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ABSTRACT In this contribution, we focus on the exposure limits and compliance distances of 5G communi-
cation systems based on large antenna arrayswith high gain andmultiplexing capability. In particular, starting
from the observation that the antenna array continuously changes its radiation pattern to communicate with a
number of user terminals, we develop a simple approach for evaluating a reliable but not overly conservative
boundary for the fields radiated by the antenna array. This approach is based on the use of the Normalized
Average Power Pattern, and through the paper we show its behavior and demonstrate its usefulness in some
cases of interest. Finally, the obtained results are validated by means of an electromagnetic simulation of the
antenna and the propagation scenario, that is achieved by means of a ray-launching code.

INDEX TERMS Antenna arrays, antenna radiation pattern, 5G systems, exposure limits, massive MIMO.

I. INTRODUCTION
5GNR [1] takes advantage of a number of technical solutions
to increase bandwidth and spectral efficiency, as the extensive
use of sophisticated SpaceDivisionMultiple Access (SDMA)
strategies [2], in order to guarantee the unprecedented
demand for data throughput. In particular, the wide use of
massive Multiple Input Multiple Output (mMIMO) antennas
[3], [4] allows to effectively exploit beamforming and spa-
tial multiplexing. Beamforming allows to focus the energy
transmitted by the Base Station (BS) toward a specific User
Equipment (UE).

With spatial multiplexing, statistically independent infor-
mation is transmitted on different spatial field configura-
tions [5] toward a single user (Single User-Multiple Input
Multiple Output, SU-MIMO) or multiple users (Multiple
Users-Multiple InputMultiple Output,MU-MIMO) using the
same time/frequency resources, allowing a dramatic increase
of the capacity of the communication system. The counter-
part of the benefits of 5G networks, is an increasing con-
cern about the possible impact on health and safety due to
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exposure to radiofrequency (RF) electromagnetic radiation
arising from 5G. As a matter of fact, the International Com-
mission on Non-Ionizing Radiation Protection (ICNIRP) has
given guidelines [6], which have been adopted in many
countries and regions (including Europe), each with its own
specific regulations, addressing the exposure limits. Such
guidelines have been recently updated [7] in accordance with
the latest scientific studies, and it is to be expected that
national regulations will transpose them. In the following we
will refer to the latest guidelines, focusing on the incident
power density reference level, the application of the method
to other quantities reported in the guidelines being possible.

The International Electromechanical Commission (IEC)
has introduced in the standard IEC 62232:2017 [8] both
measurement and computationmethods for assessing compli-
ance boundaries, both being equally valid approaches. In this
regard, the use of mMIMO makes it very challenging the
assessment of ‘‘realistic’’ compliance boundaries, as clearly
explained in the IEC 62232:2017 itself: as a matter of fact,
the RF EMF will vary significantly with time and in space,
and the time-averaged levels relevant for RF EMF exposure
assessments are significantly lower than the instantaneous
peak values. In particular, the averaging period (6 minutes
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for local exposure, 30 minutes for whole body exposure [7])
is very long with respect to beamforming scheduling, result-
ing in a beamforming update every few milliseconds. Very
different results can be obtained depending on the number
and position of active users during the measurements, and
assuming that all the users are at the same angle at the same
time is unrealistic and leads to overestimated compliance
boundaries. Consequently, stochastic approaches should be
considered [8].

Even if a standard for 5G is still under development,
according to the above considerations and to the standard
adopted in 4G as well as previous generations, a possible
candidate as EMF field level estimation procedure is based
on the following two steps.

The first step is the estimation of the maximum field level
in the most challenging (and indeed practically unrealistic
[9]) conditions, i.e. full use of the 5G communication channel
resources by a single user. This problem, know as ‘‘maximum
power extrapolation’’, has recently attracted the interest of a
number of research groups that have proposed some possible
solutions [9]–[14].

The second step is the introduction of a reduction
factor [15] to the maximum power extrapolated value that
gives the EMF assessment in realistic conditions. As the
technology is very recent, only a few papers address this
problem. In [16], 95th percentile time-averaged output power
values in a certain direction from mMIMO antennas, esti-
mated from a mathematical model, have been reported to
vary between 7% and 22% of the maximum possible output
power depending upon different user distributions and expo-
sure scenarios. In [17], the corresponding values estimated by
network simulations have been reported to be 26% for Urban
Macro (UMa) and 22% for Urban Micro (UMi) networks.
Both models therefore confirm that the actual time-averaged
RF EMF exposure is significantly lower than the theoretical
maximum obtained if the BS would be transmitting at maxi-
mum power with the same beam for several minutes.

At the best knowledge of the authors, most campaigns
are available for 4G networks [18], [19], which are in any
case useful because LTE systems support beamforming. Only
a very recently published paper considers a measurement
campaign on 5G networks [20], but in all cases strong reduc-
tions are reported with respect to the conservative compliance
value due to beamforming.

This paper is focused on the statistical analysis of the 5G
EMF level in a number of realistic conditions considering the
main architectures of radiating systems involved in 5G, i.e.
beamforming arrays and MU-MIMO antennas.

Section II introduces the Normalized Average Power Pat-
tern (NAPP) as a tool to estimate the reduction factor due
to the stochastic processes underlying the communication
process. In Section III the NAPP is applied to phased array
antennas. In particular, a statistical estimation of the NAPP
at the 95 quantile (Q-NAPP) is considered, showing that it is
possible to obtain a simple and intuitive representation of the
reduction factor in the whole space around the antenna.

Section IV is devoted to the analysis of the role of the
main design parameters of the antenna (number of elements,
element pattern) as well as of the geometry of the area served
by the communication systems (e.g. angular dimension of the
served area, geometry of the cell) on Q-NAPP.

Section V discusses the important problem of the EMF
estimation in case of MU-MIMO communications. The anal-
ysis of the EMF level in a number of realistic conditions
depends on the details of the scheduler of the communication
network, that is not standardized. In this paper, we use a mod-
ified version of the zero-forcing algorithm, that showed good
stability properties. For sake of reader convenience, the mod-
ified zero-forcing algorithm is described in the Appendix,
while for an electromagnetic analysis of MU-MIMO com-
munication systems the interested reader is invited to refer to
[21], [22].

The method is used in Section VI to estimate the com-
pliance distances in the cases previously analyzed, whereas
Section VII extends the Q-NAPP estimation to amore sophis-
ticated model, based on ray-tracing.

Finally, conclusions are discussed in Section VIII.
The results reported in this paper give a general picture

of the reduction level of the EMF in realistic conditions and
confirm the significant reduction of the average field level
associated to the use of modern 5G antennas.

II. NORMALIZED AVERAGE POWER PATTERN
In this section we will introduce and discuss the concept of
Normalized Average Power Pattern, a tool that will be used
to analyse the exposure limits in 5G communication systems.

Let us now consider a BS antenna array in free space, cen-
tred in the origin of a spherical coordinate system (ρ, θ, φ),
that is transmitting a certain power PT to a single user that
is in a specific angular position (θ1, φ1). The power density
radiated by the antenna S1(ρ, θ, φ) is well approximated in
the ‘‘far field’’ of the array by:

S1(ρ, θ, φ) =
PT
4πρ2

G1(θ, φ) (1)

where G1(θ, φ) is the array gain when its excitation has
been configured for communicating with the aforementioned
single user.

Once the power density is calculated, the compliance
boundary in this case can be evaluated according to:

S(ρ, θ, φ) ≤ SM (2)

where SM is the maximum acceptable power density [7].
In 5G communication systems we usually have many dif-

ferent users, and the compliance boundary in (2) needs to be
calculated on an average radiation occurring in a time TA, that
is 6minutes for local body exposure and 30minutes for whole
body exposure [7].

In the hypothesis that only a single user, among K possible
users, is served by the BS at the same time (such an hypothesis
will be later removed), and themaximumpower is transmitted
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toward such a user, we could calculate the average radiated
power density as:

SA(ρ, θ, φ) =
PT
4πρ2

1
TA

K∑
k=1

Gk (θ, φ)Tk

=
PT
4πρ2

K∑
k=1

Gk (θ, φ)τk

=
PTGM
4πρ2

K∑
k=1

Gk (θ, φ)
GM

τk

=
PTGM
4πρ2

NK (θ, φ) (3)

whereGk is the gain when the antenna is configured to radiate
towards the k-th user, GM is the maximum array gain, and Tk
is the time allocated for the k-th user, so that

∑K
k=1 Tk = TA if

the array is used in downlink for 100% of the time, and τk =
Tk/TA represents the fraction of time allocated for the k-th
user, andNK (θ, φ) is the Normalized Average Power Pattern
(NAPP):

NK (θ, φ) =
K∑
k=1

Gk (θ, φ)
GM

τk (4)

where the subscript K is used to remember that the NAPP
depends on the particular choice of the K random directions
considered in the average.

The NAPP represents the average fraction of power radi-
ated in a certain direction, with respect to the maximum
possible power. A value of NAPP of 0.1 in a specific direction
means that during the TA the BS array would radiate in that
direction only a tenth of the power it would radiate when
focusing its beam using the maximum gain 100% of the time.
This quantity is similar to the parameter Gavg, introduced in
[20], which is an average gain, obtained ‘‘experimentally’’,
by means of the analysis of the information collected by the
5G BSs operation for 24 h over a weekday.

The analysis of the NAPP could allow the determination of
the shape of the compliance boundary:

R(θ, φ) ≥ RM (θ, φ) =

√
PTGM
4πSM

NK (θ, φ) (5)

whereR(θ, φ) gives the radial coordinate with respect to the
centre of the antenna where the exposure limits are satisfied,
and RM (θ, φ) gives the radial coordinate of the surface within
which the exposure limits are not satisfied: such a boundary
would depend upon the number of users, their connection
times, their movement and so on; this means that a determin-
istic analysis is not possible, and this problem needs to be
faced by a statistical approach.

III. A STATISTICAL APPROACH
In this section we will analyse, by means of a statistical
approach, the behaviour of the NAPP function. To accom-
plish this task we need to choose a reasonable scenario for
our simulations.

FIGURE 1. Scheme of the 8× 8 antenna array and of the coordinate
systems employed: a) the array elements are in the yz plane; b) the array
plane is rotated of an angle θTILT around y−axis.

As a preliminary analysis, we start considering an 8 × 8
planar array of λ/2 equispaced elements (see Fig. 1a); this
kind of array is similar to the arrays currently used for 5G
communication systems, to offer a coverage of 120◦ (deg) on
the azimuthal plane, and 30◦ (deg) on the vertical plane.
Now, according to what has been discussed in the previous

Section, we are going to analyse the NAPP in some working
scenarios; for the sake of simplicity in each scenario we are
going to suppose that τk = TK/TA = 1/K , i.e. the users have
a uniform allocation in time and the BS antenna is working
‘‘full load’’.

In the first one we will consider that the users directions
(θk , φk ) are uniformly distributed in the 30◦ × 120◦ angular
region, and the antenna elements are simple isotropic ele-
ments. If we suppose that K = 200, we can calculate the
NAPP using for Gk (θ, φ) the gain of the antenna array when
the amplitude of the elements’ excitation is uniform and a
linear phase shift is used in order to obtain a beam focused in
the direction (θk , φk ). The result of the NAPP calculation for
one specific realization of users distribution is given in Fig. 2
as an example. It is clearly visible that the NAPP presents
a non uniform behaviour, due to the randomness of angular
position of the terminals: each different set of users would
result in a different NAPP.

In order to correctly characterize the compliance distance
we need to face this problem by means of a statistical
approach. To this task, we analysed N = 10000 different sets
of random users, with an angular position (θk , φk ) uniformly
distributed in the 30◦ × 120◦ angular region.
The mean NAPP of these random sets can be calculated

and is depicted in Fig. 3. This plot gives us an idea of what
is the mean power distribution around the antenna (this plot
is much more regular than the previous), but does not help us
very much in building a safe compliance boundary.

In Fig. 4 we show the cumulative density function (CDF)
for the NAPP, for some relevant directions. A better approach
consists in evaluating, for each direction (θ, φ) the quantiles
of the distribution of the normalized average power pattern
(Q-NAPP).
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FIGURE 2. The NAPP function for a set of K = 200 random directions.
Upper plot: 3D representation of the function. Lower plot: imagemap of
the function, restricted to the scanning region. The contour curves are
calculated for the values of the ‘‘ticks’’ of the colorbar.

FIGURE 3. The mean NAPP function, calculated on 10000 random sets of
K = 200 random directions. Upper plot: 3D representation of the
function. Lower plot: imagemap of the function, restricted to the scanning
region. The contour curves are calculated for the values of the ‘‘ticks’’ of
the colorbar.

In Fig. 5 it is possible to see the 95% quantile
Nq=0.95(θ, φ); the peak value of this distribution is 0.0690,
while the mean value1 is 0.0569. As a matter of fact, the
peak value of the Q-NAPP is exactly equivalent to the power

1Calculated in the 30◦ × 120◦ angular region

FIGURE 4. Cumulative density function (CDF) for the NAPP calculated for
some relevant directions.

FIGURE 5. The 95% quantile of NAPP function, calculated
on 10000 random sets of K = 200 random directions. Upper plot: 3D
representation of the function. Lower plot: imagemap of the function,
restricted to the scanning region. The contour curves are calculated for
the values of the ‘‘ticks’’ of the colorbar.

reduction factor (FPR) used in [15], and the two terms will be
used indifferently in the following.

Now we could use this function to calculate the distance
from the source that guarantees for each direction the satis-
faction of the exposure limits in 95% of the cases:

Rq=0.95(θ, φ) =

√
PTGMFTDD

4πSM
Nq=0.95(θ, φ) (6)

where FTDD is a value in the range (0, 1) modeling the fact
that in the TimeDomainDuplex (TDD), the antenna transmits
only for a fraction of time.

As an example, in Fig. 6 we provide the calculation of
the boundary of the exclusion zone, i.e. the boundary of the
region in which the exposure limits are not verified, for a
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FIGURE 6. The exclusion zone calculated from the 95% quantile of NAPP
function. Upper plot: 3D representation of the boundary of the exclusion
zone. Lower plot: imagemap of the Rq=0.95 function. The contour curves
are calculated for the values of the ‘‘ticks’’ of the colorbar.

transmitted power PT = 50W, an exposure limit SM =
10W/m2, and FTDD = 0.75; for the value of GM we have
employed the value of 22.75dB, since we have supposed to
use isotropic elements radiating only in one half-space with
respect to the plane of the array. The maximum value of
Rq=0.95(θ, φ) is 1.97m.
Obviously, other quantiles like 0.9 or 0.99, could be taken

into account; for the sake of simplicity in this paper we will
always consider the 0.95 quantile.

IV. INFLUENCE OF THE SYSTEM PARAMETERS ON THE
Q-NAPP
First of all, in the previous simulation we have considered a
set ofK = 200 random angular positions of users to calculate
the NAPP. Such a value has been estimated considering that
the network is working ‘‘full load’’, with an average transfer
rate per user of 5Mbps (corresponding to the streaming of a
full-hd compressed video or the download of about 200MB
of data, a medium size mobile APP, during TA = 6 min),
and a BS throughput of 1Gbps. A smaller number of users
loading the network in the same way would imply a value of
τk < 1/K , and hence a smaller value of the NAPP.

FIGURE 7. Relevant cuts of the Q-NAPP function for some values of K .

TABLE 1. The values of the peak and average of the Q-NAPP for some
values of K .

In Fig.7 we compare the main cuts of Q-NAPP for some
values of K ; as it is clearly seen, all the resulting curves are
very close, and K = 200 represents a sort of ‘‘worst case’’.
Such a value will be kept for the successive calculations in the
next paragraphs. The obtained values of the peak and average
of the Q-NAPP are provided in table 1.

It is worth stressing that, considering the same working
scenario, lower values of K correspond to higher values of
the NAPP, since when the number of users is very high, the
field distribution around the BS antenna, resulting from the
averages of the pattern radiated in all the users’ directions,
would be very smooth. When the users’ number becomes
smaller, there are chances that in some directions there could
be a cluster of users would be higher, thus resulting in a higher
peak of the NAPP.

It may be possible to use lower values of K in the analy-
sis, but according to the discussion at the beginning of this
section, a smaller number of K would lead to a network that
is not fully loaded; similar considerations are also reported in
the discussion section of [20].

A. ELEMENT PATTERN
The previous results were obtained with an isotropic element
pattern; if we use a sin(θ) element pattern, typical of a short
dipole antenna, we would obtain results very close to the
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FIGURE 8. Relevant cuts of the Q-NAPP function when the element
pattern is modified.

previous ones (see Fig. 8): the mean of the Q-NAPP increases
from 0.0569 to 0.0594 and the peak increases from 0.0690 to
0.0701. The reason is two-fold: first, the element pattern does
not significantly change in the focusing region; second, using
this element pattern the directivity of the broadside beam of
the antenna is increased from 19.74dB to 19.97dB: a small
variation due to the fact that the greatest contribution for
the directivity comes from the array factor and not from the
element factor.

Generally speaking, if the element pattern is well designed,
i.e. does not change significantly in the focusing region, not to
reduce too much the directivity of the beam, its influence on
the NAPP will be limited. For this reason, unless differently
stated, we will use a simple isotropic pattern in the following.

B. NUMBER OF RADIATING ELEMENTS
A second aspect to be investigated is the influence of the num-
ber of array elements. For 5G systems, it is not particularly
significant the case of a smaller number of elements, so we
have considered two different array dimensions 12× 12 and
16× 16.

As it is clearly visible from Fig. 9 the increase of the
number of elements has a strong impact on the NAPP; in par-
ticular, the beam-width of the focused beam will be smaller,
and this will result in a smaller probability that more beams,
focused in close directions sum up and increase the peak value
of the NAPP.

The values of the Q-NAPP become much smaller with the
increase of the number of elements (see also the values given
in table 2), but we have to remember that also the array gain
would increase significantly, and the compliance boundary
of (5) may see a slight increase because of the multiplication
of the two factors GM and Nq=0.95 (see Table 6).

FIGURE 9. Relevant cuts of the Q-NAPP function when the number of
elements is modified.

TABLE 2. The values of the peak and average of the Q-NAPP when the
number of elements is modified.

TABLE 3. The values of the peak and average of the Q-NAPP when the
scanning region is modified.

C. SCANNING REGION
The specification of the size of the scanning region
(30◦ × 120◦) was inspired by the suggested scanning region
for some commercially available 5G antennas; in this case
such a shape is intended for the use in a 120◦ sectoral
coverage.

We have also tested the effect of considering different
shapes for the scanning region, and in particular we have
tested (45◦×120◦), (60◦×120◦), (30◦×90◦) and (30◦×60◦);
the results are given in fig. 10 and table 3. As it is intuitive,
increasing the size of the scanning region results in a decrease
of theNAPP,whereas a decrease of the scanning regionwould
result in an increase of the NAPP.

D. SWITCHED BEAMS
In many commercially available antenna systems the focus-
ing towards the terminals is achieved by a ‘‘grid of beams’’,
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FIGURE 10. Relevant cuts of the Q-NAPP function when the scanning
region is modified.

FIGURE 11. Relevant cuts of the Q-NAPP function when the grid of beams
is employed.

so the antenna can be configured to radiate some specific
beams. To test the effect of the grid of beams on the NAPP,
we have considered two grids: the first grid of 64 beams
(16 directions on φ and 4 directions on θ ), the second
of 24 beams (8 directions on φ and 3 directions on θ ), to cover
the (30◦ × 120◦) sector. Each user is then served by the beam
allowing themaximum received power selected from the grid.
The result of the first grid is very close to the case in which
the beam is freely focusable in the region; in the case of the
second grid we instead see a significant ripple of the Q-NAPP,
due to the envelope of the beams (see Fig.11 and table 4).

TABLE 4. The values of the peak and average of the Q-NAPP when the
grid of beams is employed.

E. TERMINALS ON PLANE REGION
The choice of considering terminals uniformly distributed in
the (θ, φ) directions allows to get a preliminary insight on
the behaviour of the considered antenna system. However,
it is of interest to investigate different and more realistic
distributions [18]. In our paper we will consider the elements
uniformly placed on a planar area, with the shape of an angu-
lar sector or the shape of an hexagon, and we will calculate
the actual angle of arrival of the signals towards the position
of the users.

An example of the angular distributions, resulting from the
uniformly random placement of the terminals in the cell, for
a BS at an height of 30m above the planar area, is given in
Fig.12. It must be underlined that the angles of the signal are
represented with respect to the spherical coordinate system
with the vertical axis orthogonal to the horizontal plane where
the terminals are placed (see Fig. 1).

The antenna array will be tilted of an angle θTILT = 20.13◦

(deg) as in Fig.1b, in order tomimic the (30◦×120◦) coverage
for users having a distance from the array in the range dmin ≤
d ≤ dmax with dmin = 42.6m and dmax = 333.5m. It has
to be noted that there could be users at closer positions with
respect to the antenna array, but since the distribution of the
users is uniform on the plane, the presence of elements with
d ≤ dmin would not change the Q-NAPP significantly. In all
the simulations dealing with users distributed on the plane the
antenna tilting has been taken into account.

As it is clearly visible from Fig.13 and Fig.14, the Q-NAPP
shows a much different behavior with respect to the previous
cases, with much ‘‘thinner’’ distributions, with an higher
peak value (0.1231 for the sectoral cell, and 0.1734 for the
hexagonal cell). As it will be shown in section VI, such a
strong variation of the peak will have a smaller impact on
the size of the compliance distance.

V. MULTIPLE LAYERS
In the previous sectionwe have considered the hypothesis that
the antenna array communicates with a single terminal at a
time, using all its power to focus the beam towards the desired
user. In this way the time/domain resources are divided
among the users, while beamforming allows to increase the
SNR at the receiver.

A more sophisticated SDMA technique is based on the use
of different spatial field configurations to transmit indepen-
dent information exploiting multiple parallel channels that
share the same time/frequency resource [21]. Two different
approaches are available: multiple data streams can be sent to
a single user (SU-MIMO) or to multiple users (MU-MIMO).
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FIGURE 12. Example of the resulting angular distribution of the signals
with respect to the array for K = 200. Upper subplot: sectoral cell. Lower
subplot: hexagonal cell.

FIGURE 13. The 95% quantile of NAPP function, calculated
on 10000 random sets of K = 200 random directions on the sectoral cell.
Upper plot: 3D representation of the function. Lower plot: imagemap of
the function, restricted to the scanning region. The contour curves are
calculated for the values of the ‘‘ticks’’ of the colorbar.

These techniques represent a sophisticated solution for the
reuse of the highly precious time/frequency resources made
available by the communication channels: the data stream is
divided into sub streams, associated to different communica-
tion ‘‘layers’’. Current 5G communication systems allow up
to 16 layers associated up to 8 different users [9].

For the sake of simplicity, in this paper we will analyze
only the MU-MIMO case, with a single layer associated to
each user. In order to analyze the impact of the use of multiple

FIGURE 14. The 95% quantile of NAPP function, calculated
on 10000 random sets of K = 200 random directions on the hexagonal
cell. Upper plot: 3D representation of the function. Lower plot: imagemap
of the function, restricted to the scanning region. The contour curves are
calculated for the values of the ‘‘ticks’’ of the colorbar.

layers, let us suppose that the antenna uses a fixed number
of layers L, for the entire duration of the TA; i.e., the array
communicates with a number L of terminals at the same time.
This communication will be realized using a zero-forcing
approach, that has been demonstrated to be very close to the
optimal approach [23], [24].

When communicating with the L terminals, the transmitted
power will be equally split among the L terminals, but each
terminal would have been allocated for a time τk = L/K :
the calculation of the NAPP could be performed using (4),
provided that the pattern gains are calculated taking into
account that in the zero forcing we require the pattern of the
beam used to communicate with a terminal, to have a null
towards the direction of the other L − 1 terminals.
The simulation has been performed in this way: for each

of the N scenarios, a set K=200 directions is randomly gener-
ated. Then the users are grouped into sets of L terminals using
the scheduling algorithm described in the Appendix. For each
group of L terminals the excitation coefficients of the array
elements that realize the zero-forcing are calculated, and from
those coefficients we obtain the array gains to use in (4).

As it is possible to see from Fig.15, up to 4 layers, the
values of theQ-NAPP are very close to the values of the single
layer case. This behaviour is also confirmed in other working
scenarios; just as an example in Fig.16 and Fig.17, when the
distribution of terminals is uniform on the sectoral cell or on
hexagonal cell.

The reason of this behavior is the reduction of the gain
when using a zero forcing approach, with respect to the case
of a ‘‘free’’ focusing towards the terminals. When we impose
a number of zeros in the un-wanted directions, we are using
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FIGURE 15. Relevant cuts of the Q-NAPP function when multiple layers
are employed: uniform random distribution of terminals on 30◦ × 120◦
angular region.

TABLE 5. The values of the peak and average of the Q-NAPP when
multiple layers are employed.

some of the degrees of freedom of our array, and this would
result in a slight reduction of the peak gain with respect to the
unconstrained case.

It must be underlined the analyzed trend is due to the use
of a specific antenna array and channel model considered,
as well as the signal processing chosen, that tries to impose
zeroes of the field in some specific directions. A modifica-
tion, for instance, of the antenna array geometry or of the
signal processing performed may lead to different results but
- in any case - the NAPP will show a non-increasing behavior
with a increasing value of L: the single layer case represents
the worst case for the analysis of the NAPP.

VI. COMPLIANCE DISTANCE AND POWER REDUCTION
FACTOR
In this section we provide the calculation of the compliance
distances and power reduction factors for the previously con-
sidered cases. The cases are listed in Table 6, were we provide

FIGURE 16. Relevant cuts of the Q-NAPP function when multiple layers
are employed: uniform distribution of terminals on sectoral cell.

FIGURE 17. Relevant cuts of the Q-NAPP function when multiple layers
are employed: uniform distribution of terminals on hexagonal cell.

the maximum value of Rq=0.95(θ, φ) and the value of the
power reduction factor FPR [15], evaluated as:

FPR = max
θ,φ

Nq=0.95(θ, φ). (7)

For the calculations we have used a transmitted power
PT = 50W, an exposure limit SM = 10W/m2, and FTDD =
0.75; for the value of GM we have employed the value of
22.75dB, 26.35dB and 28.90dB, for the 8 × 8, 12 × 12 and
16×16 respectively, since we have supposed to use isotropic
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TABLE 6. Data for the compliance distances and power reduction factors
for the considered cases.

elements radiating only in one half-space with respect to the
plane of the array.

Just as a reference, we have calculated the values of maxi-
mum RM (θ, φ) that we would have when considering a fixed
beam pattern pointing in the same direction for the whole TA:
for the 8× 8 array we obtain 7.49m, for the 12× 12 array we
obtain 11.35m, for for the 16 × 16 array we obtain 15.21m.
The greater the array gain, the more overly conservative
become the distances for the exposure limits without a proper
statistical characterization of the array. On the other hand, the
reduction factor estimated with the proposed method for the
8 × 8 array covering a 30◦ × 120◦ scanning region, ranging
between 6.5% and 17.3% in the cases reported in Table 6, are
in perfect agreement with values evaluated in [16], [17], [20].

It is important to underline that the distances provided in
Table 6 have been evaluated considering a far-field approx-
imation, and if we consider a typical operation frequency
for arrays of that kind, f0 = 3.7GHz, we find a far field
distance (r = 2d2/λ) of about 4 meters for the 8 × 8 array,
about 10 meters for the 12×12 array and about 18 meters for
the 16×16 array. Since we are not in the reactive-field region
of the array, by means of numerical simulations (not provided
here for the sake of brevity) we have verified that only the
nulls and the lowest lobes of the patterns are modified at the
distances of interest, so the results provided represent a very
good approximation, that should be verified in the specific
case by means of in-situ measurements.

VII. EVALUATION OF NAPP IN RAY-TRACING MODELED
URBAN SCENARIOS
The above analysis was carried out in free-space. However,
NAPP is a very flexible tool that can be applied also in more
complex and realistic scenarios.

A widely adopted approach to study the propagation
in urban area is based on ray tracing simulation [25].

FIGURE 18. The model of the city considered for the ray-launching
analysis and with an example of the positions of the terminals (red dots)
and the position of the BS array (blue square).

Consequently, it is of interest to integrate the NAPP approach
in ray-tracing code.

In this Sectionwewill show an example of the use of NAPP
in a ray-tracing simulation. The results reported in the Section
will show not only the effectiveness of the integration of the
NAPP approach in the ray-tracing code considering urban
scenarios illuminated by realistic double-polarized antenna
arrays, but will also show that the results are quite close to the
ones obtained in the previous analyzed free-space conditions,
thus validating the proposedmethod as a practical and truthful
solution to compute compliance boundaries.

In particular, the antenna array will be modelled as a 8× 8
grid of dual polarized elements (±45◦ linearly polarized
short wires), at a height of 30m over the ground, and the
terminals will be placed at a height of 1.5m over the ground
in a test city (see Fig. 18), that is simulated by means of
a custom ray-tracing algorithm coded in Matlab, using the
ray-launching (or pincushion) method with up to 20 reflec-
tions (this is a conservative upper bound, as much less reflec-
tions are usually needed). The reflections of the rays on the
surfaces (ground or buildings) are calculated according to
the proper TE or TM coefficients (or a proper combination
of them) according to the polarization of the incoming ray.
The relative permittivity of the materials is chosen equal to 4,
a value that correctly simulates the electromagnetic behaviour
of typical grounds and concrete.

The city is procedurally generated, with square blocks of
flats of 50m side, street width of 15m meters, variable shape
of the buildings in the square block and variable height of the
building between 4m and 20m.

In this scenario the users are uniformly distributed on the
ground, in a hexagonal cell of 333m diameter; there are no
users inside the buildings or outside the considered hexagonal
cell.

The graph of the Q-NAPP, calculated averaging
over 1000 different scenarios for the case of a single layer
and 200 users positions, is provided in Fig.19. This plot is
very similar to the plot of Fig.14, but it is slightly unsymmet-
rical, because of the lack of symmetry in the model of the city
used for the electromagnetic simulation.
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FIGURE 19. The 95% quantile of NAPP function, calculated
on 1000 random sets of K = 200 random users in the city with L = 1.
Upper plot: 3D representation of the function. Lower plot: imagemap of
the function, restricted to the scanning region. The contour curves are
calculated for the values of the ‘‘ticks’’ of the colorbar.

TABLE 7. Data for the compliance distances and power reduction factors
when the users are in the simulated city.

TheQ-NAPP analysis has been also repeated with different
layer numbers; the results for the peak of the Q-NAPP are
provided in table 7. The plots of the Q-NAPP are very similar
for 1-2-4 layers, but in the case of 8 layers, it shows a
significantly lower peak (see Fig.20)

In table 7 the data of the compliance distances and power
reduction factor, calculated with the same parameters of
section VI are provided. In Fig.21 it is possible to find the
plot of the boundary of the exclusion zone for the case L = 1.
It is worth underlining that the shape and size of the exclusion
zone is very different with respect to the one depicted in Fig.6.

The calculation of the NAPP has been repeated for other
procedurally generated cities, obtaining again results very
similar to the ones in Fig.14; this behavior confirms the
validity of the simplified approach used in Section IV, that
could be profitably used in the product compliance phase
[8]. The use of ray-tracing, or similar site-specific simulation
tools, could be, instead, particularly beneficial in the product
installation compliance [8], in order to validate the achieved
compliance boundaries.

As a final consideration, the polarization of the radiating
elements does not seem to have a significant impact on the

FIGURE 20. Relevant cuts of the Q-NAPP function calculated
on 1000 random sets of K = 200 random users in the city when multiple
layers are employed.

FIGURE 21. The exclusion zone calculated from the 95% quantile of
NAPP function calculated on 1000 random sets of K = 200 random users
in the city with L = 1. Upper plot: 3D representation of the boundary of
the exclusion zone. Lower plot: imagemap of the Rq=0.95 function. The
contour curves are calculated for the values of the ‘‘ticks’’ of the colorbar.

calculation of the NAPP; in some tests performed we have
seen that the use of dual polarized elements helps in improv-
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ing the signal level on the terminals (because of the diversity
gain), but does not change significantly the radiated field in
the proximity of the BS, that is much more influenced by the
number and position of the radiators.

VIII. CONCLUSION
In this paper we have discussed the analysis of the power
levels around a 5G antenna array, with the goal to provide
a reasonable assessment of the human exposure and the cal-
culation of the compliance boundaries.

In particular, because of the specific nature of the field
radiated by a 5G antenna array and its user access method,
we have introduced a novel metric for the calculation of the
average power density flux around the antenna, the Normal-
ized Average Power Pattern (NAPP).

Such a quantity can be used directly to estimate the average
expected power level in a specific point with respect to the
peak power level measured when the antenna is focusing its
beam in a specific direction, and its quantiles to provide a
method to calculate proper bounds for the compliance bound-
aries around the BS array.

The statistical approach proposed can take into account all
the wireless system parameters, and in the paper we have
considered an extensive study of the effect of the variation
of all the system parameters on the calculation of the NAPP.
More specifically:

1) As far as the element pattern is sufficiently ‘‘flat’’
within the coverage area, it plays a minor role on the
calculation of the power levels.

2) The number of antennas employed has a strong effect
on the NAPP, but also on the antenna gain; the increase
of the number of antennas may result in an increase of
the size of the compliance region, but this increase is
limited.

3) The variation of the extent of the scanning region
strongly modifies the NAPP: the wider the region, the
smaller the values of the NAPP.

4) The use of grid of beams with a high number of beams
provides no significant variations, but the use of grid of
beams with few beam introduces some oscillations on
the NAPP, but does not change its average behavior.

5) The angular distribution of the users around the array
strongly influences the NAPP, and we have noticed a
significant difference when the uniformly distributed
users on a plane are selected from a triangular cell or
from an hexagonal cell.

6) The use of multiple layers communication has a minor
impact of the NAPP in the considered cases up to a
number of 4 layers; when the layer number is higher,
it becomes difficult for the antenna to provide the
needed zeros in the direction of the unwanted users and
to provide a good directivity in the selected directions,
because of the limited number of degrees of freedom
of the field radiated by the array in the scanning region
[26]. This difficulty results in an average reduction of
the antenna gain.

FIGURE 22. Example code for the QR scheduler.

Most of the presented results have been obtained with a
simplified antenna and propagation model; to validate the
proposed results we have also considered the case of an
array employing dual polarized antenna elements and the
users have been placed inside a virtual city, that has been
simulated by means of a custom ray tracing model. The
obtained results are very similar to the corresponding results
calculated by means of the simplified approach, and confirm
the effectiveness of the proposed method. As an additional
result, we have demonstrated that any model used for the
exposure assessment should take into account the aforemen-
tioned items, and in particular points 3), 5) and 6) when using
more than 4 layers, the angular distribution of users around
the BS being apparently the most important.

As a future development we aim to extend the proposed
analysis to indoor scenarios, and we plan to exploit the
analysis performed to achieve the synthesis of more efficient
antenna arrays for 5G applications.

APPENDIX
THE SCHEDULING ALGORITHM
Let us now consider the channel matrix H = [h1, . . . ,hK ]
belonging to the set of complex matrices of dimensions N ×
K , where K is the number of users, and N is the number
of radiating elements. Each column vector hk contains the
excitations of the N radiating elements when the antenna is
focused towards the k−th user; just as an example, in the case
of free space propagation and a position of the k−th users
described by (θk , φk ), we would have

hk = ejβ(x cosφk sin θk+y sinφk sin θk+z cos θk ) (8)

where β is the free-space wavenumber, and x, y and z are
N length vectors containing the coordinates of the radiating
elements of the considered array.

In section V we analysed the use of multiple layers for
communication, so we need to group users in sets of L = 2,
L = 4 or L = 8 in order to obtain uniform groups, so that we
can form P = K/L submatrices Hp of dimension N × L,
so that these submatrices are suitable for the use of the
multiplexing approach chosen (in our case the Zero-Forcing
method).

If we just perform a partition of the starting H matrix into
submatrices, many of them would not be full rank, and the
zero forcing approach could not be fruitfully applied [23].
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FIGURE 23. Cumulative density function of the distribution of the
condition number of the 1000 random 64× 64 complex matrices.

FIGURE 24. Cumulative density function of the distribution of the
condition number of the 25 64× 8 sub-matrices obtained from the
64× 200 channel matrix.

For this reason we need to perform an ‘‘user scheduling’’,
a fundamental process for the correct network management,
and in 5G communications it becomes even more important.

There are several sub-optimal approaches to this problem
that have been proposed in the open literature [27]–[32] (the
exhaustive search is the only known method that provides
the optimal result but with a overwhelming computational
burden). Unfortunately none of the existing algorithms ade-
quately fits our problem; for this reason, we developed a
novel scheduling algorithm, based onQR decompositionwith
column pivoting that differs from ordinary Gram-Schmidt
algorithm since it takes the largest remaining column at the
beginning of each new step, generating a permutation vector
[33]. The permutation vector obtained is the key to obtain
the sets: in the first step the QR with pivoting of the channel
matrix is computed, and the matrix is sorted according to the
QR permutation vector; in the successive k−th step the QR
calculation is repeated for the sub-matrix obtained excluding
the first kL columns of H. An example code in Matlab is
provided in Fig.22.

The performances of the QR scheduler are pretty good; to
test the algorithm with a very hard problem, in Fig.23 we
compare the condition number distribution of 1000 random
64 × 64 complex matrices, with respect to the condition
number of matrices obtained applying the QR scheduler to
the 64 × 64000 matrix with L = 64: apart from the matri-
ces generated in the last steps of the scheduling algorithm,
the other matrices are full rank with a very good condition
number. With reference to the cases considered in the paper,
in Fig.24 we show the distribution of the condition number
obtainable considering the scanning region of 30◦ × 120◦,
K = 200 and L = 8; using the proposed scheduler 95% of
the obtained sub-matrices show a condition number smaller
than 10dB, making this approach suitable for zero-forcing
beamforming. The calculation of the scheduling is also pretty
quick, since in the K = 200 / L = 8 case it requires less than
30ms using Matlab and an Intel Core i7 8700K CPU.
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