arguments, which give
extra importance to the exposure levels that are observed in
such “sensitive” environments.

In this context, the assessment of 5G exposure over chil-
dren and teenagers is rapidly gaining attention [1], as such
categories will (likely) receive a continuous exposure from 5G
from the start until the end of 5G adoption. For example, a
recent competitive Call of European Union (EU) Commission
[7] has identified the exposure assessment over children as a
key activity to be pursued for the financed projects. In addition,
the assessment of BS exposure over young people is a key
aspect for current (and future) epidemiological studies [8],
aimed at studying possible (but still not proven at present time)
correlations between the levels of 5G whole-body exposure
and the emergence of long-term health diseases.

The goal of this paper is to fill the gap between the
concerns that are associated with exposure from 5G towers
over children, teenagers, schools and medical centers and the
technical evidence of such exposure levels. More concretely,
we tackle the following questions: What is the exposure
that young people and “sensitive” areas receive from 5G
cellular towers? How such exposure levels will evolve in
the future - in parallel with an increase of utilization of
the 5G network? To answer such questions, we design an
innovative geospatial-based methodology, which integrates:
children and teenagers data taken from national census, real
positioning of the buildings (including schools and hospitals),
real positioning of 5G (and pre-5G) BSs over the territory,
realistic radio configurations (including mm-Wave antennas),
and a conservative computation of exposure, tailored to the
technical features implemented by 5G antennas.

Our innovative contributions include: i) the definition of
an innovative end-to-end framework, able to characterize the
exposure over children, teenagers, schools and medical centers,
by considering the realistic deployment of base stations (and
their configuration) over the territory, as well as real population
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data and real building positioning, ii) an exposure computation
tailored to 5G antennas - including mm-Wave base stations,
iii) the investigation of the impact of the 5G utilization levels
on the exposure from base stations over the population and
over the buildings.

Results, obtained over two realistic case studies, reveal that
the exposure from 5G networks will increase in the forthcom-
ing years. However, this outcome should not be interpreted as
an alarm, but rather as a natural consequence of the growth
in the number of users connected through 5G. In fact, the
predicted exposure levels are always far below the maximum
Electro-Magnetic Field (EMF) whole-body limits defined by
international guidelines. More importantly, the exposure over
schools and hospitals is always comparable to the one observed
in the other building types. Eventually, the EMF over children
and teenagers is greatly affected by the building attenuation,
which has a deeper effect on mm-Wave frequencies compared
to lower ones.

We believe that our outcomes may be useful for a variety
of innovative actions. First, we open a communication channel
with the municipalities and community involved in our study,
by clearly showing at what extent the deployment of 5G
network and its level of utilization will impact the predicted
exposure levels. Second, we provide a technical tool to the
research community, which could be easily adopted (and
eventually refined) for the assessment of 5G exposure in other
relevant areas. Third, we stimulate a societal engagement
approach, in which the computation of exposure levels is
massively evaluated over the territory, and then translated into
indicators (exposure over young people, exposure over schools
and medical centers) that can be easily interpreted by the
population.

The rest of the paper is organized as follows. Sec. II
overviews the related works. Sec. III presents our method-
ology for the exposure assessment from 5G towers. The
adopted hardware/software tools and the realistic scenarios
under investigation are reported in Sec. IV. Sec. V presents
the results, which are obtained over the selected scenarios.
Sec. VI includes a discussion of our approach. Finally, Sec. VII
concludes our work.

II. RELATED WORKS

We provide coverage about the related works falling in the
following categories: i) BS exposure assessment over children
and teenagers, ii) BS exposure assessment over schools and
medical centers and iii) geospatial methodologies for BS EMF
assessments. We intentionally leave apart the works focusing
on exposure from other wireless devices (like mobile terminals
[9], small cells and indoor access points [10]), whose EMF is
additive with respect to the BS exposure considered in this
work.

A. BS exposure over children and teenagers

We initially cover the works that evaluate BSs exposure over
children and/or teenagers [11]–[14]. More concretely, Calvente
et al. [11] measure the environmental exposure (including
pre-5G BS sources) close to 123 dwellings hosting families,

finding levels well below the limits defined in international
guidelines. However, they recognize the importance of cha-
racterizing incident EMF levels in children. Schoeni et al.
[12] perform an EMF assessment from fixed transmitters (e.g.
pre-5G BSs and radio/TV towers) over 439 teenagers by
asking participants to complete questionnaires, followed by
a post-analysis based on a numerical evaluation of EMF. No
consistent association between the self-reported symptoms in
questionnaires and the exposure from the transmitters is found.
Personal pre-5G exposure over children is collected through
exposimeters and thoroughly analyzed by Birks et al. [13].
The authors performed a wide study over 529 children located
in different countries, finding that the largest contribution of
children exposure is the BS downlink. Schumtz et al. [14]
record personal EMF measurements from 148 teenagers in
the United Kingdom, by adopting exposimeters covering up
to 3.5 [GHz]. Their goal is to assess the impact of restriction
rules on the usage of the smartphone on the collected exposure
levels. Interestingly, the authors conclude that restrictions on
the smartphone usage do not imply a lower exposure levels
for the teenagers.

Overall, works [11]–[14] reveal the importance and signifi-
cance of studies tailored to the investigation of BS exposure
over children and teenagers. In constrast to them, in this work
we go three steps further by: i) focusing on the evaluation of
5G mid-band and mm-Wave BS exposure, ii) designing an in-
novative methodology for the assessment of children/teenagers
exposure, tacking into account the technical features of 5G
antennas (like multiple-input multiple-output (MIMO) and
beamforming), iii) applying the proposed methodology to
areas inhabitated by thousands of children and teenagers, thus
widening the scope of the considered analysis.

B. BS exposure over schools and medical centers
We then move our attention on the works tailored to the

evaluation of BS exposure over schools and/or medical centers
[5], [15]–[19]. More in depth, Gallastegi et al. [15] perform a
thorough assessment of pre-5G exposure over places in which
children spend most of their time (including schools), by per-
forming spot measurements. Results show that BS downlink
is among the main sources of exposure. Bhatt et al. [16]
evaluate pre-5G exposure in kinder-gardens, by considering
a set of 20 buildings located in Australia. The authors apply
a methodology based on an exposure assessment through
exposimeters, finding that the largest amount of exposure is
due to pre-5G BSs. Kiouvrekis et al. [17] analyze the EMF
exposure levels in a set of Greek schools located in urban
environments, by considering pre-5G sources operating up to
3 [GHz] of frequency. In all cases, the measured exposure
levels are always lower than the international limits.

Eventually, Kurnaz et al. [18] target exposure assessments
in hospitals, by performing EMF measurements in a set of
medical centers located in Turkey. The considered frequen-
cies include all pre-5G sources operating up to 3 [GHz] of
frequency. In line with previous works, pre-5G BSs are the
main contribution to the total EMF. However, the measured
EMF is largely below the maximum limits defined in inter-
national guidelines. Pre-5G exposure in schools is measured

This article has been accepted for publication in IEEE Open Journal of the Communications Society. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/OJCOMS.2022.3208938

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



OJCOMS-01060-2022 3

SCHOOL

RES.
BUILDING

HOSPITAL

RES.
BUILDING

SCHOOL HOSPITAL

RES.
BUILDING

RES.
BUILDING

SCHOOL HOSPITAL

RES.
BUILDING

RES.
BUILDING

HOSPITAL

RES.
BUILDING

RES.
BUILDING

SCHOOL

Building Data Tower Data

Population Data 5G Radio Configuration

Pixel EMF Assessment

Building EMF Analysis Population EMF Analysis

1a 1b

2b
2a

3

4a 4b

Fig. 1. Proposed methodology for the building and population exposure assessment.

by Ramirez-Vazquez et al. [19]. EMF levels well below the
maximum exposure limits are observed. Kapetanakis et al.
[5] estimate EMF levels in proximity to kinder-gardens and
schools, by considering both urban and suburban environ-
ments. The authors perform a set of broad-band and narrow-
band measurements, by considering pre-5G frequencies up to
3 [GHz]. Results reveal that the highest levels of exposure
are concentrated over mobile and broadcasting frequencies.
Interestingly, different exposure patterns tend to emerge among
urban and suburban locations.

Summarizing, [5], [15]–[19] indicate that the measured pre-
5G exposure over schools and hospitals is highly influenced

by pre-5G BSs. Although we recognize the importance of the
aforementioned measurement-based approaches, in this work
we design a new methodology for the numerical assessment
of exposure over schools and medical centers. In this way,
we are able to analyze the predicted exposure levels over
the years, in parallel with the utilization level of the 5G
network. Moreover, most of previous works are focused on
pre-5G sources [5], [15]–[19]. In contrast to them, in this
work we evaluate the exposure from 5G sources, including
mm-Wave antennas, which are currently being installed in
different countries in the world. However, since [5], [15]–[19]
indicate that the amount of exposure from pre-5G sources is
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not neglibile, we also integrate in our evaluations the exposure
from legacy 2G/4G technologies, which will operate in parallel
to 5G for many years to come.

C. Geospatial Methodologies for BS Exposure Assessments

Finally, we consider the literature employing geospatial
methodologies for the BS exposure assessment over the ter-
ritory [20]–[24]. The main idea shared by such works is to
exploit a tool, called NISMap, able to numerically compute
the exposure on the buildings of the considered portions of
territory. In more detail, Beekhuizen et al. [20] evaluate the
EMF levels from pre-5G BSs over five outdoor areas in
Netherlands, characterized by different building features (e.g.,
low-rise and high-rise). Beekhuizen et al. [21] extend the
outcomes of [20] by also considering indoor locations (such as
schools). Beekhuizen et al. [22] conclude that the geospatial
modelling of EMF exposure is a fundamental tool for rank-
ing exposure levels in epidemiological studies. However, the
authors recognize the importance of precisely settings in their
simulations the BS configuration parameters, which include
antenna height above ground, adopted frequency, antenna
location and antenna orientation. Martens et al. [23] apply
geospatial methodologies to estimate the exposure in a set
of homes located in the Netherlands. Interestingly, authors
conclude that a meaningful ranking of personal EMF exposure
can be obtained. Eventually, Guxens et al. [24] apply a
geospatial model to predict the exposure from pre-5G BSs
over a set of children located in Amsterdam.

Overall, [20]–[24] indicate that exposure from pre-5G BSs
can be estimated through geospatial-based methodologies. In
line with them, we design a geospatial-based methodology
for the numerical evaluation of exposure over the territory
(and hence in cascade over children, teenagers, schools and
medical buildings). However, differently from [20]–[24], our
model is tailored to 5G sources. In particular, one of the key
innovations brought by 5G antennas is the high directionality
of the 5G signals, which implies that the statistical variation of
both antenna radiation diagrams and output power play a great
role in determining the exposure from a given BS. This aspect
is explicitly considered in our work (while obviously neglected
by [20]–[24], which are focused on pre-5G deployments).
In addition, we include in the exposure evaluation key 5G
parameters that capture the impact of MIMO and dynamic
beamforming, which are largely employed by 5G antennas
(particularly those ones operating over over mm-Wave).

III. METHODOLOGY

A. Overview and Rationale

Fig. 1 sketches the methodology pursued in this work.
Our final goal is to assess the EMF exposure level over
the buildings (including schools and medical centers) and
the population (including children and teenagers). To achieve
such goal, we proceed as follows. We first obtain the 3D
model of the buldings in the considered scenario (step 1A
in the figure). We then retrieve the number of children,
teenagers and adults in each building (step 2A). In parallel
to steps 1A-2A, we obtain the real positioning of the cellular

zb1
EAVES

zb1
SEA

Sea Level

zb1

3D Shape
PSHAPE

b1

cb1 = {school}

Volume Vb1

(xb1,yb1)

Eaves Plane
PEAVES

b1

Fig. 2. Visualization of the required building data for a simple case of one
school building.

TABLE I
BUILDING INPUT DATA.

Metric Name Format Notation/Equation
Altitude above sea
level Float [m] zSEA

b

Positioning (center) Float[m] (global
UTM coordinates) xb, yb

Eaves height Float [m] (above
ground) zEAVES

b

Eaves global height Float [m] (above
sea level) zb = hSEA

b + zEAVES
b

3D shape
Array of float
(points in local
coordinates)

PSHAPE
b

Eaves plane
Array of float (sub-
set of points from
3D shape)

PEAVES
b

Volume Float [m]3 Vb

Type Category {school,
med. center, other} Cb

towers currently installed in the scenario under investigation
(step 1B). Obviously, not all the towers are currently fully
supporting 5G service. To overcome this issue, we design and
apply a suitable 5G radio configuration (including mm-Wave
antennas) for the considered towers (step 2B). Given steps
1B and 2B, we then numerically evaluate the EMF exposure
for the pixels of territory in the considered scenario (step 3).
Given this information, we finally analyze building exposure
(step 4A) and population exposure (step 4B).

In the following subsections, we provide more details about
steps 1A-4B. The whole notation used throughout the section
is also reported in Appendix A.

B. Buildings Modeling

In the first step, the building set B is retrieved from relevant
geo-spatial databases storing the building information for the
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TABLE II
POPULATION INPUT DATA.

Metric Name Format Notation/Equation
Number of children/teenagers
in building b Integer NCHD-TN

b

Number of adults in building b Integer NAD
b

considered scenario. The required information is reported in
Tab. I and sketched in Fig. 2. The features that are required
for each building b ∈ B include: i) altitude above sea level
hSEA
b and height of the bulding eaves above ground hEAVES

b , ii)
coordinates xb, yb of the building positioning, iii) 3D shape
PSHAPE
b (in terms of array of points describing the volume of

the building), iv) eaves plane PEAVES
b (subset of points from

PSHAPE
b denoting the eaves level), v) volume Vb (which can be

computed out from PSHAPE
b ), and type Cb (i.e., school, medical

center, other).
Up to this point, a natural question is then: Why do we

consider the level of the eaves as height reference? The answer
is directly connected to the EMF evaluation, which, in our
case, will be based on a conservative approach: we assess the
exposure from the BSs in the highest accessible zone of the
building by the population, which is assumed to be at the eaves
height. Therefore, the eaves information is required for each
building.

C. Population Modeling

The following step of our approach requires the collection
of population information, as reported in Tab. II. Normally,
the number of adults and the number of children/teenagers
are available in government databases with a data granularity
of a census zone, i.e., a small portion of territory including
multiple buildings. More formally, the set of census zones in
the scenario under consideration is denoted as N . Focusing
on a generic zone n ∈ N , let us express the number of
adults and the number of children/teenagers in n as NAD

n

and NCHD-TN
n , respectively. Although census-based metrics

are relevant for our analysis, we actually need to work on
a higher level of detail, by assessing the number of adults
and children/teenagers in each building b ∈ Bn, where Bn
is the subset of buildings falling inside census zone n. This
information is in fact instrumental to properly compute the
estimated exposure for all the inhabitants (adults, children
and teenagers) inside the building, as the exposure strongly
depends on the building features (e.g., size, height, etc.). Let
us denote with NAD

b and NCHD-TN
b the number of adults and

the number of children/teenagers in building b, respectively.
In order to compute NAD

b and NCHD-TN
b out from NAD

n and
NCHD-TN
n , we proceed as follows. First, we compute the total

volume of the buildings belonging to census zone n as:

V TOT
n =

∑
b∈Bn

Vb (1)

Second, we assume that the number of adults and chil-
dren/teenagers in the building is proportional to the building
volume, i.e., larger buildings generally host more people com-

North Direction
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z (
t1

,o
1

)
C

E

z (
t1

,o
2

)
C

E

Fig. 3. Visualization of the required tower data for a simple case with two
operators on a raw-land.

TABLE III
BS TOWER INPUT DATA.

Metric Name Format Notation/Equation

Positioning Float [m] (global UTM coor-
dinates) xt, yt

Height (electrical center)
of operator o Float[m] zCE

(t,o)

Orientation of sector s of
operator o Array of integers (degrees) ρCLOCK

(t,s,o)

Type Category {raw-land, roof-top,
fake chimney} Ct

pared to smaller ones. Third, we compute NAD
b and NCHD-TN

b

as:
NAD
b = NAD

n × Vb
V TOT
n

; ∀b ∈ Bn,∀n ∈ N (2)

NCHD-TN
b = NCHD-TN

n × Vb
V TOT
n

; ∀b ∈ Bn,∀n ∈ N (3)

D. Tower Characterization

In parallel to the building and population information, we
collect the BS tower data, whose metrics are sketched in Fig. 3
and detailed in Tab. III. The set of towers in the considered
scenario is denoted as T . For each tower t ∈ T , we require the
positioning in terms of global Universal Transverse Mercator
(UTM) coordinates, denoted as xt and yt. In addition, we need
to characterize the sectors for each operator hosted in the tower
t. Let us denote with O the set of operators. The matrix zCE

(t,o)
stores the altitude above sea level of the electrical center of
the antenna panels owned by operator o on tower t.1 The set
of sectors in the scenario is then denoted with S. In addition,
the orientation ρCLOCK

(t,s,o) for each sector s ∈ S of each operator

1The electrical center is a reference point normally made available by
operators in the authorization requests for installing the panel(s).
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(a) Raw-land (b) Roof-top (c) Fake Chimney

Fig. 4. Main types of cellular towers.

o ∈ O hosted on tower t ∈ T has to be provided, in terms of
angle w.r.t. the North in clockwise direction.

Eventually, the last information to be provided is the tower
type Ct. As shown in Fig. 4, the main tower types currently
adopted by operators in Italy include: i) BSs placed on
self pole, a.k.a. raw-land (Fig. 4(a)), ii) BSs installed on
poles above buildings, a.k.a. roof-top (Fig. 4(b)) and iii) BSs
installed on poles above buildings but inside fake chimneys
(Fig. 4(c)). In this work, fake chimney are assimilated to roof-
top installations. However, since it is almost impossible to
obtain the sector orientation ρCLOCK

(t,s,o) of fake chimneys from
a visual check (as the antenna panels are hidden at sight),
we provide a practical approach to characterize sectorization.
We refer the interested reader to Sec. IV-B, while here we
report the main intuition. In brief, we exploit a driving-based
approach with real measurements, which allows characterizing
the sectorization ρCLOCK

(t,s,o) also for those panels installed in fake
chimneys.

E. 5G Radio Configuration Modeling

Given the characterization of real towers retrieved in the
previous step, in this part we design a suitable 5G radio
configuration. The rational of our approach is the following
one: we apply the same radio configuration for each sector
and each operator, in order to make a uniform analysis of the
impact of 5G antennas over the considered scenarios. However,
we consider the deployment of panels including also pre-5G
signals, as legacy technologies will continue to be active in
the forthcoming years, in parallel to the deployment of the 5G
networks.

Fig. 5 reports an example (in scale) of a realization of a
sector for a roof-top with two operators (left) and for a raw-
land with three operators (right). More in depth, we adopt
the same set of panels across the two deployment types,
while, obviously, different heights of the electrical centers are

(a) Roof-top sector with two opera-
tors.

(b) Raw-land sector with three ope-
rators.

Fig. 5. Antenna panel installations for each operator (example with one sector
per operator): roof-top tower (left) vs. raw-land tower (right).

used. For each sector and for each operator, we deploy three
distinct panels: a quadri-band panel - able to radiate 2G/4G
and sub-GHz 5G signals, a mid-band panel - providing 5G
coverage over mid-band frequencies, and a mm-Wave panel -
radiating 5G signals over mm-Wave frequencies. The deployed
panels match the expected configuration fully realizing the 5G
coverage in the forthcoming years.

Tab. IV reports the configuration parameters for each panel.
Each antenna a ∈ A installed on the panel is characterized by
a given frequency Fa and a given technology Ta (either 2G,
4G or 5G in our case). Let us denote with Cp the type of panel
p ∈ P , which can be either quadri-band, 5G mid-band, or 5G
mm-Wave. The installed panels are then characterized by a
mechanical tilting value, which is denoted as σM

(t,s,o,p). The
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TABLE IV
PANEL CONFIGURATION PARAMETERS.

Metric Name Format Notation/Equation
Antenna frequency Integer (MHz) Fa
Antenna technology Category { 2G, 4G, 5G } Ta

Panel type Category { Quadri-band, 5G
Mid-band, 5G mm-Wave } Cp

Mechanical tilt of panel
p from sector s Integer (degrees) σM

(t,s,o,p)

Electrical tilt of antenna
a on panel p from sector
s

Integer (degrees) σE
(t,s,o,p,a)

Maximum output power
of antenna a from sector
s

Integer (W) PMAX
(t,s,o,p,a)

Maximum gain of an-
tenna a from sector s Float (dBi) GMAX

(t,s,o,p,a)

Horizontal diagram of
antenna a from sector s MSI file DH

(t,s,o,p,a)

Vertical diagram of an-
tenna a from sector s MSI file DV

(t,s,o,,p,a)

Global panel height z(t,s,o,p) zCE
(t,o) + zLOCAL

(s,p)

Power reduction factor
for antenna a on panel p Float R(t,s,o,p,a)

antennas of the panels are configured in terms of electrical
tilting σE

(t,s,o,p,a), maximum output power PMAX
(t,s,o,p,a) and

maximum gain GMAX
(t,s,o,p,a), respectively. Moreover, the antenna

radiation diagrams are denoted as DH
(t,s,o,p,a) and DV

(t,s,o,,p,a),
respectively in the horizontal and vertical planes. In addition,
the panel global height z(t,s,o,p) results from the summation
of the height of the electrical center zCE

(t,o) and the relative
positioning of the panel w.r.t. the electrical centers, which is
denoted as zLOCAL

(s,p) . Finally, the last line of Tab. IV reports an
antenna reduction factor, denoted as R(t,s,o,p,a) - a key metric
capturing the impact of traffic and the statistical variation of
radiation for 5G antennas, e.g., as consequence of MIMO and
beamforming functionalities.

F. Pixel Exposure Computation

Given tower, population and building data, the next step
is the computation of the exposure over the territory. In this
work, we focus on the exposure received at the eaves level of
the building, as this height normally represents the maximum
one at which people live and/or stay for a long amount of
time. Let us assume that the eaves plane of each building is
divided into squared pixels. Each pixel is a small portion of
the plane (i.e., few meters), characterized by similar exposure
conditions w.r.t. the radiating sources. The entire set of pixels
(on all buildings), is denoted with C.

Let us focus on a generic pixel c ∈ C that is radiated by
antenna a installed on panel p, sector s, tower t and owned
by operator o. Let us denote with (xc, yc, zb) the (global)
coordinates of the pixel, where we remind that zb is the eaves
global height of the building b hosting the pixel c. In addition,
the panel coordinates are expressed as (xt, yt, z(t,s,o,p)), where
we remind that z(t,s,o,p) is the global height of panel p,
installed in sector s and tower t, owned by operator o.

In line with both national [25]–[27] and international expo-
sure assessment procedures [28], [29], the pixel power density

XGLOBAL-TR

YGLOBAL-TR

ZGLOBAL-TR

XGLOBAL-TR (EAST)

YGLOBAL-TR (NORTH)

ZGLOBAL-TR (ELEVATION) 

(a) Translation

XLOCAL

YLOCAL

ZLOCAL

XGLOBAL-TR

YGLOBAL-TR
ZGLOBAL-TR

(b) Rotation

Fig. 6. Change from global coordinate system to the local coordinate system
of a radiating source.

YLOCAL-PH

Y
GLOBAL

(NORTH) 

XGLOBAL (EAST)

XLOCAL-PH

ρ(t,s,o)

(a) First Rotation

XLOCAL-PH

ZLOCAL-PH

XLOCAL

ZLOCAL

σ(t,s,o,p)
M

(b) Second Rotation

Fig. 7. Graphical sketch of the rotations applied in Γ(t,s,o,p).

S(c,t,s,o,p,a) is formally computed as:2

S(c,t,s,o,p,a) =
PMAX

(t,s,o,p,a) ×G(c,t,s,o,p,a) ×R(t,s,o,p,a)

4π × r2
(c,t,s,o,p) ×A(c,t,s,o,p,a)

[
W

m2

]
(4)

where G(c,t,s,o,p,a) is the gain that is received over pixel c,
r(c,t,s,o,p) is the 3D distance between the radiating source and
the pixel, A(c,t,s,o,p,a) is the attenuation of the pixel from the
radiating source, while the remaining parameters have been
already introduced in Tab. IV.

By observing in more detail Eq. (4), we note that the reali-
zed gain G(c,t,s,o,p,a), and not the maximum one GMAX

(t,s,o,p,a),
is taken under consideration for the exposure assessment.
This is a central point of our work, as the gain over the
pixel strongly depends on the antenna diagrams (obviously)
and the relative positioning of the pixel w.r.t. the radiating
source. Therefore, a natural question is then: How to compute
G(c,t,s,o,p,a) from GMAX

(t,s,o,p,a)? To answer this question, we
derive a simple methodology, formally introduced in Tab. V
through steps 3.1-3.7.

More in depth, we first compute the normalized sector
orientation ρ(t,s,o) in counter-wise degrees from East axis
(step 3.1). In the following, we apply a transformation of the
coordinates from the global system to the local one of the

2
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TABLE V
RECEIVED GAIN COMPUTATION.

Step Metric Notation Equation

3.1 Normalized sector orientation ρ(t,s,o)

{
π
2 − ρ

CLOCK
(t,s,o) if 0 ≤ ρCLOCK

(t,s,o) ≤ π/2
5
2π − ρ

CLOCK
(t,s,o) if π/2 < ρCLOCK

(t,s,o) ≤ 2π

3.2 Rotation matrix Γ(t,s,o,p)

cos ρ(t,s,o) cosσM
(t,s,o,p) sin ρ(t,s,o) cosσM

(t,s,o,p) − sinσM
(t,s,o,p)

− sin ρ(t,s,o) cos ρ(t,s,o) 0

cos ρ(t,s,o) sinσM
(t,s,o,p) sin ρ(t,s,o) sinσM

(t,s,o,p) cosσM
(t,s,o,p)


3.3 Coordinates transformation

x̃(c,t,s,o,p)

ỹ(c,t,s,o,p)
z̃(c,t,s,o,p)


︸ ︷︷ ︸

Local coordinates

Γ(t,s,o,p)︸ ︷︷ ︸
Rotation

×

 xc − xt
yc − yt

zc − z(t,s,o,p)


︸ ︷︷ ︸

Translation

3.4 3D Distance r(c,t,s,o,p)

√
(xc − xt)2 + (yc − yt)2 +

(
zc − z(t,s,o,p)

)2
3.5 Vertical Plane Angle θ(c,t,s,o,p) asin

(
z̃(c,t,s,o,p)
r(c,t,s,o,p)

)

3.6 Horizontal Plane Angle φ(c,t,s,o,p) asin

 ỹ(c,t,s,o,p)√
r2
(c,t,s,o,p)

−z̃2
(c,t,s,o,p)

 sgn(x̃(c,t,s,o,p)) + π
2 sgn(ỹ(c,t,s,o,p))(1− sgn(x̃(c,t,s,o,p)))

3.7 Pixel Received Gain G(c,t,s,o,p,a) GMAX
(t,s,o,p,a) ·D

V
(t,s,o,p,a)(θ(c,t,s,o,p)) ·D

H
(t,s,o,p,a)(φ(c,t,s,o,p))

θ(c,t,s,o,p) XLOCAL

ZLOCAL

Pixel c

z(c,t,s,o,p)

r(c,t,s,o,p)

(a) θ(c,t,s,o,p) Computation

YLOCAL

XLOCAL

Pixel c

√(r2(c,t,s,o,p)-z2(c,t,s,o,p))

y(c,t,s,o,p)

φ(c,t,s,o,p)

(b) φ(c,t,s,o,p) Computation

Fig. 8. Graphical sketch for the computations of the angles θ(c,t,s,o,p) and
φ(c,t,s,o,p).

panel (steps 3.2-3-3). As sketched in Fig. 6, such operation
is composed by a translation (Fig. 6(a)), followed then by a
rotation (Fig. 6(b)). Focusing on the rotation, Fig. 7 highlights
the involved angles. In particular, the first rotation aligns the
coordinate system with the sector orientation (Fig. 7(a)), while
the second one takes into account the mechanical tilting of the
panel (Fig. 7(b)). We then compute the 3D distance r(c,t,s,o,p)

between the pixel and the considered source (step 3.4). In
the next part, the relative orientation of the pixel with respect
to the source is computed. This metric is expressed in terms
of horizontal and vertical angles, denoted as θ(c,t,s,o,p) and
φ(c,t,s,o,p), respectively. The equations to compute θ(c,t,s,o,p)

and φ(c,t,s,o,p) are reported in steps 3.5-3-6 of Tab. V, while
Fig. 8 shows a visual sketch of the computations. Intuitively,
θ(c,t,s,o,p) and φ(c,t,s,o,p) are derived from basic angle pro-
perties of right triangles. At last (step 3.7), θ(c,t,s,o,p) and
φ(c,t,s,o,p) are used to index the antenna numeric gain diagrams
DH

(t,s,o,p,a) and DV
(t,s,o,p,a), which in turn scale the maximum

gain by considering the one that is realized over the pixel c
under consideration (step 3.7).

Up to this point, we have computed the power density
S(c,t,s,o,p,a) that is received over c from a single source (see
Eq. 4). The total power density over the pixel from all the

sources is then expressed as:

STOT
c =

∑
t

∑
s

∑
o

∑
p

∑
a

S(c,t,s,o,p,a) (5)

On the other hand, the total power density only from 5G
sources is expressed as:

S5G
c =

∑
t

∑
s

∑
o

∑
p

∑
a:Ta={5G}

S(c,t,s,o,p,a) (6)

Similarly, the total power density from pre-5G sources is
computed as:

SPRE-5G
c =

∑
t

∑
s

∑
o

∑
p

∑
a:Ta={2G,4G}

S(c,t,s,o,p,a) (7)

Given the power density of Eq. (5)-(7), the electric field
computed in far-field conditions is expressed as:

E(·)
c =

√
S

(·)
c × 377

[
V

m

]
(8)

where (.) = {TOT, 5G,PRE-5G}

G. Buildings and Population Metrics

In the final part of our methodology, we derive the relevant
exposure metrics applied to buildings and population. Focusing
on the building assessment, we first compute the average
building exposure E(·)

b as the root mean square of the exposure
for all the pixels belonging to the eaves plane PEAVES

b of
building b:

E
(·)
b =

√√√√ 1

|C|EAVES
b

∑
c∈CEAVES

b

E
(·)
c × E(·)

c (9)

where CEAVES
b is the subset of pixels belonging to the eaves

plane PEAVES
b and (.) = {TOT, 5G,PRE-5G}.

Given the statistics of exposure for all the buildings B, we
compute the linear average building exposure as:

E
(·)
AVG =

1

|B|
∑
b

E
(·)
b (10)
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Similarly, we compute the average building exposure for
schools and medical centers as:

E
(·)
AVG-SCHOOL =

1

NSCHOOL

∑
b:Cb={SCHOOL}

E
(·)
b (11)

E
(·)
AVG-MED =

1

NMED-CENTER

∑
b:Cb={MED-CENTER}

E
(·)
b (12)

where NSCHOOL and NMED-CENTER are the number of school
buildings and the number of medical center buildings in the
scenario under consideration.

Focusing on the population analysis, we start from the
number of children/teenagers NCHD-TN

b and the number of
adults NAD

b in each building. We then assume that the building
exposure E

(·)
AVG is applied to all the children/teenagers and

adults of the building (i.e., a conservative assumption). Let
us denote with ICHD-TN

b and IAD
b the set of children/teenagers

and adults in building b. The exposure of each individual
i ∈ ICHD-TN

b , IAD
b is then expressed as:

E
(·)
i = E

(·)
b , ∀i ∈ ICHD-TN

b , IAD
b (13)

Given such information, we then compute the linear average
exposure over the entire population:

E
(·)
AVG-POP =

1∑
b(|IAD

b |+ |ICHD-TN
b |)

∑
b

∑
i∈IAD

b ,ICHD-TN
b

E
(·)
i

(14)
In a similar way, the average exposure over chil-

dren/teenagers and the average exposure over adults are com-
puted as:

E
(·)
AVG-AD =

1∑
b |IAD

b |
∑
b

∑
i∈IAD

b

E
(·)
i (15)

E
(·)
AVG-CHD-TN =

1∑
b |ICHD-TN

b |
∑
b

∑
i∈ICHD-TN

b

E
(·)
i (16)

IV. TOOLS AND SCENARIOS

A. Buildings and Population Data

We consider two relevant scenarios located in the city of
Rome, called Spinaceto and Ponte-Parione. Fig. 9 shows the
building map (at the eaves level) and the building type. The
rationale for choosing such scenarios is to evaluate the expo-
sure of 5G under different types of building deployment. More
in depth, Ponte-Parione (Fig. 9(b)) is a dense neighborhood
located in the city center, while Spinaceto (Fig. 9(a)) is a
sparse district located in the outskirts, characterized by a lower
and less uniform building density.

In both cases, the building information is derived from the
national geoportal database [30], which provides the building
input data of Tab. I, except from the building type Cb and
the building volume Vb, which are instead not available. To
solve this issue, we proceed in the following way. Focusing
on the building type Cb, we derive such information from the
list of schools and medical buildings available at the involved
municipalities. Obviously, when a given school or medical
center is composed of different co-located buildings, we mark

(a) Spinaceto Scenario.

(b) Ponte-Parione.

Fig. 9. Building map of Spinaceto and Ponte-Parione scenarios: the eaves
planes and the building type are highlighted.

each of them with the same building type. Focusing instead
on the building volume Vb, we extract it by loading the 3D
shapefile of the buldings in QGis software, and then by running
the volume calculation tool.

Focusing on population data, we have exploited the 2011
census done by ISTAT - the Italian national statistics institute
- and freely available from [31], in order to obtain the number
of children/teenagers and adults in the census zones of the
scenarios. Although such information is not apparently up-
to-date (as more than 10 years passed from the last census),
we believe that it is in any case reliable and able to capture
the current population conditions for the areas under inves-
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Fig. 10. Breakdown of the population age. The population bins belonging to
children and teenagers category are highlighted.

TABLE VI
BUILDINGS AND POPULATION COMPARISON OVER THE CONSIDERED

SCENARIOS.

Metric ValueMetric Name Spinaceto Ponte-Parione
Size of the area 3.51 km2 1.62 km2

Number of buildings |B| 1068 755
Building density 304/km2 466/km2

Number of schools 16 6
Number of school buildings NSCHOOL 58 14

Number of medical centers 4 4
Number of medical buildings NMED-CENTER 30 34

Number of inhabitants 29987 19265
Inhabitants density 8543/km2 11892/km2

Number of children and teenagers NCHD-TN
b 6298 3278

Children and teenagers density 1974/km2 2023/km2

Number of adults NAD
b 23689 15987

Adults density 6749/km2 9878/km2

tigation, due to the following reasons: i) national population
has not substantially increased in the last 10 years, ii) both
Spinaceto and Ponte-Parione have been pervasively inhabited
much earlier than 10 years ago, iii) the urbanization level (in
terms of variations in the building set and/or and building
category) has not substantially changed over the last 10 years
in the considered neighborhoods.

To give more insights, Fig. 10 reports the number of
inhabitants retrieved from the national census over the two
scenarios, for different age bins. Two considerations hold by
analyzing the figure. First, the distribution of inhabitants over
the bins is rather similar over the two scenarios. Second, the
number of inhabitants belonging to children and teenagers bins

is not marginal, i.e., always more than 1500 for Spinaceto and
more than 700 in Ponte-Parione for each bin.

Given the number of children/teenagers NCHD-TN
n and the

number of adults NAD
n in each census zone n, we then compute

the number of children/teenagers NCHD-TN
b and the number of

adults NAD
b in each census zone b in this way: i) we load both

buildings and census layers in QGis software, ii) we impose
in QGis the equations Eq. (2)-(3), which are automatically
evaluated for each building and each census zone.

Finally, Tab. VI summarizes the main building and popu-
lation information collected in the two scenarios. More in
depth, the area in Spinaceto is larger than Ponte-Parione,
being also characterized by an higher number of buildings.
However, the building density in Spinaceto is lower than
the one in Ponte-Parione (as expected). Focusing then on
the “sensitive” buildings, Spinaceto hosts a larger number of
schools compared to Ponte-Parione. However, the number of
medical centers is comparable over the two scenarios. Clearly,
each school and medical center is composed of multiple
buildings. Eventually, the number of children/teenagers and
inhabitants is higher in Spinaceto compared to Ponte-Parione.
However, the opposite holds when considering the population
density. Finally, the total number of children and teenagers is
rather large, i.e., several thousands in each scenario.

B. Tower Data

In this part, we describe the collection of tower data reported
in Tab. III. In more detail, we initially extract the tower data
from the documents sent by operators to ARPA Lazio in order
to get authorization approval for the tower.3 The collected
information for each tower t includes tower type Ct, the UTM
positioning xt, yt, the installed operators, the sector orientation
ρCLOCK

(t,s,o) and the height of the electrical center zCE
(t,o). In the

following step, we perform a cross-check of the obtained data
through a driving-based approach. A tower check over the
territory is in fact mandatory, due to the following reasons: i)
the information reported in the tower authorization documents
may be outdated (as subsequent tower updates performed after
the initial authorization may not generate new authorization
requests - this include e.g., tower disposal), ii) authorization
documents are not available for all the towers (e.g., some
towers in Ponte-Parione are placed on buildings belonging to
the Vatican state - and those authorization requests are not
processed by ARPA Lazio).

More concretely, the tower check is done in the following
way. We install a Rohde&Schwarz TSMA6 network scanner
on a car, as shown Fig. 11(a). The network scanner is then con-
nected to a PCTEL P286H external omnidirectional antenna
(mounted on the roof on the car). In addition, electricity to the
network scanner is provided through a plug on the car. The
scanner is then complemented by a tablet, wirelessy connected
to the scanner, and running the Rohde&Schwarz ROMES4
commercial software for data acquisition and analysis. We
then extensively cover the streets in the considered scenarios,
focusing in particular on the zones where we identified the

3No sensitive information reported in the authorization documents is
disclosed in our work.

This article has been accepted for publication in IEEE Open Journal of the Communications Society. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/OJCOMS.2022.3208938

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



OJCOMS-01060-2022 11

(a) Placement of the network scan-
ner in the car

(b) Tower view during driving-based
measurements

(c) Raw sector orientation retrieved
by the network scanner (map source:
Google Maps)

(d) Aerial view of the towers identi-
fied by the network scanner (image
source: Google Maps)

Fig. 11. Driving-based approach to characterize the towers.

towers (Fig. 11(b)). Based on the triangularization of the
acquired signals, the software is able to position the identified
towers on a map, showing also the sector orientation ρCLOCK

(t,s,o)
(Fig. 11(c)). This last information is instrumental for towers
without available authorization data, particularly those ones
for which sector orientation is hidden to sight (like the
fake chimney in Fig. 11(b)). Clearly, the raw information
presented by the software (Fig. 11(c)) has to be manually
filtered, in order to remove duplicates and/or not precise tower
positioning. Eventually, Fig. 11(d) reports the towers that were
completely characterized through the driving-based approach
(i.e., those ones with missing authorization data). For all the
other towers (i.e., the ones with available authorization), the
driving-based approach allowed identifying the active ones and
discarding the disposed ones. In addition, sector information
was compared against the one reported in the authorization
documents, finding in general a good matching between both
sources. Thanks to the tower check, the fake chimneys are
completely characterized, and therefore they can be classified
as roof-top installation from here onwards.

The real positioning of the retrieved towers and “sensitive”
buildings is reported in Fig. 12. More in depth, we have
included in our analysis all the towers that are located inside
the considered areas, as well as all the outer ones that are
installed within 300 m from the area border - in order to
avoid a potential exposure underestimation at the borders of
the scenario. Several considerations hold by analyzing Fig. 12.
First, the towers are rather spread over Ponte-Parione territory
(Fig. 12(b)), while in Spinaceto the towers tend to be mainly
placed in proximity to the buildings (Fig. 12(a)). Second, the
roof-top installation is the preferred option for Spinaceto -
which however hosts some raw-land towers. On the contrary,
Ponte-Parione does not include any raw-land, mainly due to
the fact that such tower type generally requires to find ground
locations without any buildings in the close surroundings - a
hard goal to pursue in Ponte-Parione. Third, many towers are
located close to the “sensitive” buildings (Fig. 12(a),12(b)).

Med. Center M 
S
L1 

L2 

L3 
T1 

T2 

School Center 

Raw-Land (1 Operator) 

Raw-Land (2 Operators) 

Raw-Land (3 Operators) 

Roof-Top (1 Operator) 

Roof-Top (2 Operators) 

(a) Spinaceto.

Med. Center M 
S
T1 

T2 

School Center 

Roof-Top (1 Operator) 

Roof-Top (2 Operators) 

T2 Roof-Top (3 Operators) 

(b) Ponte-Parione.

Fig. 12. Towers and “sensitive” buildings in the considered scenarios (sub-
figures best viewed in colors).

Fourth, the majority of installations in Spinaceto host at least
two distinct operators on the same tower, while the option with
a single operator per tower is the most used in Ponte-Parione.

C. 5G Radio Configurations

In the following step, we set the 5G radio configuration
parameters that have been introduced in Tab. IV. In this work,
we apply a uniform setting, in which the panel configuration
solely depends on the type of tower (raw-land and roof-top).4.
The resulting radio configurations for the two tower types are
reported in Tab. VII-Tab. VIII.

4The optimization of the panel configuration for each sector, operator and
tower is left for future work
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TABLE VII
RADIO CONFIGURATION FOR A SECTOR s, OWNED BY OPERATOR o AND INSTALLED ON A ROOF-TOP TOWER t.

Antenna ID a 1 2 3 4 5 6 7 8
Frequency Band Fa 700 MHz 800 MHz 900 MHz 1800 MHz 2100 MHz 2600 MHz 3700 MHz 26000 MHz

Technology Ta 5G 4G 2G 4G 4G 4G 5G 5G
Panel Type Cp Quadri-band 5G Mid-Band 5G mm-Wave

Mechanical Tilt σM
(t,s,o,p) 0° 2°

Electrical Tilt σE
(t,s,o,p,a) 2° 4° 2° 4° 2° 0°

Output Power PMAX
(t,s,o,p,a) 40 W 60 W 80 W 5 W

Maximum Gain GMAX
(t,s,o,p,a) 13.8 dBi 14.4 dBi 14.9 dBi 16.4 dBi 17.5 dBi 17.7 dBi 23.9 dBi 33.5 dBi

MSI file MSI file MSI file MSI file MSI file MSI file MSI file MSI fileHoriz. Diagram DH
(t,s,o,p,a) (Fa1 , t1) (Fa2 , t2) (Fa3 , t3) (Fa4 , t4) (Fa5 , t5) (Fa6 , t6) (Fa7 , t7) (Fa8 , t8)

MSI file MSI file MSI file MSI file MSI file MSI file MSI file MSI fileVert. Diagram DV
(t,s,o,p,a)

(Fa1 , t1) (Fa2 , t2) (Fa3 , t3) (Fa4 , t4) (Fa5 , t5) (Fa6 , t6) (Fa7 , t7) (Fa8 , t8)

Reduction Factor R(t,s,o,p,a) 1 α5G
p

TABLE VIII
RADIO CONFIGURATION FOR A SECTOR s, OWNED BY OPERATOR o AND INSTALLED ON A RAW-LAND TOWER t.

Antenna ID a 1 2 3 4 5 6 7 8
Frequency Band Fa 700 MHz 800 MHz 900 MHz 1800 MHz 2100 MHz 2600 MHz 3700 MHz 26000 MHz

Technology Ta 5G 4G 2G 4G 4G 4G 5G 5G
Panel Type Cp Quadri-band 5G mid-Band 5G mm-Wave

Mechanical Tilt σM
(t,s,o,p) 0° 2°

Electrical Tilt σE
(t,s,o,p,a) 4° 6° 4° 6° 2° 0°

Output Power PMAX
(t,s,o,p,a) 60 W 80 W 100 W 5 W

Maximum Gain GMAX
(t,s,o,p,a) 13.8 dBi 14.4 dBi 14.9 dBi 16.4 dBi 17.5 dBi 17.7 dBi 23.9 dBi 33.5 dBi

MSI file MSI file MSI file MSI file MSI file MSI file MSI file MSI fileHoriz. Diagram DH
(t,s,o,p,a) (Fa1 , t1) (Fa2 , t2) (Fa3 , t3) (Fa4 , t4) (Fa5 , t5) (Fa6 , t6) (Fa7 , t7) (Fa8 , t8)

MSI file MSI file MSI file MSI file MSI file MSI file MSI file MSI fileVert. Diagram DV
(t,s,o,p,a) (Fa1 , t1) (Fa2 , t2) (Fa3 , t3) (Fa4 , t4) (Fa5 , t5) (Fa6 , t6) (Fa7 , t7) (Fa8 , t8)

Reduction Factor R(t,s,o,p,a) 1 α5G
p

Several consideration holds by observing in more detail
the tables. Naturally, the quadri-band panel includes sub-
GHz band of 5G, as well as the bands for 2G and 4G. In
addition, the values for the mechanical/electrical tilting and
the output power are taken from typical settings adopted by
operators. Eventually, the output power of the mm-Wave panel
is set to the maximum one allowed by the equipment under
consideration. The antenna gains reported in the tables are
retrieved from the datasheets of the panels. Moreover, the
radiation diagrams for each source are taken from the real
ones made available by the antenna vendors. Such information
is included in files with MSI format (i.e., a list of gain
values for each angle in horizontal and vertical planes). Each
radiation diagram depends on the following features: i) the
panel model (highlighted with different colors in the tables),
ii) the operating frequency, and iii) the electrical tilting value.
Finally, the last row of Tab. VII-VIII reports the reduction
factor that is applied to the maximum power. In this work,
we assume that the quadri-band panel always radiates at the
maximum power (corresponding to the values of output power
reported in the tables). On the other hand, the output power
of mid-band and mm-Wave 5G panels is scaled by the factor
α5G
p , which is set in accordance to the realistic values provided

by relevant standards [32].

More concretely, α5G
p captures the statistical power reduc-

tion factors that are introduced by the smart antenna manage-
ment features of 5G over mid-band and mm-Wave. To this aim,
Tab. IX reports the reduction factors over the two scenarios and
the different level of 5G adoptions. The numerical values are
taken from [32], by assuming that Spinaceto is representative

TABLE IX
STATISTICAL REDUCTION FACTORS FOR THE DIFFERENT LEVELS OF 5G

ADOPTION.

5G Adoption Level α5G
p values

Name Index l Ponte-Parione Spinaceto
Early 1 0.03 0.05

Medium 2 0.13 0.21
Maturity 3 0.18 0.31

TABLE X
TOWER METRICS OVER THE CONSIDERED SCENARIOS.

Metric ValueMetric Name Ponte-Parione Spinaceto
Number of operators 4

Number of towers |T | 45 13
Number of roof-top towers 45 10
Number of raw-land towers 0 3
Number of pre-5G sources 934 354

Number of 5G sources 560 212

for a sparse area while Ponte-Parione for a dense one. In
addition, the early/medium/maturity levels of 5G adoption cor-
respond to 5%/50%/95% utilization level of [32], respectively.
By observing the values in Tab. IX, two considerations emerge.
First, strong power reduction factors are applied even in the
maturity case. Second, the power reduction factors are lower
(i.e., stronger) in Ponte-Parione than in Spinaceto, due to the
higher and more uniform building density that characterizes
the former with respect to the latter.

Finally, Tab. X reports the relevant tower metrics over
Spinaceto and Ponte-Parione. More in depth, all four national
operators manage towers in both scenarios. However, the
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number of towers in Ponte-Parione is larger than in Spinaceto.
Focusing on the tower type, Ponte-Parione includes only roof-
top installations, while Spinaceto hosts also some raw-lands.
In addition the table details the number of radiating sources
in each scenario, which is computed by counting all antennas
for each panel, each sector, each operator and each tower.
Obviously, the total number sources is clearly higher in Ponte-
Parione than in Spinaceto. However, we point out that the
number of pre-5G sources is always higher than the 5G ones,
due to the larger number of frequency bands managed by pre-
5G with respect to 5G.

D. Pixel Exposure Assessment, Population and Building
Analysis

We implement the pixel exposure assessment procedure of
Sec. III-F in a custom program, written in C++, and taking the
required input information (in terms of buildings, population,
tower and 5G configuration data) as files in comma-separated
values format. The program is compiled and run on a Windows
10 Pro machine, equipped with 16 [GB] of Random Access
Memory and 6 Central Processing Unit cores running at
2.1 [GHz]. The pixel granularity is set to 2 × 2 m2. The
total time to run each simulation in Ponte-Parione (i.e., the
most complex scenario) is less than 2 minutes.

Given the values of exposure that are computed in each
scenario, the building and population analysis of Sec. III-G is
run as a Matlab script on a MacBook Air laptop, equipped
with 4 [GB] of Random Access Memory and an Intel Core i5
Central Processing Unit running at 1.3 [GHz]. The total time
for running such analysis is lower than one minute on average.

V. RESULTS

We divide the outcomes of our analysis in the following
steps: i) evaluation of average exposure levels, ii) assessment
of the exposure distribution over the whole set of samples, iii)
visualization of the spatial exposure levels, iv) investigation of
the impact of building and weather attenuation.

A. Average Exposure Levels

In the first part, we analyse the average exposure metrics
over the buildings and the population. Unless otherwise spe-
cified, we run our methodology over Spinaceto and Ponte-
Parione scenarios, by initially neglecting the building atte-
nuation (i.e., A(c,t,s,o,p,a) = 1). In this way, we evaluate the
exposure under a very conservative assumption. Fig. 13 reports
the average EMF metrics ETOT

AVG, ETOT
AVG-SCHOOL, ETOT

AVG-MED over
the buildings, for different levels of 5G adoption (i.e., early,
medium, maturity). Actually, the statistical power reduction
factors α5G

p that are applied to mid-band and mm-Wave 5G
panels depend on the adoption level (as reported in Tab. IX),
with a stronger scaling in the early compared to the maturity
5G adoption level. Consequently, the average exposure tends
to increase when passing from an early level to the maturity
one.

The figure then further differentiates between Spinaceto
(Fig. 13(a)) and Ponte-Parione (Fig. 13(b)). Several consider-
ations hold by comparing Fig. 13(a)-13(b). First, the exposure
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Fig. 13. Average building EMF ETOT
AVG, ETOT

AVG-SCHOOL, ETOT
AVG-MED vs. level of

5G adoption (sub-figures best viewed in colors).

over schools is rather similar to the one received by the whole
set of buildings in both scenarios. On the contrary, medical
buildings receive a lower exposure compared to the other
building categories. Second, the maximum exposure increase
when passing from an early to a maturity level is typically
lower than 2 V/m and 3 V/m for Spinaceto and Ponte-Parione,
respectively. Third, the buildings in Ponte-Parione receive an
higher average exposure than the ones in Spinaceto, for all 5G
adoption levels. This trend may be explained by the higher
tower density in Ponte-Parione compared to Spinaceto (see
Fig. 12). Therefore, despite the 5G radiated power per tower
is lower in Ponte-Parione than in Spinaceto (due to stronger
statistical reduction factors), the composite exposure from all
towers is higher in the former compared to the latter.

In the following step, we focus on the different ex-
posure components, by considering the average exposure
ETOT

AVG-CHD-TN, E5G
AVG-CHD-TN, EPRE-5G

AVG-CHD-TN that are received
over children and teenagers living in the two areas. To
this aim, Fig. 14 differentiates between: i) pre-5G exposure
EPRE-5G

AVG-CHD-TN, ii) 5G exposure E5G
AVG-CHD-TN, iii) total exposure

ETOT
AVG-CHD-TN. The analysis is then repeated for the different

adoption levels of 5G (from early level to maturity one).
Interestingly, the contribution of 5G is lower than the pre-5G
one for the early 5G adoption case. This outcome corresponds
to the current situation, in which 5G represents a fraction of

This article has been accepted for publication in IEEE Open Journal of the Communications Society. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/OJCOMS.2022.3208938

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



OJCOMS-01060-2022 14

Ear
ly

M
ed

iu
m

M
at

ur
ity

5G Adoption

0

2

4

6

8

10

A
v
e
ra

g
e
 E

M
F

 V
/m

Total

pre-5G

5G

(a) Spinaceto

Ear
ly

M
ed

iu
m

M
at

ur
ity

5G Adoption

0

2

4

6

8

10

A
v
e
ra

g
e
 E

M
F

 V
/m

Total

pre-5G

5G

(b) Ponte-Parione

Fig. 14. Average children/teenagers EMF ETOT
AVG-CHD-TN, E5G

AVG-CHD-TN,
EPRE-5G

AVG-CHD-TN vs. level of 5G adoption (sub-figures best viewed in colors).

the exposure generated by pre-5G antennas (mainly 4G and
2G) [33]. Then, when passing from early to medium adoption
level, the contribution of 5G exposure tends to increase - as
a consequence of the radiated power growth by mid-band and
mm-Wave antennas. At last, the exposure from 5G becomes
higher that the pre-5G one, i.e., E5G

AVG-CHD-TN > EPRE-5G
AVG-CHD-TN.

This event occurs when a medium adoption level is achieved
in Spinaceto (Fig. 14(a)) and only when a maturity level is
reached by Ponte-Parione (Fig. 14(b)). Intuitively, in fact,
the different statistical power reduction factors α5G

p that are
applied in the two scenarios (resulting from the different
spatial distribution of the beams) determine the share of 5G
exposure with respect to the pre-5G one.

B. Exposure Distribution

Up to this point, we have considered the average exposure
levels, without analyzing the exposure variations of the single
samples E

(.)
b and E

(.)
i in each group (children/teenagers,

schools and medical buildings). To shed light on this issue,
Fig. 15 reports the EMF exposure vs. the percentage of chil-
dren/teenagers, school buildings and medical buildings over
the two scenarios. The figure is retrieved from the collection
of all the exposure samples in each group. Intuitively, the
curves in Fig. 15 can be interpreted in this way: given a
percentage value, the corresponding EMF value read on the

curve is the maximum exposure that is achieved with that
percentage of samples. Clearly, when the percentage equals
100%, the EMF value read on the curve is the maximum
EMF exposure over all the samples. The slope of the curve
captures the EMF exposure variation over the samples: when
the curve is almost vertical, the variation is low (i.e., many
samples have similar exposure values); when the curve is
more horizontal, the exposure variation over the samples is
increased. Each curve in the subfigures then highlights the
following EMF metrics: i) pre-5G exposure (continuous line),
ii) 5G exposure - early adoption (dashed line), iii) 5G exposure
- medium adoption (dashed-dotted line), iv) 5G exposure -
maturity adoption (dotted line).

Several considerations hold by observing Fig. 15(a)-
Fig. 15(f). First of all, the curves capturing the exposure over
children and teenagers are smoother compared to the ones of
schools and medical buildings. This is due to the fact that
children and teenagers are rather spread over the buildings
in the considered scenarios, while on the contrary schools
and medical centers represent a fraction of the total buildings.
As a result, the number of samples is larger for the formers
and smaller for the latters, and thus resulting in smooth lines.
Second, EMF exposure due to 5G (early adoption) is lower
than pre-5G one for all percentages of children/teenagers
(Fig. 15(a),15(d)) and school buildings (Fig. 15(b),15(e)). In
practical words, a child/teenager or a school building always
receives an higher amount of exposure from pre-5G antennas
than 5G ones during the early 5G adoption level. Third, the
evolution of 5G adoption towards maturity results in larger
EMF exposure levels by 5G compared to pre-5G ones for
children/teenagers and “sensitive” places, in both scenarios.
Fifth, the maximum 5G exposure is lower than 15 V/m for
children and teenagers, while always lower than 10 V/m for
schools and medical buildings - well below the 28 [V/m]
- 61 [V/m] International Commission on Non-Ionizing Ra-
diation Protection (ICNIRP) whole-body limits [34] for the
general public over the considered frequencies .5 Sixth, the
exposure in Ponte-Parione tends to be higher than Spinaceto
for almost all the samples when considering the medium and
maturity 5G adoption cases, due again to the higher tower
density of the former with respect to the latter.

In the following step, we compare the exposure in the spe-
cific groups (children/teenagers, adults, schools, medical build-
ings) vs. the exposure collected over the whole set of samples
(entire set of buildings and entire set of population). More
technically, Fig. 16 details the exposure levels E(.)

b and E(.)
i vs.

percentage of the following categories: i) children/teenagers
vs. adults vs. entire population (Fig. 16(a),16(c)), ii) schools
vs. medical buildings vs. all buildings (Fig. 16(b),16(d)).
Three considerations hold by analyzing Fig. 16. First, all
the categories of people receive similar exposure levels. This
outcome derives from the distributions of children/teenagers
and adults over the territory, which are rather similar in the
scenarios under considerations. Second, schools and medical
buildings tend to receive different exposure levels compared

5We have also verified that the composite exposure of 5G and pre-5G
adheres to the EMF limits.
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(a) Children and teenagers - Spinaceto.
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(d) Children and teenagers - Ponte-Parione.
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Fig. 15. Percentage of children and teenagers (left), schools (center) and med. buildings (right) vs. EMF exposure.
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Fig. 16. Exposure levels for children/teenagers against adults and entire
population (left). Comparison of exposure levels vs. the type of the building
(right). Figures retrieved with a 5G maturity level.

to the category including all the buildings. Naturally, this is
due to the fact that schools and medical buildings represent a
fraction of the total buildings, and therefore the positioning of
each “sensitive” building, as well as the relative positioning of
the towers in its surroundings, play a key role in determining
the actual exposure levels. Third, the composite exposure is
overall lower than the 28 [V/m] - 61 [V/m] ICNIRP general
public whole-body limits [34] over the considered frequency
range, thus guaranteeing adherence to international exposure
guidelines.

C. Spatial Exposure Levels

We then provide a visual representation of total exposure
ETOT
b over the buildings, by considering the most conservative

settings (i.e., maturity level for 5G). Fig. 17 visually highlights
ETOT
b in Spinaceto and Ponte-Parione, respectively. Interest-

ingly, ETOT
b strongly varies across the two scenarios. In more

detail, Spinaceto is characterized by a relatively low amount of
exposure, being the highest value (colored in dark blue color)
limited to the few buildings close to the tower installations. On
the other hand, the relatively higher tower density in Ponte-
Parione compared to Spinaceto results in higher and more
uniform exposure levels (as expected). Clearly, the zones in
Ponte-Parione that are characterized by a low tower density
(like the one show in bottom-left part of Fig. 17(b)) are also
the ones in which the buildings receive a lower amount of
exposure.

D. Impact of Building and Weather Attenuation

In the following part of our analysis, we investigate the im-
pact of including different attenuation levels A(c,t,s,o,p,a) = 1
on the EMF assessment over children and teenagers. More
in depth, we exploit the attenuation model defined in the
International Telecommunication Union (ITU) recommenda-
tion P.2109-1 [35] to compute the attenuation values. Ob-
viuously, computing the exact attenuation values for each
child/teenager is a very challenging task. In particular, the
attenuation level depends on multiple building features (such
as building materials, walls thickness, windows/doors type
and positioning, glass type, etc.), as well as the positioning
of children/teenagers inside the building (e.g., proximity vs.
farness with respect to the windows), which are (obviously)
not under our control. Therefore, rather than targeting the exact
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Fig. 17. EMF exposure ETOT
b over the buildings (5G maturity setting).

computation of the attenuation for each child/teenager, we con-
sider two representative cases, namely: i) low attenuation level
(computed with the ITU model by setting 1% of probability)
and ii) medium attenuation level (computed by averaging the
attenuation values retrieved from the ITU model between 1%
and 99% of probability). Focusing on the building type, we
consider the two categories introduced in the ITU model [35],
namely:

1) thermally-efficient buildings, which largely exploit met-
allized glass and foil-backed panels as materials;

2) traditional buildings, not exploiting the aforementioned
materials.

Fig. 18 shows the average EMF exposure over children and
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Fig. 18. Impact of introducing the building attenuation on the EMF expo-
sure over children and teenagers ETOT

AVG-CHD-TN, EPRE-5G
AVG-CHD-TN, E5G

AVG-CHD-TN
(Ponte-Parione scenario - 5G maturity setting).

teenagers ETOT
AVG-CHD-TN, EPRE-5G

AVG-CHD-TN, E5G
AVG-CHD-TN in Ponte-

Parione (with 5G maturity setting), for the two building types.
Each subfigure also includes the case without attenuation for
comparison. Focusing on the evaluation with traditional build-
ings (Fig. 18(a)), the attenuation level has a large impact on
the received exposure over children and teenagers, resulting in
a notable exposure decrease for the medium setting compared
to the other cases. In addition, the attenuation strongly affects
the relative share of 5G exposure with respect to pre-5G one.
Without attenuation, the 5G exposure is higher than pre-5G
one. When attenuation is introduced, the share of 5G exposure
with respect to pre-5G one is reduced, and eventually the
exposure from 5G becomes lower than the pre-5G one when a
medium attenuation is assumed. This effect is expected, as 5G
includes mid-band and and mm-Wave frequencies, which are
higher than the ones in use by pre-5G, and are therefore subject
to stronger propagation losses. Focusing then on the evaluation
with thermally-efficient buildings 18(b), this case introduces a
strong reduction on the exposure levels, even for the minimum
attenuation case. In addition, the average exposure from 5G
sources is always lower than the pre-5G in both the minimum
and average cases.

Finally, we have investigated the additional attenuation that
is introduced by the weather conditions (rain, snow) on the
exposure levels. We refer the interested reader to Appendix B
for the details, while here we summarize the salient outcomes.
In brief, snow events are extremely rare conditions in the city
of Rome, and therefore the impact of snow on the exposure
levels can be neglected. Focusing then on rain, such events
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are more frequent in Rome, and therefore their effect on the
exposure levels has to be carefully assessed. However, the
additional results reported in Appendix B reveal that even
a violent rain condition does not dramatically influence the
exposure levels. This is due to the following reasons: i) the
distance between each tower and a pixel is rather short; con-
sequently, large attenuation factors per km are then translated
into low attenuation levels over the (short) distance, and ii) rain
condition substantially affects only the exposure from mm-
Wave frequencies, while exposure over lower frequencies is
not substantially changed.

VI. DISCUSSION

In this section, we provide more insights of our work about
the following (important) aspects: i) influence of path loss
model, ii) uplink vs. downlink exposure, iii) user equipment
mobility, iv) indoor exposure, v) transmit power variation, and
vi) Quality of Service (QoS) metrics.

A. Influence of Path Loss Model

The exposure computation of Eq. (4) is based on the point-
source model, a widely accepted solution in the academic liter-
ature (see e.g., the survey [1]) and in the exposure regulations
(see e.g., IEC [28] and ITU [36] guidelines) to compute the
power density from the radiated power of the base stations.
More technically, let us focus on a generic pixel and a generic
source of radiation. The point-source model can be split into
the following sub-tasks:

1) computation of the received power (expressed in [W])
by applying the Friis propagation model [37]:

PR = PTGTGR
(

λ

4πr

)2

(17)

Where PR is the power received by the receiver antenna,
PT is the power radiated by the transmitter antenna, GT

is the gain of the transmitter antenna, GR is the gain of
the receiver antenna, λ is the wavelength and r is the
source-to-pixel 3D distance.

2) computation of the antenna effective area (expressed in
[m2]).

AE = GR
(
λ2

4π

)
(18)

3) computation of the power density (expressed in [W/m2])
by dividing the received power of Eq. (17) for the
antenna effective area of Eq. (18).

S =
PR

AE
=
PTGT

4πr2
(19)

It is worth noting that the path loss model is adopted in
Eq. (17) and consequently transferred to Eq. (19.) In more
detail, the Friis propagation model employs a free space path
loss. In our case, a free space propagation correctly captures
the path loss conditions, as we remind that our evaluation is
done at the eaves level of the buildings, in which Line-of-Sight
(LOS) conditions with most of cellular towers are experienced,
thanks also to the mostly flat terrain of the two scenarios

and the short tower-to-pixel distance. In addition, it is worth
noting that the Friis propagation model is almost equivalent to
more complex channel models (like the ones defined by 3GPP
[38]), under LOS and below breakeven distance assumptions -
two conditions normally experienced at the eaves level in our
scenarios.

B. Uplink vs. Downlink Exposure

The focus of our work is on the downlink exposure from
cellular towers, and not on the uplink exposure generated by
user terminals. This choice is motivated by the following rea-
sons: i) cellular towers represent the major source of concern
for the population [1], and ii) exposure from user terminals is
radically different than the one radiated by cellular towers [1]
(in terms of metrics, patterns, evaluations, and impact on the
population), thus requiring in general a different approach for
the exposure assessment compared to the one adopted in this
work.

To this aim, the main standardization activities for the
human exposure from personal devices are reviewed by Hirata
et al. [39]. Colombi et al. [40] investigate the exposure from
mm-Wave devices in near-field conditions. The impact of in-
ternational regulations on the maximum power and Equivalent
Isotropically Radiated Power (EIRP) of user equipment are
investigated by He et al. [41]. Lundgren et al. [42] propose
an innovative technique for measuring exposure from user
equipment in the near-field region of the radiating antenna.
Finally, Castellanos et al. [43] target a multi-objective cel-
lular planning problem that integrates downlink and uplink
exposure, concluding that: i) uplink exposure is higher than
the downlink one, and ii) both metrics should be considered
during the plannig phase of the network.

C. User Equipment Mobility

The moving of a user equipment inside the same coverage
of a given sector and/or across multiple sectors may potentially
impact the exposure levels that are received by the population.
In our work, the statistical reduction factors that are applied
to mid-band and mm-Wave 5G antennas are set by impos-
ing the low-mobility scenario described in the International
Electrotechnical Commission (IEC) standards [28], [29]. Such
setting represents the most conservative one for deriving the
values of Tab. IX and it is inline with the national regulation
for evaluating exposure from 5G and 4G antennas employing
massive MIMO and beamforming [44]. On the other hand,
a mobility increase of 5G user equipment would result in a
decrease of exposure levels, as, intuitively, the temporal and
spatial variations of the beams over the territory are increased.
Focusing then on the pre-5G and sub-GHz 5G antennas, we
point out that the evaluation of such sources is done at the
maximum power, and therefore mobility does not affect the
presented outcomes.

D. Indoor Exposure

Our work includes a coarse evaluation of indoor exposure,
by investigating the effect of building type on the exposure
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levels at the eaves level of the building (as shown by Fig. 18).
Obviously, a detailed indoor evaluation (e.g., over the whole
set of floors for each building, and over each building room)
would dramatically increase the complexity of the evaluation,
requiring a lot of building details (like building planimetry,
thickness of internal walls, presence of doors, installation of
other sources like Distributed Antenna System (DAS), etc.)
that are not under our control and cannot be easily extracted
from our scenarios - which we remind include hundreds to
thousands of buildings (as reported in Tab. VI). This specific
aspects should be treated in a future work, possibly focusing
on smaller areas with a lower building density, from which
the indoor sources can be more easily extracted.

E. Transmit Power Variation

In practice, 5G towers or terminals can artificially adjust the
EMF exposure level while ensuring the quality of commu-
nication service [45]. Therefore, the instantaneous exposure
level is dependent on the amount of traffic that is flown on
the tower-to-user equipment (UE) communication link [46],
[47]. Differently from these works, our approach is based on
the exposure assessment over longer time scales (e.g., dozens
of minutes and/or hours). Therefore, rather than focusing on
the instantaneous exposure variation, our goal is to compute
exposure levels that result from an average over a long time
scale. This is also an essential point for the comparison of the
exposure levels against the (long-term) whole-body exposure
limits.

In addition, we point out that the temporal variation of EMF
levels from 5G sources operating in the mid-bands and over
mm-Wave frequencies is intrinsically captured by the statisti-
cal reduction factors of Tab. IX, which introduce a scaling to
the maximum power in accordance to the temporal and spatial
variation of exposure over the territory. In particular, the power
reduction factors that are associated to the early 5G adoption
level result in a low transmit power of the antenna on the
panel, while, obviously, the factors employed in the medium
and maturity cases generate an higher transmit power of the
antenna.

Focusing instead on pre-5G and sub-GHz 5G sources, our
evaluation is done at the maximum level. This assumption is
motivated by the fact that pre-5G sources have already reached
a level of maturity, and therefore a large amount of traffic is
carried by pre-5G networks. Moreover, the primary goal of
sub-GHz 5G sources is not to sustain high level of traffic, but
rather to provide coverage over the territory. Consequently, the
implementation of the smart antenna features (like MIMO and
beamforming) is limited for such equipment. 6 Therefore, the
EMF exposure evaluation for such sources is done in our work
under conservative settings.

F. QoS Metrics

The set of towers and their radio configuration have ob-
viously an impact on the QoS/coverage metrics over the

6The implementation of MIMO and beamforming in turn influences the
statistical reduction factor of 5G antennas operating on mid-band and mm-
Wave.

territory. In particular, such metrics are derived from physical
layer parameters of the radio channel (like Received Signal
Strength Indicator (RSSI), Reference Signal Received Power
(RSRP), Reference Signal Received Quality (RSRQ)) that are
evaluated over each pixel. Our simulator, obviously, does not
reach such level of detail, because our goal is to evaluate the
average exposure that is received over the population, and
not to compute complex QoS metrics like the RSSI, which
would require a complete simulation of the physical layer
in the time-frequency domain for each considered antenna.
We also point out that the methodology for the assessment of
human exposure followed through this work is fully compliant
with widely adopted international standards (like the IEC
62232:2017 [28]), where the aforementioned metrics are not
included in the list of parameters for the radio-frequency expo-
sure assessment of base stations. Therefore, this aspect could
be treated by a future research activity, more tailored to the
investigation of user-centric metrics from the 5G deployments.

VII. SUMMARY AND FUTURE WORK

We have assessed the impact of 5G towers on the EMF
exposure over children/teenagers, school buildings and me-
dical buildings. After introducing a novel methodology for
the analysis of exposure over population and buildings, we
have applied it in two meaningful scenarios that are subject to
different urbanization levels as well as tower deployments. Our
results reveal that, although 5G exposure radiated by towers
is initially lower than the pre-5G one, 5G will become the
dominant source of exposure from cellular towers when a
maturity level will be reached. However, the scaling factors
applied to the maximum power radiated by mid-band/mm-
Wave antennas, the tower distribution and the positioning of
the buildings are important aspects heavily influencing the
exposure levels over young people and “sensitive” places.
Eventually, the actual level of exposure over children and
teenagers is largely impacted by the building attenuation level,
which has a stronger effect over mid-band and mm-Wave
5G frequecies compared to pre-5G ones. Overall, our results
indicate that the total exposure levels are always lower than
the EMF limits reported in international regulations. Moreover,
children and teenagers receive similar amount of exposure
compared to the whole population. Eventually, the positioning
of the “sensitive” building has an impact on the exposure
level, but, however, the observed exposure trends are similar
compared to the ones of the whole set of buildings.

As future work, we plan to extend our assessment to entire
municipalities/cities, including zones covered by 5G small
cells. In addition, as propagation has a strong effect over
the exposure received by children and teenagers, massive
campaigns of EMF measurements from 5G towers should
be performed, especially inside the buildings. Finally, the
investigation of joint uplink and downlink 5G exposure is
another avenue of research.

APPENDIX A: MAIN NOTATION

Tab. XI reports the list of symbols used in this work.
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TABLE XI
MAIN NOTATION.

Symbol Explanation Symbol Explanation
(.) Possible sets {TOT, 5G, PRE-5G} NMED-CENTER Number of medical centers

A(c,t,s,o,p,a)
Attenuation over pixel c from antenna a on panel p from
sector s of operator o on tower t NSCHOOL Number of schools

A Set of antennas O Set of operators

B Set of buildings PMAX
(t,s,o,p,a)

Maximum output power of antenna a on panel p from sector
s of operator o on tower t

Bn Subset of buildings belonging to census zone n P Set of panels
α5G
p 5G statistical reduction factor for panel p PEAVES

b Eaves plane of building b (set of points)
Cb Type of building b PSHAPE

b 3D shape of building b (set of points)

C Set of pixels r(c,t,s,o,p)
3D distance between pixel c and panel p from sector s of
operator o on tower t

CEAVES
b Subset of pixels belonging to the eaves plane of building b R(t,s,o,p,a)

Power reduction factor for antenna a of panel p from sector
s of operator o on tower t

Cp Type of panel p ρ(t,s,o) Normalized orientation of sector s of operator o on tower t
Ct Type of tower t ρCLOCK

(t,s,o)
Orientation of sector s of operator o on tower t

DH
(t,s,o,p,a)

Horizontal diagram of antenna a on panel p from sector s
of operator o on tower t S(c,t,s,o,p,a)

Power density on pixel c received by antenna a on panel p
from sector s of operator o on tower t

DV
(t,s,o,,p,a)

Vertical diagram of antenna a on panel p from sector s of
operator o on tower t STOT

c Total power density on pixel c

E
(·)
AVG

Linear average building exposure over the possible sets (.) S5G
c Total power density from 5G sources on pixel c

E
(·)
AVG-AD

Linear average adults exposure over the possible sets (.) SPRE-5G
c Total power density from pre-5G sources on pixel c

E
(·)
AVG-CHD-TN

Linear average children and teenager exposure over the
possible sets (.)

S Set of sectors

E
(·)
AVG-MED

Linear average medical center exposure over the possible
sets (.)

σE
(t,s,o,p,a)

Electrical tilt of antenna a on panel p from sector s of
operator o on tower t

E
(·)
AVG-POP

Linear average population exposure over the possible sets
(.)

σM
(t,s,o,p)

Mechanical tilt of panel p from sector s of operator o on
tower t

E
(·)
AVG-SCHOOLS

Linear average schools exposure over the possible sets (.) Ta Technology of antenna a

E
(·)
b

Total electric field on building b over the possible sets (.) T Set of towers

E(·)
c

Total electric field on pixel c over the possible sets (.) θ(c,t,s,o,p)
Vertical plane angle of pixel c w.r.t. panel p from sector s
of operator o on tower t

E
(·)
i

Total electric field on individual i over the possible sets (.) Vb Volume of building b
Fa Frequency of antenna a V TOT

n Total volume of building in census zone n

φ(c,t,s,o,p)
Horizontal plane angle of pixel c w.r.t. panel p from sector
s of operator o on tower t zb global height of building b (eaves level)

G(c,t,s,o,p,a)
Received gain on pixel c from antenna a on panel p from
sector s of operator o on tower t z(t,s,o,p)

Global height of panel p from sector s of operator o on
tower t

GMAX
(t,s,o,p,a)

Maximum gain of antenna a on panel p from sector s of
operator o on tower t zCE

(t,o)
Electrical center of operator o on tower t

Γ(t,s,o,p)
Rotation matrix of panel p from sector s of operator o on
tower t zEAVES

b Height above ground of eaves of building b

ICHD-TN
b Set of children/teenagers in building b zLOCAL

(s,p)

Relative positioning of panel p on sector s w.r.t. the elec-
trical center

IAD
b Set of adults in building b zSEA

b Altitude above sea level of building b
NAD
b Number of adults in building b xb, yb Building b positioning in global UTM coordinates

NAD
n Number of adults in census zone n xc, yc Pixel c positioning in UTM coordinates

NCHD-TN
b Number of children/teenagers in building b xt, yt Tower t positioning in UTM coordinates

NCHD-TN
n Number of children/teenagers in census zone n

x̃(c,t,s,o,p),
ỹ(c,t,s,o,p),
z̃(c,t,s,o,p)

Local coordinates of pixel c w.r.t. panel p from sector s of
operator o on tower t

N Set of census zones

APPENDIX B: IMPACT OF WEATHER CONDITIONS

Snow and rain generally influence the path loss between
a user and a cellular tower and consequently the exposure
levels on the user. Focusing on the former, snowfall events are
extremely rare in the city of Rome, and in any case lasting
at most for few hours at most. Since our goal is to evaluate
exposure over longer time scales, the impact of snow can be
neglected in our analysis. On the contrary, rain conditions are
more frequent in the considered scenarios, and therefore the
impact of rain must be evaluated. More specifically, we start
from the ITU-R P.838-3 recommendation [48], which reports
a widely recognized model to express the rain attenuation as
a function of the operating frequency (in GHz) and the rain
intensity (in mm/h). We then consider the set of frequencies
of the panels adopted in this work and the following rain
intensities:

1) light rain, corresponding to 1 mm/h;

2) moderate rain, corresponding to 6 mm/h;
3) heavy rain, corresponding to 30 mm/h;
4) violent rain, corresponding to 60 mm/h.

We then apply the ITU model [48] to compute the rain
attenuation (expressed in dB/km). Interestingly, the computed
rain attenuation for the frequencies up 3.7 GHz is always lower
than 0.06 dB/km, and hence it is negligible in our analysis.
On the contrary, the rain attenuation strongly depends on the
rain intensity when considering the 26 GHz frequency, as
shown in Fig. 19 for both horizontal and vertical polarizations.
Interestingly, light rain does not substantially affect the path
loss, since the rain attenuation in this case is strongly lower
than 1 [dB/km]. On the contrary, larger attenuation values are
experiences for the moderate, heavy, and violent rain cases,
which may (likely) result in a reduction of the experienced
exposure over the buildings and over the population.

In order to evaluate the impact of the rain attenuation on
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Fig. 19. Impact of rain rate on the attenuation per km at 26 [GHz].
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Fig. 20. Impact of rain attenuation on the exposure over children and teenagers
(Ponte-Parione scenario) - figure best viewed in colors.

the population exposure, we have proceeded as follows:
1) we have assumed three different rain attenuation values,

corresponding to the aforementioned moderate, heavy
and violent cases and the horizontal polarization case
(i.e., the most conservative one);

2) for each value of attenuation (expressed in dB/km), each
pixel and each source, we have computed the actual rain
attenuation loss in dB;

3) we have included the rain attenuation loss in the power
density computation of Eq. 4;

4) we have run our simulator on the most complex scenario
(Ponte-Parione), under 5G maturity settings.

Fig. 20 reports the average exposure over children and
teenagers vs. the different rain attenuation levels. Interestingly,
the attenuation introduced by the rain tends to decrease the
average exposure (blue bars in the figure). However, the
maximum reduction, observed with the violent rain setting,
is overall lower than 1 [V/m] on average compared to the
case without rain attenuation. This outcome may be explained
by the fact that the distance between each pixel and each
cellular tower is always rather limited in our scenarios (i.e.,

few hundred meters at most). Consequently, although the
attenuation per km is not marginal (as shown in Fig. 19),
the actual attenuation that is experienced on the tower-to-pixel
path is always rather low. Focusing then on 5G and pre-5G
exposure terms (red and yellow bars), the rain does not affect
pre-5G exposure (as expected), while a decrease is observed
when considering 5G exposure. The set of 5G sources includes
in fact frequencies at 26 [GHz], which are subject to a non-
negligible attenuation per km when introducing the heavy and
violent rain condition. However, the overall exposure reduction
of the whole set of 5G sources - which include also sub-6 GHz
frequencies - is always rather limited.
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