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ARTICLE INFO ABSTRACT

Keywords: The installation of new equipment (Base Stations, BSs) during the planning phase of a cellular network
Cellular network planning (including 5G BSs) is governed by exposure limits in terms of allowable ElectroMagnetic Field (EMF) levels.
EMF limits

The exposure limits can be either defined by (i) international bodies (e.g., ICNIRP) or (ii) national regulations
imposing limits stricter than (i). In this work, we compare the impact of ICNIRP vs. stricter-than-ICNIRP
exposure regulations on the Quality of Service (QoS) and EMF. To this aim, we perform a large-scale
measurement campaign in one scenario in Spain subject to ICNIRP regulations and another one in Italy subject
to EMF limits stricter than ICNIRP ones. Both the scenarios are characterized by similar exposure conditions,
comparable user density, and common 4G performance targets by the operators. Results, obtained by measuring
QoS and EMF at selected locations, reveal that the QoS in the scenario subject to strict EMF limits is heavily
worsened compared to the one in which ICNIRP-based limits are enforced. Clearly, the scenario with strict
EMF limits presents a lower level exposure over the territory compared to the one imposing ICNIRP limits.

Impact on QoS
User equipment measurements
ICNIRP

1. Introduction

The evolution of cellular networks, from 2G to forthcoming 5G, has
been driven by the evolving requirements of the applications, whose
features are being continuously modified to satisfy customers’ demands.
The migration from an already-deployed network to a new one must
face several challenges (i) planning when and how to introduce novel
hardware equipment; (ii) handling the deployment of network services
that are currently working towards the new technology; (iii) adapting
the network operator policies to the novel technology.

In this paper we study the first challenge, i.e., the installation of
new equipment (Base Stations, BS) during the planning phase in the
migration from 4G to 5G networks. The installation of new BSs must be
performed according to several regulations in terms of the ElectroMag-
netic Field (EMF) levels, while at the same time ensuring a (possibly)
adequate Quality of Service (QoS) to the user. The International Com-
mission on Non-lonizing Radiation Protection (ICNIRP) imposes a set
of limits on the EMF generated by the BSs that are adopted in many
countries of the world [1], including e.g., Spain. On the other hand,
other countries, e.g., Italy impose EMF limits stricter than ICNIRP [2—
5]. In Italy, for example, a maximum EMF limit of 6 [V/m] is imposed
for the radiation from BSs in residential zones. Moreover, a minimum

distance of 100 meters between a BS and a sensitive place is enforced
in many cities of the country, such as Rome [3]. On the contrary, no
national or local regulations in terms of minimum distance to sensitive
places are adopted (e.g., a BS can be installed on top of a hospital or
educational center) in Spain. Moreover, a debate on the risks derived
by the exposure of people living in vicinity to BSs is gaining momentum
in these days [6].

Planning a cellular network under restrictive EMF constraints is not
optimal from the point of view of the QoS perceived by the user, as
clearly shown by previous works [7-9]. However, different questions
emerge are still not answered by previous works, including: (i) Which is
the impact of applying different EMF regulations on the QoS perceived
by the user? (ii) Which is the impact in terms of EMF generated by the
User Equipment (UE) in such cases? The goal of this paper is to shed
light on these issues. In particular, a comparison of the cellular network
planning carried out in two countries with different EMF restrictions
(Spain - ICNIRP, and Italy, Stricter-than-ICNIRP) is performed. To this
aim, we perform a thorough analysis from a purely technical perspec-
tive to compare the network planning of already-deployed 4G cellular
networks in two scenarios which are comparable in terms of terrain
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Fig. 1. Targeted scenarios.

dimensions and population density, but very different in terms EMF
regulations.

The rest of the paper is organized as follows. Section 2 reviews
the background, focusing on the ICNIRP vs. Non-ICNIRP regulations.
Section 3 reports a quantitative analysis of QoS metrics experienced at
the user side, whilst a qualitative one of the EMF generated by both the
BS and the UE is reported in Section 4. A set of multivariate analyses
are carried out and described in Section 5 to show the effectiveness of
the measurement campaigns performed. Finally, Section 6 concludes
our work and introduces future research lines.

2. Background: Regulations on EMF emissions

It is well known that a high exposure to high levels of EMF is
dangerous for human health. The debate on the health implications
of EMF levels close to the ICNIRP limits is still ongoing within the
research community [10-13]. Moreover, the implications of future 5G
BSs deployment on the potential risks of the EMF emissions on human
health have recently become a concern for society [14]. As conclusion
of this work, the authors state that there are no scientific evidences
that support the controversy generated by the fact of installing 5G BSs
in dense populated areas.

Strict regulations are imposed to limit the amount of time a per-
son should be exposed to particular EMF levels generated by radio-
frequency and electrical sources, such as, e.g., smartphones, tablets or
laptops. However, there is not an unique worldwide regulation, and
it varies across countries. In this work, we focus on two European
countries: Spain and Italy. These territories, although they are in a
relative close proximity, different EMF regulations exist for them.

2.1. ICNIRP vs Non-ICNIRP EMF limits

Most of the European countries, including Spain, follow the limits
defined by the ICNIRP [15].! A different (and most restrictive regula-
tion) is applied in Italy, where the type of territory is also taken into
account for setting the EMF level limits. As an example, a residential
area in which people typically stand for a long time (home, work) is
considered different from a transitory public one (park, hospital, or
similar), where people do not spend a high amount of time. Moreover,
sensitive places such as hospitals, public parks or schools are prevented
from the installation of nearby BSs, having a minimum limit of at least
100 meters between the BS site and the target place.

Table 1 reports a list with a set of countries and the regulation that
is applied on them. In particular, we focus on Spain and Italy, which are

1 For frequencies higher than 2 GHz, power density should be used instead
of incident Electric strength.

Table 1
List of a set of countries with the adopted regulations and further constraints.

Country Reference Regulation and Constraints

Canada [16] Non-ICNIRP, Lower Max EMF

China [17] Non-ICNIRP, Lower Max EMF

Greece [16] Non-ICNIRP, Lower Max EMF, Min Distance
Italy [3,4,16,18] Non-ICNIRP, Lower Max EMF, Min Distance
Spain [15] ICNIRP limits

Switzerland [5] Non-ICNIRP, Lower Max EMF, Min Distance

the main target of our work. It can be seen that the ICNIRP regulation is
adopted in Spain and a more strict one is imposed in Italy. Nevertheless,
other countries are also listed to show the different constraints that are
applied, such as (i) lower maximum EMF levels compared to the ones
adopted by ICNIRP, and (ii) minimum distance is required between a
BS and a sensitive public place, such as hospitals, parks, etc.

In the following, a comparison between the two considered sets of
limits, i.e., ICNIRP and Non-ICNIRP-based countries, is performed as a
function of the frequency at which the EMF is generated. By inspecting
Table 2, Italy regulation is in general stricter than the ICNIRP one.
Moreover, for residential areas, it is even more restrictive, having a
maximum limit of 6 [V/m] for all the frequencies. It is worth to say
that if we focus on the specific city in which our analysis is performed
(i.e., Rome), the local regulation [3] imposes additional rules such as
the minimum distance of 100 [m] between a potential BS site and a
sensitive place (as already introduced in Section 2), which is evaluated
on a case-by-case basis. Indeed, other type of limitations may refer to
the type of area in which the BS is installed, such as, e.g., the ancient
part of a city or an area protected to animals. Moving our attention
to the Spanish scenario, it can be seen in Table 2 that the regulation
adopted is the one defined by the ICNIRP, with no specific limitations
as in the case of Italy. As a summary, the Italian limits are much more
stringent compared to the ICNIRP-based ones (e.g., Spain).

3. Quantitative analysis of QoS metrics at UE

In this section, a quantitative analysis of the results obtained dur-
ing a measurement campaign in each scenario is described. The first
analysis that is proposed compares the impact of the cellular planning
on ICNIRP and Non-ICNIRP-based countries, with regard to different
QoS metrics. Such considered metrics are the Reference Signal Received
Power (RSRP), the number of different BSs and cell IDs? the UE is re-
ceiving signal from, and the distance from the serving BS. The structure
of the section is as follows. At first, the main features of the two target
scenarios are described in Section 3.1. Next, the methodology followed

2 The cell ID is a unique identifier of a BS sector [19].
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EMF regulations for the cellular planning across the different scenarios.

Type of area

ICNIRP (e.g., Spain) [15]

Non-ICNIRP (e.g., Italy)

28 [V/m], f € (10,400] [MHz]
1.375-f1/2 [V/m], f € (400,2000] [MHz]
61 [V/m], f € (2,300] [GHz]

Public (transitory)

60 [V/m], f € (0.1,3] [MHz]
20 [V/m], f € (3,3000] [MHz]
40 [V/ml, f € (3,300] [GHz]

28 [V/m], f € (10,400] [MHz]

Residential (steady)

1.375-f1/2 [V/m], f € (400,2000] [MHz]

6 [V/m] Vf

61 [V/m], f € (2,300] [GHz]

Table 3 Table 4
Features of the Caceres (CC) 3rd North District scenario [20]. Recorded information for each operator in both scenarios.
Neighborhood Inhabitants Area Perimeter Feature CC (ICNIRP) TMC (Non-ICNIRP)
Montesol 4,126 0.77 km? 4.5 km Movistar TIM
Mejostilla 5,520 0.78 km? 4.5 km Operator Vodafone Vodafone
Ronda 1,386 0.30 km? 2.6 km Orange Wind Tre
2
Gredos 1,539 019 km 1.7 km Period May 4th, 2019- May 1st, 2018—

to perform the measurements is explained in Section 3.2. Finally, a
discussion of the results extracted from the measurements is included
in Section 3.3.

3.1. Scenarios

Two scenarios have been considered for the quantitative compari-
son. The first scenario is represented in Fig. 1(a) and refers to the 3rd
North District of Caceres (Spain), composing 4 neighborhoods of rela-
tively recent creation, namely Montesol, Mejostilla, Ronda, and Gredos.
An area of 4.08 km? is covered, with a population of 12,571 inhabitants
in 2019 [20]. It is a residential district located in the surroundings
of Céceres and it is composed of single family houses, small flats up
to 3 floors at most, and large public green areas. Table 3 shows the
information of the targeted district, which is retrieved from [20]. In
this scenario, three different operators providing LTE connectivity are
evaluated, namely (i) Movistar; (ii) Vodafone; and (iii) Orange.

The second scenario, which is represented in Fig. 1(b), maps to
the Torrino Mezzocammino (TMC) district in Rome (Italy), which is
subject to the Italian-wide general (Non-ICNIRP) limits with the local
restrictions already reported in Table 2. TMC is also a newly-created
district located in the surroundings of Rome, with 5.12 km? [21] and
14,024 inhabitants at the end of 2018° [22]. As in Céaceres, small flats
and houses compose the district, where there are also large green parks
to do sport. Concerning the set of operators, three operators are again
evaluated: (i) TIM; (ii) Vodafone, and (iii) Wind Tre [23].

3.2. Methodology

We start the description of the methodology focusing on the Céceres
(CC) scenario. A measurement campaign was carried out throughout
the targeted neighborhood during more than one month, starting on
May 4th, 2019, and ending on June 10th, 2019. In order to be fair,
the same time period has been selected for measuring day by day,
i.e. from 6:30 p.m. to 8:30 p.m. In this way, all the measurements can
be combined in the same map or figure under the same conditions. For
measurements records, three different UE were used: 2 x Motorola Moto
G 4 Plus, and one Xiaomi Mi A2. For the setting of the campaign at
TMC, we refer the reader to [23], in whose work the same methodology
was adopted.

CellMapper [19] and MapMarker [24] apps have been used for the
measurement campaigns. We define an interval of one second between
two consecutive measurements. Each measurement m at time instant

3 TMC district refers to id 431 in the toponymy subdivision of the city of
Rome.

June 10th, 2019

10,837 (Movistar)
12,221 (Vodafone)
10,513 (Orange)
Xiaomi Mi A2
Motorola Moto G
4 Plus (x2)

May 31st, 2018

8,676 (TIM)
13,445 (Vodafone)
10,292 (Wind Tre)

Number of records

Samsung S6 Edge
OnePlus3
Huawei Honor 7

UE model

CellMapper app. v.5.2.7
MapMarker app. v.2.17.2

CellMapper app. v.5.1.7

Apps versions MapMarker app. v.2.14.1

t is defined by a tuple of type m(t) = {p(1), r(1), s(t), c(t), b(t)}, where
p(t) is the GPS location of the UE; r(z) is the received RSRP value; s(f)
is the type of cellular service provided; c(r) represents the cell ID the
UE is connected to; and b(¢) is the BS ID of the serving BS. This value
is obtained by exploiting [25]. Since a huge amount of measurements
were obtained, areas of 30 x 30 [m?] were defined to compute average
values. The reason for performing this is threefold: (i) as the density of
the measurements maybe not uniform, the sampling operation allows
to work with an uniform grid of areas; (ii) we are able to extract
information about the metrics over the territory, e.g., by computing
the number of distinct cell IDs and BS IDs that can be measured in
an area; (iii) we treat in the same way all the measurements in the
same area taken at different time instants. With this aggregation, the
computation of the number of distinct cell IDs and BS IDs can better
highlight the correctness of the cellular network planning deployed.
The size of the areas has been selected with the aim of aggregating
a statistically significant number of measurements, as well as being
representative for outdoor scenarios.

For the average computation of the RSRP (whose unit is dBs) at each
area, the measured value (i.e., RSRP) is firstly translated into linear,
then, the average (in linear) is computed, and finally a translation into
dB is again carried out. A total of 33,571 and 32,413 measurements
with QoS metrics were taken in CC and TMC, respectively. Pandas
Python library [26] was used to parse the raw data outputted by
CellMapper and to aggregate them into the defined areas. Table 4
summarizes the information of the measurement campaigns taken in
CC and TMC with respect to the analyzed operators, the time period,
the number of measurements recorded, the model of UEs used and the
apps versions.

3.3. Measurements characterization

In this section, we provide an analysis of different QoS metrics
based on the measurements obtained during the two campaigns. At
first, the values of the RSRP received by the UEs are analyzed. Next, an
evaluation of the coverage overlap is performed. Finally, the distance to
the serving BS is inspected to determine if there is a significant impact
on the RSRP.



J. Galdn-Jiménez and L. Chiaraviglio

108 RSRP [dBm]
-50
by
4.3752 «
4375
-70
43748
-80
43746
. -90
E4.3744
-100
43742
% -110
4.374 | 4
s, -120
43738
-130
43736
-140
7.255 7.26 7.265 7.27 7.275
[m] x10°
(a) CC - Movistar
10° RSRP [dBm]
-50
4.3752 ©
4375 ¢
F'L, 3 70
4.3748 HE ‘,_,-u,;:;- %
4.3746 { ¥ ";, f’ _;f s
- 5 &4 0
E4.3744 s &
o -100
43742 k
J l'f_:g:' %-" "a‘;" 3 110
4.374 5, e £ 3 o
i S o
43738
43736 ! - 0
) o e
o i .
7255  7.26 7265 727 7275
[m] x10°
(c) CC - Vodafone
108 RSRP [dBm]
-50
43752

4.3746 z_,i,;.

4.375 ;gk 5 a—
* 3 L e
4.3748 # ?ﬁ- 8‘2 :‘:-;_:_ o _80

K L] -90
= Boorh I, X
E 4.3744 5 wpes }‘ »
O ™ = 2 3
Fein. = e . 10
4.374 e &J‘g ;
‘ 120
4.3738 e,
130
4.3736
‘ 140
7255  7.26

(e) CC - Orange

Computer Networks 187 (2021) 107824

RSRP [dBm]

4.6315

4631 %
. 90
E 46305 -
110
4.63 = 3 -120
- ) o é} -130
46295 a;"&‘_."‘—""i . .,
2855 286 2865 287 2875
[m] x10°
(b) TMC - TIM [9]
108 RSRP [di_gn]
LIS [ o ST -
463151 M. & {;-i "
J . L N 70
4631 ™
—_ 90
E 46305 i s
Ly
463 P
{ -130
46295 ™ o 140
2855 286 2865 287 2875
[m] x10°
(d) TMC - Vodafone [9]
RSRP [dBm]
-50
46315 "
70
4631 .
_ -90
E 46305 100
-110
4.63 120
-130
4.6295 140
2855 286 2865 287 2875
[m] x10°

(f) TMC - Wind Tre [9]

Fig. 2. Average RSRP measured over the territory across the different operators and both scenarios (Figures best viewed in colors).

3.3.1. RSRP results

Figs. 2(a), 2(c), 2(e) represent the average RSRP per area of 30 x
30 [m?] for the three operators in the CC scenario, whose resulting
color maps the colorbar placed at the right of each subfigure. Looking
at the figures, it can be extracted that in general, RSRP values in the
CC scenario are higher (better signal strength) compared to the case of
TMC [9] (see Figs. 2(b), 2(d), 2(f)), i.e., hotter colors prevail against
colder ones. In particular, Vodafone operator provides higher values of
RSRP compared to Movistar and Orange. On the contrary, if we move
our attention to the TMC district, TIM and Wind Tre seem to provide
higher values of RSRP compared to Vodafone. The main reason of this
difference between scenarios is the number of BSs located inside both
neighborhoods. This information can be gathered by looking at the
hottest areas in the figures and therefore by confirming their existence
on an on-site check. In CC, apart from one BS site at location (7.273,
4.3744) [m] providing coverage to the three operators, there is an
additional and dedicated BS for Vodafone at (7.258, 4.374) [m], which
provides an higher RSRP value in the nearby streets. For BSs location
at TMC, we refer the reader to [9,23].

Fig. 3 shows the empirical Cumulative Distribution Function (CDF)
of the average RSRP per area for both scenarios. It is clear from the
figure that the average RSRP measured in CC are lower compared to
TMC for all the operators (blue curves are shifted to the right compared
to the red ones). By inspecting the right part of the CDFs, we can note
that the best results are obtained by Vodafone and Orange in CC. If
the left part of the CDFs are now analyzed, very low values of RSRP
are reported for Vodafone and TIM for a significant percentage of areas
(e.g., between —107 and —105 [dBm] for the 40% of the measurements).

As conclusion of the RSRP analysis performed, we can remark that
there is a strong difference in the RSRP values obtained in similar
neighborhoods located in different countries with different regulations,
which can directly affect the perceived QoS by the users in such regions.
In our experiments, the ICNIRP scenario (CC) presents, in general,
much higher values of RSRP for all the operators compared to the case
of the Non-ICNIRP-based scenario (TMC).
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3.3.2. Coverage overlap results

The purpose of the next analysis is to inspect if there are also
differences in the number of different BSs and cell IDs that are received
by a user across the considered scenarios and operators. At first, Fig. 4
shows the empirical CDF of the number of distinct cell IDs that are
received within an area of 30 x 30 [m?]. It can be seen that more than
the 70% of the tested areas in the CC district is covered by only one BS
at most for all the operators, while the remaining 30% of the territory
receives signal strength from 2 BS sites at maximum. However, the TMC
scenario presents a larger number of cell IDs per area. For instance, if
we focus on the Vodafone operator, 55% of the areas are covered by
two or more cell IDs in TMC (30% with 3+ cell IDs and, remarkably,
5% of the areas with 6+ cell IDs). The latter increase in the number
of distinct cell IDs obtained in the TMC scenario can be the result of
being placed at the edge of a coverage area, receiving signal strength
from different sources. At this point, several questions emerge: (i) is it
better from the QoS point of view to be placed in an overlapped area
or is it preferred to receive LTE signal from only one source? (ii) a
higher value of received RSRP is related to a larger or smaller number
of distinct sources? In the following, we aim at answering these and
other related questions.

Taking into account that one BS site is composed of several cell
IDs, an aggregated analysis is performed to examine the number of
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distinct BS IDs that are received at one particular area. The outcomes
of this analysis are reported in Fig. 5. A very similar trend is depicted
by the CDFs when comparing Figs. 4 and 5. Again, the CC district
presents lower values for the number of distinct BSs that are perceived
in the majority of the territory, i.e., a larger portion of the scenario
is covered by a lower number of BS IDs. In particular, Movistar is
almost fully-covered by only one BS site (82% of the district) and the
highest number of BS IDs received at any place in the CC scenario is 4.
However, this number increases in TMC, especially for Vodafone, with
more than 40% being covered by two different BS sites or more.

A comparison between the average RSRP values and the number
of BS IDs obtained in the same area is depicted by Fig. 6, with 95%
confidence intervals. As expected, a decreasing tendency of the average
RSRP value is experienced with the increase of the number of distinct
BS IDs, i.e., if a higher number of BS sites impacts on an area, the
average RSRP is worsening.

Results again confirm that the ICNIRP scenario (CC) presents better
RSRP values than the ones obtained in TMC, with an order of about
5 [dBm] on average. Moreover, the number of BS IDs per area is in
general lower in CC. Moreover, the operator with the largest number of
BS IDs in TMC is Vodafone (11), 6 BS sites more than in the worst-case
scenario of the CC district (Orange with 5). To sum up, the ICNIRP-
based scenario presents higher values of RSRP and less number of cell
IDs and BS IDs compared with the Non-ICNIRP-based one.
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Fig. 7. Average distance from Serving BS over the territory across the different operators and both scenarios (Figures best viewed in colors).

3.3.3. Distance to serving BS results

Next analysis introduces the distance to the serving BS as a new
parameter to be compared with the received RSRP values. In this
analysis, our goal is to compare BS-related metrics based on real
measurements gathered in the performed campaigns. A first general
overview is depicted in Fig. 7, where a colored map is provided for each
scenario and each operator. Again, the color code follows the colorbar
on the right of each subfigure.

From the set of figures, we can extract that the distance from the
serving BS is much more larger in CC than in TMC [9], except for
the case of Vodafone in CC, since there is a dedicated BS located in
the south west of the district (Fig. 7(c)). The relationship between the
average RSRP values and the distance to the serving BS is represented
in Fig. 8 for the two scenarios and the six considered operators. As in
the case of the evaluation of the RSRP as a function of the number of
distinct BS IDs (see Fig. 6), a consistent negative trend in the value of
the average RSRP is experienced with the distance from the serving
BS for all the operators in both scenarios. If we compare CC with
TMC, the former achieves better results in the obtained RSRP when
the user is in close proximity (< 500 [m]) or far away the serving BS
(> 800 [m]), especially for Movistar and Orange. In the middle range

(500 < d < 800), although it is clear that Orange in CC is the operator
that outperforms the rest, the curves for both scenarios are mixed,
which means that they behave in a similar way when comparing RSRP
and distance. These minor oscillations may emerge since the RSRP is
affected by multiple components, including (apart from the distance
from the serving BS) effects such as multipath, shadowing/fading,
antenna tilting/orientation, etc.

We remark here that, although it would be possible to apply a
propagation model to estimate the RSRP and consequently the through-
put values, we report evidence that, even by adopting an empirical
propagation model, the RSRP alone is not sufficient to derive indi-
cations about the performance level. As reported by [27], the SINR
(Signal-to-Interference-plus-Noise Ratio), which affects the throughput,
is formally expressed as:
RSRP
(N+1)

where N is the floor noise, and I is the interference. On the other
hand, in close proximity of the BS, the RSRP can be simplified as:
RSRP

N

SINR = (@)

SINR=~

(2)



J. Galdn-Jiménez and L. Chiaraviglio

Table 5

Devices and tools to perform the UE EMF evaluation.
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Device

CcC

TMC

GPS tracker

MapMarker app. v.2.17.2

MapMarker app. v.2.14.1

QoS metrics meter

CellMapper app. v.5.2.7

CellMapper app. v.5.1.7

Model Motorola Moto G4 Plus Samsung S6 Edge
UE Operator Orange Vodafone
Operating band B3 (1800 [MHz]) B3 (1800 [MHz])
Model PMM 8053 [28] PCE-EM300
Resolution 0.01 [V/m] 0.01 [V/m]
EMF meter EMF range 0.3-300 [V/m] 0.1-200 [V/m]
Time granularity 1 [s] 1 [s]
Frequency range 100 [kHz]-3 [GHz] 100 [kHz]-3 [GHz]
File type MPEG-4 Video MPEG-4 Video
Test File size 7 [MB] 7 [MB]

File transfer

Upload+send a file using Gmail app

Upload+send a file using Gmail app

Operator
Operating band

Selected BS Orange

B3 (1800 [MHz])

Vodafone
B3 (1800 [MHz]), B20 (800 [MHz])

—4—CC - Movistar
75F -4--CC - Orange
-§ CC - Vodafone
—4—TMC - TIM
-4--TMC - Wind Tre
-§ TMC - Vodafone

Average RSRP [dBm]
S

-95 B & : P-=-=.

-100

-105

110 . . . . . . . )
0-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000 > 1000
Distance from Serving BS [m]

Fig. 8. Average RSRP versus serving distance across the different countries and
operators.

In this region, the RSRP is a good indicator of the SINR, and
consequently of the performance. However, Eq. (2) does not hold for
the whole extent of the sector. In particular, when the UE is located at
the cell edge, Eq. (1) holds. In this region, the SINR may be dominated
by interference. Therefore, the application of a propagation model to
estimate the RSRP (and consequently the SINR), would derive results
not consistent with the measured ones.

As a summary, with the reported analysis it is important to observe
two main dominating effects: (i) in the proximity to the BS, the RSRP
is in general higher in CC compared to TMC, and (ii) for pixels at
a great distance from the serving BS (e.g., higher than 1000 m), the
RSRP is clearly higher in CC compared to TMC. In order to link the
experienced QoS with the level of EMF generated by the equipment in
use, a qualitative analysis is performed in the next section, comparing
the impact of the EMF contributions from both the UE and the serving
BS.

4. Qualitative analysis of EMF generated by UE and perceived QoS

In the previous section, a quantitative analysis based on the RSRP
values obtained by the CellMapper app [19] has been presented as a
function of the coverage overlap and the distance to the serving BS. In
the following, a qualitative one is carried out to evaluate the impact of
the generated EMF when LTE uplink connectivity is used. In particular,
we evaluate both the EMF generated by the serving BS and the one

produced by the UE. At first, the setting of the tests is described. Then,
the breakdown of the results obtained in the measurement campaign
are analyzed and statistically validated by means of a set of multivariate
analyses.

The target scenario is on-site explored to select a subset of locations
in which measurements are taken. Three parameters have been varied
to create such subsets: (i) the distance to the serving BS; (ii) the RSRP
value; and (iii) the sight condition; i.e., the situation that exists between
the UE and the BS (LOS — Line of Sight, SLOS — Semi Line of Sight,
and NLOS — No Line of Sight). Fig. 9 shows the terrain view of the
considered scenario, where circled numbers represent the ID of the
measurement and the pin is placed in the location of the serving BS.

As introduced above, the main goal of the current analysis is to eval-
uate the impact of the use of the LTE uplink in terms of the EMF that is
generated. In both scenarios, we have adopted the same methodology
to take the EMF measurements: (i) the sending UE (emitter) is placed
at a height of 0.8 [m] with orientation towards the serving BS; (ii) the
EMF meter is placed opposite to the UE and in close proximity; (iii) a
video of size 7 MB is sent to a specific e-mail account; (iv) the EMF
generated by the UE is recorded every second; (v) once the file transfer
is finished, the UE is turned off; (vi) the EMF meter is twirled 180°
and pointed towards the serving BS; (vii) the EMF generated by the BS
is recorded every second during a time period of 30 s. Table 5 shows
a summary of the devices and tools used during the measurements
campaign.

Table 6 shows the breakdown of the results obtained in the CC
scenario. For each measurement, we report the RSRP value, the dis-
tance to the serving BS, the sight condition the measurement was
taken under, the average value of the EMF generated by the BS, the
average value of the EMF generated by the UE while uploading the
file, and the time required to upload the file. From the tables, it can
be extracted that a high variability of the RSRP values, the average
EMF from the BS and the one generated by the UE is experienced.
In the following, several analyses are performed in order to extract
certain conclusions when comparing the cellular planning of ICNIRP
and Non-ICNIRP-based countries in terms of EMF values.

The first analysis we propose is to compare the impact of the
distance to the serving BS and the sight condition on the RSRP values
recorded by the UE. Fig. 10 reports the obtained RSRP values as
a function of the distance to the serving BS for the two considered
scenarios: CC (Fig. 10(a)) and TMC (Fig. 10(b)). The sight condition
is represented by different colors (LOS — blue, Semi-LOS — green,
and NLOS — red) to better evaluate the impact of this variable on the
received RSRP. Moreover, the size of the markers is proportional to
the duration of the file transfer, values that are extracted from the last
column of Table 6.
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Fig. 9. Terrain view with test locations (red pins) and BS site location (yellow pin). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

Table 6
Breakdown of the qualitative EMF measurements in the scenario of Fig. 9.
Meas. RSRP Distance to BS Sight Avg. BS Avg. UE Transfer
D [dBm] [m] Condition EMF [V/m] EMF [V/m] time [s]
1 -78.3 201.2 LOS 0.57 3.93 12
2 -75.9 435.7 LOS 0.50 1.28 10
3 —89.2 929.1 LOS 0.33 5.92 10
4 -116.1 1034.3 LOS 0.71 3.59 11
5 —89.5 1172.4 SLOS 0.28 7.42 15
6 -99.8 1847.5 NLOS 0.31 6.02 12
7 -100.3 1361.9 NLOS 0.29 7.66 14
8 -102.5 978.1 NLOS 0.20 7.89 18
9 -104.2 1143.2 SLOS 0.33 3.42 10
10 -76.3 1075.4 NLOS 0.70 2.03 13
11 -82.7 426.8 LOS 0.39 1.44 9
12 —83.7 684.3 SLOS 0.36 3.44 11

At first, it can be noticed that in general, better RSRP values are
obtained in CC than in TMC, especially when the UE is close to the BS
and there are no obstacles between it and the BS (left upper side of
Figs. 10(a) and 10(b)). Indeed, the lowest RSRP values are experienced
in the range [1,000 — 2,000] [m], especially for NLOS condition (see
red square markers in Fig. 10(b)). Another important aspect to remark
is that, as soon as we move far away the BS, the time required to
successfully transmit the file is highly increased (note the size of the
red square markers in Fig. 10(b)). In this case, CC outperforms TMC,
by reducing the time more than 3 points on average. Finally, the SLOS
condition does not seem to affect too much on the RSRP value nor
on the time for the file sending, resulting in medium values for both
metrics.

The next analysis we propose aims at comparing the EMF generated
by the UE with the one produced by the serving BS, as a function of the
distance, for both scenarios. In Fig. 11, to subfigures are represented,
one per scenario (CC in Fig. 11(a) and TMC in Fig. 11(b)), with the
distance from the serving BS as X axis. The left Y axis shows the value
of the EMF generated by the BS when no other sources are in proximity,
while the right Y axis reports the EMF generated by the UE during
the transfer file. The sight condition is represented by different marker
types (LOS — circle, Semi-LOS — diamond, and NLOS — square) and,
as in Fig. 10, the size of the markers is proportional to the duration of
the file transfer.

The first aspect to highlight is that the EMF values generated by
the BS are, in general, much lower than the ones derived from the UE,
with a maximum of .8 [V/m] in the worst-case scenario. In case of LOS
between the EMF meter and the serving BS, the EMF generated by the
UE (red markers) is much lower in TMC than in CC, for all values of
distance. Moreover, a decreasing logarithmic function can be extracted
from the BS EMF in TMC, i.e., the average BS EMF decreases with the
distance towards the serving BS. In this case, EMF values are similar
than the ones reported in the CC scenario. If we now move our attention
to SLOS and NLOS conditions, two main aspects emerge: (i) the average
UE EMF is much lower in TMC, becoming negligible in most of the
cases; and (ii) although the average BS EMF is also lower in TMC, there
is not a big difference with CC as in the case of the UE EMF.

Finally, a correlation analysis between the RSRP value and the
distance to the serving BS is shown in Table 7, along with their p-
values. From the table, we can extract that there is a strong correlation
(approaching to —1) between the RSRP and the distance in the case of
LOS, i.e., when there are not obstacles in the path. As it can be seen,
the correlation is negative, which means that RSRP values decrease
with the distance. Moreover, although it is also negative for the NLOS
condition, the correlation is not strong enough as in the case of LOS.
Interestingly, SLOS presents positive correlations between variables,
reaching the maximum in the CC scenario.
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Table 7
Correlation coefficient and p-value for the RSRP versus distance to BS in the different
scenarios.

Sight condition CC TMC

LOS —-0.8309 (<107%) -0.9471 (<107)
SLOS 1.0 (<1079 0.2689 (<107%)
NLOS -0.4982 (<107~) -0.6031 (<107

As a summary, taking into account that the RSRP is a metric that
captures the constant power radiated by the BS, which does not depend
on the load of the cell and it is not influenced by other constraints
(e.g., the minimization of the energy due to data transmission) [27],
our results prove that the stringent regulations applied in the TMC
scenario generate coverage holes and bad performance indicators in dif-
ferent locations compared to CC, thus demonstrating that the stringent
regulations have a great impact on the planning.

5. Multivariate analysis

In order to analyze the relationship among the considered BS-
related metrics (RSRP, sight condition, distance from serving BS), QoS-
related metrics (time to transfer a given file), and exposure levels
(EMF from the BS and from the UE), as well as their impact, a set
of multivariate analyses have been performed. Multivariate analysis is
the statistical study of data where multiple measurements are made on
each experimental unit and where the relationships among multivariate
measurements and their structure are important [29].

In particular, we consider three independent variables: (i) the RSRP
obtained by the UE, (ii) the distance between the UE and the BS, and
(iii) the sight condition (LOS, SLOS, NLOS). Since the main goal of
performing a multivariate analysis is to know the impact of each inde-
pendent variable over a dependent variable, three different dependent
variables have been evaluated: (i) the average EMF from the BS (EMF-
BS variable), (ii) the average UE EMF (EMF-UE variable), and (iii) the
time to transfer the file (Time variable). As a summary, all the variables
used in the multivariate analysis are defined and categorized in Table 8.

Regarding the type of variables, all of them are continuous except
the ones used to categorize the sight condition (LOS, SLOS and NLOS),
which are considered as categorical. In this case, LOS is taken as the
reference variable in order to compare the other two with it, i.e., the
case of a direct line of sight between the UE and the BS.

Applying multivariate or multiple regression analysis to a set of data
results in what are known as regression coefficients, one for each inde-
pendent variable. These coefficients give the estimated change in the
dependent variable associated with a unit change in the corresponding
independent variable, conditional on the other independent variables
remaining constant. As a result, three different multivariate analyses
have been performed for each scenario (CC and TMC), one for each
dependent variable (EMF-BS, EMF-UE and Time).

Table 9 shows the outcomes after performing the Ordinary Least
Squares (OLS) regression for EMF-BS dependent variable, with a value
of the multiple correlation coefficient, R> = .924. This value for
the multiple correlation coefficient indicates that there is a strong
correlation between the observed data and those predicted by the
regression model. The output shown in Table 9 provides estimates of
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Table 8
Criteria and variables used in the multivariate analysis.
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Variable name Description Type
RSRP RSRP value Independent/Continuous
Distance Distance between UE and BS Independent/Continuous
LOS Situation where the UE is Independent/Categorical
in LOS with the BS
SLOS The LOS between the UE and the BS Independent/Categorical
is partially covered by foliage
NLOS The LOS between the UE and the BS Independent/Categorical
is completely obstructed by buildings
EMF-BS Average BS EMF value Dependent/Continuous
EMF-UE Average UE EMF value Dependent/Continuous
Time Time to transfer the file Dependent/Continuous
Table 9
OLS regression results with EMF-BS as dependent variable.
Model Unstandardized coefficients Std. coefficients t Sig.
B Std. Error Beta
CC T™MC CC T™C CC TMC CC TMC CC TMC
1 (Cons.) 0.618 0.842 0.443 0.725 1.396 1.161 0.000 0.000
RSRP 0.001 0.003 0.006 0.009 0.110 0.099 0.252 0.282 0.000 0.000
Distance 1.39 107 0.000 0.000 0.000 0.037 —0.347 0.067 -1.095 0.000 0.001
SLOS -0.191 —-0.236 0.180 0.109 —0.443 —0.356 -1.062 -2.161 0.013 0.000
NLOS -0.130 —-0.215 0.159 0.094 —0.400 —0.466 —-0.820 —2.280 0.002 0.000

the regression coefficients, standard errors of the estimates, r-tests that
a coefficient takes the value zero, and confidence intervals. First, it can
be seen that all the variables considered in the analysis are statistically
significant (< .05 in all cases). The estimated regression coefficients
are given under the heading “Unstandardized Coefficients | B”; these
give, for each of the independent variables, the predicted change in
the dependent variable when the independent variable is increased by
one unit conditional on all the other variables in the model remaining
constant. For instance, results shown in Table 9 estimate that the EMF
generated by the BS in CC is increased by 0.001 [V/m] for every
additional increase of one unit in the value of the RSRP (1 [dBm] in
this case). Similarly, the estimated effect in case of TMC is an increase
of 0.003 [V/m] per [dBm] in the value of the RSRP. Therefore, although
there exists a directly proportional relationship between the RSRP value
and the EMF generated by the BS, it can be seen that the impact is
minimal. If we move our attention to the distance between the UE and
the serving BS, a slight impact on the EMF is experienced when the
distance increases (1.39- 1075 [V/m] per meter for CC and no impact at
all in the case of TMC).

EMF is also analyzed when different sight conditions are taken into
account. These categorical variables (SLOS and NLOS) are compared
with the situation in which where is a line of sight between the UE and
the BS (LOS), i.e., no obstacles are disturbing the communication. In
particular, both SLOS and NLOS situations have an associated decrease
in the experienced EMF (about —0.1 [V/m] for CC and below -0.2
[V/m] for TMC) compared with the LOS condition. As a summary,
from the results obtained after performing the OLS taking EMF-BS as
dependent variable, we can extract that the considered variables have
not a strong impact on the EMF that is generated solely by the serving
BS.

The explanation for the remaining columns in the table is provided
next. The column “Unstandardized Coefficients | Std. Error” shows the
standard error for each of the regression coefficients described above.
The third column shows the standardized regression coefficients under
the heading “Std. Coefficients | Beta”. These coefficients are standard-
ized so that they measure the change in the dependent variable in
units of its standard deviation when the independent variable increases
by one standard deviation. Finally, the last two columns represent the
t-tests and the significance value.
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Table 10 shows the multivariate analysis performed with EMF-UE
as dependent variable. In this case, the impact of SLOS and NLOS
conditions compared with the LOS reference variable is remarkable in
the CC scenario, with more than 1 [V/m] in the EMF generated by
the UE. On the contrary, there is no difference among the three sight
conditions on the EMF in the TMC scenario. Indeed, the impact of the
RSRP and the distance to the serving BS on the EMF generated by the
UE is also minimal in both scenarios.

Finally, we analyze by inspecting Table 11 the impact on the time
required to upload the file (Time variable). As in the previous analysis,
the sight condition is the variable that impacts most, for which the time
to transfer the file increases up to about 4 times compared to the case
in which there is LOS with the BS. As in the previous OLS, the value
of the RSRP and the distance to the serving BS slightly impact the time
needed for the file transfer.

As a summary, the set of OLS regressions performed reinforces
the analyses described in previous sections. In particular, the main
conclusions we extract are: (i) there is not a strong impact of the
variables used in the analyses on the EMF generated solely by the
serving BS; (ii) the sight condition clearly impacts the EMF generated
by the UE, especially in ICNIRP-based scenarios; (iii) the sight condition
is fundamental when the time required to send the file is evaluated,
with similar impact in both scenarios.

6. Conclusions and future work

In this paper, a comparison of the cellular network planning that
is deployed in two countries with different EMF restrictions (Spain
- ICNIRP, Italy, stricter-than-ICNIRP) is performed. In particular, two
analyses have been carried out from a technical point of view to com-
pare the network planning of already-deployed 4G cellular networks
in two similar districts in terms of terrain dimensions and population
density: (i) a quantitative analysis of QoS metrics perceived by the user;
and (ii) a qualitative analysis on the EMF generated by the UE and the
perceived QoS.

Regarding the first analysis, we remark that there is a strong differ-
ence in the RSRP values obtained in similar districts located in different
countries with different regulations, with the corresponding impact on
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Table 10
OLS regression results with EMF-UE as dependent variable.
Model Unstandardized coefficients Std. coefficients t Sig.
B Std. Error Beta
CcC T™MC CcC T™MC CC T™C CC T™MC CC TMC
1 (Cons.) -2.378 2.081 5.689 3.592 —-0.418 0.579 0.000 0.000
RSRP —-0.056 0.031 0.073 0.044 —-0.299 0.351 —-0.763 0.707 0.000 0.000
Distance 0.001 0.002 0.003 0.001 0.213 0.782 0.423 1.739 0.000 0.000
SLOS 1.096 —0.045 2.307 0.540 0.177 —-0.019 0.475 —-0.083 0.000 0.000
NLOS 1.289 0.272 2.041 0.467 0.276 0.169 0.632 0.582 0.000 0.000
Table 11
OLS regression results with Time as dependent variable.
Model Unstandardized coefficients Std. coefficients t Sig.
B Std. Error Beta
CcC T™MC CcC T™C CC T™MC CC T™MC CC TMC
1 (Cons.) 6.469 11.826 5.982 64.204 1.082 0.184 0.000 0.000
RSRP —-0.057 0.169 0.077 0.790 -0.285 0.110 —-0.741 0.215 0.000 0.000
Distance —0.002 0.020 0.003 0.016 -0.319 0.556 —0.646 1.191 0.000 0.000
SLOS 2.623 —-3.603 2.426 9.655 0.397 —-0.091 1.081 -0.373 0.000 0.000
NLOS 4.026 3.493 2.146 8.350 0.805 0.126 1.876 0.418 0.000 0.000

the QoS perceived by the users. In particular, the ICNIRP-based scenario
presents, in general, much better values of RSRP for all the operators
compared to the case of the stricter-than-ICNIRP one. Moreover, a
reduction in the number of BSs (and hence in the number of cells) per
portion of territory is also experienced in the ICNIRP scenario.

Concerning the evaluation of the impact of the generated EMF in
the two scenarios, it is highlighted that (i) EMF values generated by
BSs are, in general, much lower than the ones generated by the UE;
(ii) EMF values in the stricter-than-ICNIRP scenario are overall lower
compared to the case of the ICNIRP scenario; (ii) the sight condition
between the UE and the BS clearly impacts the EMF generated by
the UE, especially in the ICNIRP-based district; and (iii) the sight
condition is also fundamental when evaluating the impact on the uplink
performance.

As future works, in order to strengthen our conclusions, we plan to
evaluate the impact of the network planning in terms of QoS and EMF
in indoor environments, as well as the type of traffic required by the
applications (elastic, non-elastic) on the EMF generated by the UE.
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