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Abstract— Multi-User MIMO (MU-MIMO) is widely used in
the fifth generation (5G) cellular network to improve network
performance at high traffic loads. When demonstrating the
compliance of 5G antennas with the radio frequency (RF)
electromagnetic fields standards, beamforming and MU-MIMO
must be considered, since a 5G MU-MIMO antenna radiation
pattern changes in both the space and time domain, adapting
to changes of the user’s position. To cope with the time and
space variability of the power radiated by 5G systems, mobile
operators can activate automatic tools to monitor and control
the transmitted power (power lock (PL) systems) to ensure that
a given radiated power threshold is not exceeded. This article
extends and enhances the methodology introduced by the authors
in previous work, by testing and verifying PL systems in an
MU-MIMO and beamforming scenario (3-D PL systems, 3DPL)
through field measurements, controlling the power transmitted
by each beam, i.e., in each direction. Measurement results
confirm that the 3DPL feature limits the average power of the
traffic channels transmitted in each direction, regardless of the
configured total maximum power. More specifically, it is shown
that the 3DPL reduces the maximum average transmitted power
by the expected 2 dB when only one user is active (i.e., in a single-
user MIMO (SU-MIMO) scenario), while it does not operate
any reduction when two users are active (MU-MIMO scenario)
because the power transmitted toward each user is already half
(i.e., —3 dB) of the maximum power that can be transmitted.

Index Terms— Electromagnetic fields, exposure assessment,
fifth generation (5G), human exposure, measurements, Multiple-
Input Multiple-Output (MIMO), Multi-User MIMO (MU-
MIMO), new radio, power lock (PL), power monitoring and
control.

I. INTRODUCTION

XPOSURE to radio frequency (RF) electromagnetic
fields is regulated worldwide by standards [1] or
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guidelines [2], [3] that specify limits in terms of time-averaged
quantities. In Europe, which falls under the International Com-
mission on Non-Ionizing Radiation Protection (ICNIRP) [4]
guidelines, the time average had to be run for 6 min [2] until
the revised version [3] extended it to 30 min. Every source
of RF electromagnetic radiation is, therefore, surrounded by
an exclusion zone that is a volume around the source where
exposure is not compliant with limits and where, as a conse-
quence, no human being should be allowed to avoid hazards
related to health effects of radiations.

The fifth generation (5G) radio interface represents a major
step forward in radio technology compared to previous gen-
erations and a challenge related to measurement, testing, and
validation of 5G performance [5]. Indeed, 5G was designed
to cover multiple usage scenarios, from mobile broadband
to ultra-reliable low latency communications (URLLC) and
machine-to-machine (M2M) communications. The radio inter-
face, therefore, had to be defined to cover many different
application scenarios. From a technical point of view, this
required the exploitation of new technological paradigms [6]:
5G makes use of a high degree of flexibility, both in the
code domain (e.g., flexible numerology), in the time domain
(e.g., time-domain duplex (TDD) pattern variability), and in
the frequency domain (e.g., it does not require a specific
bandwidth), as well as in the space domain: this last aspect was
the most relevant from the point of view of the standardization
of calculation and measurement of the electromagnetic field,
which for the first time had to deal with a technology—
the so-called massive MIMO (MaMIMO) technology—that
allows the beam to be directed, through a technique named
beamforming, specifically toward the user in order to optimize
the use of the time and space resources of the communication
channel, also avoiding signal transmission where it is not
needed. The complexity of the configuration of the time and
space pattern of the field radiated by 5G antennas, which
guarantees an unprecedented level of efficiency in the use
of radio resources in space and time, required an update
of the techniques for measuring and estimating the level
of the electromagnetic field generated by a 5G radio base
station.

When determining the exclusion zones of RF electromag-
netic fields for MaMIMO antennas installations, it is impor-
tant to consider the beamforming and Multi-User MIMO
(MU-MIMO) [6], [7], [8] functionality of the antenna systems,
that modify the radiation pattern in both the space and time
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Fig. 1. Envelope diagram.

domain to adapt the electromagnetic footprint to changes of
the user’s position. With standard IEC 62232 [9] and the
associated technical report TR 62669 [10], the International
Electrotechnical Committee (IEC) identified the envelope dia-
gram (see Fig. 1) as a means to evaluate the worst case
radiation pattern generated by MaMIMO antennas.

The envelope diagram is obtained by considering, for each
direction, the highest gain of all the beams that the antenna
can synthesize in that direction. It follows that:

1) the horizontal compliance distance depends on the max-
imum gain of a single beam and

2) the vertical and transverse compliance distances depend
on the maximum angles at which the antenna can direct
the beams.

As mentioned above, it should be remembered that exposure
limits are always intended as the average over a given time
interval. The envelope diagram is, therefore, a purely theoret-
ical representation, far from reality because it does not take
into account either the power split among the currently active
beams or the space diversity typical of MaMIMO antenna,
which focuses the signal only on some sub-areas/regions of
the coverage area. This means that the calculation of the
electromagnetic field (EMF) exclusion zones through tra-
ditionally used methods generates very conservative results
because they assume that the maximum power is transmitted
simultaneously in every possible direction, due to the use
of the envelope diagram, and that the MaMIMO antenna’s
downlink frame is full.

To consider both the time and space variability of power
radiated by an MaMIMO system [11], the IEC, therefore,
associates the definition of the actual maximum transmitted
power (AMTP) [12], [13], [14] to the envelope diagram.
AMTP is based on the space and time distribution of the
transmitted power, and its numerical definition involves using,
in the EMF exclusion zones of an MaMIMO antenna, the
95th percentile of the empirical distribution obtained from
historical data of the power radiated by the antenna, instead
of the maximum configured one.

Alternatively, the IEC [9] suggests that operators activate
automatic tools to monitor and control the transmitted power
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of MaMIMO system—named power lock (PL) systems in
the following, for short—to ensure that the threshold values
configured for each antenna are not exceeded. As soon as the
function detects that the average power transmitted approaches
the threshold defined by the operator, the PL will automatically
reduce the power. The functionality of the PL feature, which
allows avoiding even those very unlikely cases in which the
power transmitted by a beam pointing a certain direction is
higher than the AMTP, can be tested on-site, and the IEC
itself immediately took to define an adequate test procedure
(see Annex C—Guidelines for the validation of power or
EIRP control features and monitoring counter(s) related to
the actual maximum approach in [9]). It must be pointed
out that all the methodologies available in the literature have
been validated with Single-User MIMO (SU-MIMO) antennas
only and time-averaged transmitted power, therefore, without
considering the MU-MIMO mode and spatial multiplexing of
the beamforming antenna.

Since RF EMF exclusion zones can cause implementation
problems for the operator, operators can benefit from using a
more realistic exclusion zone calculation based not only on
time-averaged transmitted power but also considering beam-
forming and the MU-MIMO functionality, while continuing to
comply with exposure limitations.

The approach proposed in this article enhances and com-
pletes the methodology first introduced by Adda et al. [15]
and presented also in [12], and the normative documents for
characterizing and testing the PL in an MU-MIMO and beam-
forming scenario, controlling the power transmitted by each
beam, i.e., in each direction. Such functionality will be referred
to as 3-D PL (3DPL). The main novelty of the proposed
approach is that the procedure in [15] only focused on PL
features that operate according to the total power radiated by
the antenna, while the new procedure also considers how that
power is used, i.e., whether it is directed toward a single user
or to multiple users, and operates accordingly.

The research presented in the article is complemen-
tary to other works spanning the 5G measurement world.
Betta et al. [16] present general issues and research topics
related to the measurement of human exposure to cellular
networks, while [17], [18], [19], [20], [21], and [22] present
the results and discussions more specific to 5G measurements
methodologies and the results of experimental campaigns
in urban scenarios. Furthermore, some of the authors have
recently published the results of an extended experimental
campaign about the impact of 5G signals on the response of
wideband electric filed probes [23]; while in [24], a method-
ology to assess human exposure based on scalar and vector
measurements of the traffic signals is proposed, following the
results of [25].

The article is organized as follows. In Section II, the
operating principle of the MU-MIMO smart antenna and the
3DPL is presented, while in Section III, the methodology
to characterize the 3DPL in an MU-MIMO environment is
described and validated, and the results are compared with
the PL characterization presented in [15] in an SU-MIMO
scenario. Section IV eventually summarizes the main
results.
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II. MU-MIMO AND 3DPL

MaMIMO antennas are one of the technologies that mostly
contribute to the outstanding performance of 5G NR sys-
tems [8]. They can adapt their radiation pattern dynamically
with the transmission needs determined by the user’s config-
uration within the service area. MaMIMO antennas are made
of many elementary micro-antennas or arrays of antennas
(for example, with 32 or 64 elements)—hence the adjective
Massive—which work in a coherent and orchestrated way
to dynamically create extremely directional radiation lobes
using sophisticated signal processing techniques. The more
the antennas are used, the narrower the beam can be so that
lobes are more directive than those of traditional antennas
and can be directed toward the position of a single user
equipment (UE) (see Fig. 2). To track moving users and limit
the interference in areas where the signal is not needed—and,
therefore, no power is required in that direction—radiation
directions change frequently, the time rate being typically
equal to the transmission time interval (TTI) (that is, hundreds
of milliseconds) or, at most, a few milliseconds.

The are three different array technologies that MaMIMO
can use to improve both network coverage and capacity:
beamforming, zero-forcing beamforming, and spatial multi-
plexing [8], [26].

The purpose of beamforming is to focus signals more in
some directions than others, allowing the same frequency to
be reused to carry different information over different paths to
users that are spatially separated. The aim is to increase the
spectral efficiency, thus improving the quality of the link in
terms of signal-to-interference-plus-noise ratio (SINR), in the
direction of the user of interest, due to a high beamforming
gain. This results in improved network coverage and capacity,
and higher performance for the user. This behavior, addition-
ally, reduces the electromagnetic field transmitted in the cell,
because the signal is sent only toward active UEs (those that
are generating traffic at a specific time) and no energy is
radiated toward areas where it is not necessary, that is where
there are no active UEs.

In the presence of multiple active users, to obtain higher
SINR and spectral efficiency for each user, the zero-forcing
beamforming [8], [27], [28] is commonly used. By forcing
nulls in the radiation pattern, such kind of beamforming
technique tries to reduce the gain of the beam that serves each
UE at angles pointing to other active UEs.

Spatial multiplexing is a multiple input multiple output
(MIMO) multiplexing technique that allows the transmission
of multiple data streams to the same UE or different UEs on
the same temporal frequency symbol [named physical resource
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Fig. 3. Spatial multiplexing: SU-MIMO versus MU-MIMO. (a) SU-MIMO.
(b) MU-MIMO (4 UEs). (¢) MU-MIMO (16 UEs).

block (PRB)] [29]. When multiple data streams are directed
to the same user, they are referred to as Single-User MIMO
(SU-MIMO), while Multi-User MIMO (MU-MIMO) is the
case that involves the spatial multiplexing of multiple users.
Currently, MU-MIMO supports a maximum of 16 layers per
cell and up to four SU-MIMO layers per user. Therefore,
it is possible to have four MU-MIMO users with four layers
each at the same time. If more than four MU-MIMO users
are to be activated at the same time, these will have fewer
assigned layers (for example, eight users with two layers each),
the upper bound being 16 users with only one layer each.
Examples of SU-MIMO and MU-MIMO configurations are
shown in Fig. 3.

The key distinction between SU-MIMO and MU-MIMO
comes down to the number of users it can assign its spectrum
at the same time. In an SU-MIMO system, for instance, one
portion of the spectrum (the PRB) is assigned to a single
user. The SU-MIMO is the same MIMO we know from
LTE networks designed to work with “traditional” antennas
where the signal is transmitted over the whole service area:
the direction in which the radiated energy is transmitted is
fixed and determined over time. MU-MIMO expands and
fuses the concepts of beamforming and spatial multiplexing,
allowing the reuse of PRBs among many users, assuring low
interference among them.

To show how this can be achieved, we can resort to the
example of a user with an average download speed of 1 Gb/s
in an SU-MIMO scenario using all PRBs available in the 5G
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bands [6]. If four other users connect to the same cell, the
initial speed will decrease because bandwidth and PRBs are
finite and must be shared among five users instead of only
one. For all five UEs to experience the same speed as one (i.e.,
1 Gb/s), 5x more PRBs would be needed on average. This
can be obtained with the MU-MIMO since the same PRBs
can be shared among multiple users.

A challenge to be addressed by MU-MIMO is that the total
instantaneous transmitted power (P;) is split among multiple
users: the maximum instantaneous transmitted power (P max)
can not be higher than the maximum power configured at the
antenna input (Ppax). Therefore, as the number of connected
UEs increases, the power assigned to each one is reduced
and, consequently, a reduction of the SINR occurs. The rules
and strategies to split the power among MU-MIMO users are
completely up to the manufacturer (and, as such, patented),
but more information on this is available in [7].

To better understand the differences between the PL and
the 3DPL features, we can go back to the example mentioned
above. For the sake of ease, we will assume that the system
has an technology duty cycle factor (Frpc) [9] equal to 1,
i.e., that the TDD is used 100% of the time for the downlink.
If the PL is configured so that the threshold for the average
power over 6 min Payg max 15 at 25% Pray, in the SU-MIMO
scenario, with a single user requiring full resources (i.e., 100%
PRBs), the antenna constantly transmits in a specific direction
at Ppax. This condition will activate the PL, which will reduce
Py, so that the average power over the entire 6-min interval
will be 25% Ppax.

If four more users, spatially separated, connect to the same
cell, and all of them require full resources (i.e., 100% PRBs),
due to the MU-MIMO, the same PRBs can be shared among
multiple users and they can experience the same speed as
the first one. The antenna is now constantly transmitting in
five different directions, the total power being homogeneously
divided among all users so that each user is reserved 20% Ppax.
However, since the PL. monitors the total power transmitted by
the antenna, the feature reduces P; so that the total average
power of the five connections over the 6-min integration
interval is 25% Pp.x, With an impact on the signal-to-noise
ratio (SNR) and the overall performance of the system: when
PL is active, the transmitted power reserved for each user
is 20% Paygmax, i-€., only 5% Py, Instead, if we adopt a
per-beam reduction strategy, which is what a 3DPL does,
the system detects that, in each of the five directions, the
transmitted power (20% Pyax) is lower than the threshold
Pavemax and will not activate.

The purpose of MU-MIMO is to improve network per-
formance at high traffic loads under good SINR conditions.
These are conflicting requirements, as high traffic loads often
result in lower SINR due to increased network interference.
The PL would worsen the channel conditions by excessively
limiting the power in high-traffic load conditions, while the
3DPL allows a better SINR than the PL. The primary benefit
of using MU-MIMO and 3DPL jointly is that they improve
performance at high traffic loads and allow the reuse of
spectrum and infrastructure to serve multiple users, without
any significant performance degradation while continuing to
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TABLE I
SPECTRUM ANALYZER CONFIGURATION

Parameter Value
Reference Level 0dBm
Attenuation 10dB
Resolution bandwidth (RBW) 100kHz
Video bandwidth (VBW) 300kHz
Center Frequency 3.68 GHz
Frequency Span 163 MHz
Integration band 80 MHz
Trigger mode Auto sweep
Trace mode Average
Averaged traces 100

comply with exposure regulations strictly. The 3DPL monitors
the power transmitted by the MaMIMO system in the space
and automatically limits the maximum value only for the
beam pointing in a specific direction where the average power
over a reference time interval is about to exceed the allowed
threshold.

III. CHARACTERIZATION OF 3DPL IN MU-MIMO
ENVIRONMENT

A. Measurement Setup

The capability of the 3DPL to control the power transmitted
in each direction was tested in the same line-of-sight (LOS)
environment used to validate the PL methodology presented
in [15] (see Fig. 4). Two points on the ground, sufficiently
away from each other to activate different traffic beams, were
identified based on the beams’ radiation pattern provided by
the MaMIMO antenna manufacturer. Two 5G mobile phones
(UE; and UE, in Fig. 4) were positioned at the measurement
points and configured with continuous User Datagram Protocol
(UDP) data transmission.

To measure the channel power (CP) at the point close
to UE;, an Rohde & Schwarz (R&S) FSVA 3030 spectrum
analyzer, configured as shown in Table I and connected to
a Keysight N6850A isotropic broadband antenna, was used.
A power counter and a dedicated software provided by the
antenna vendor were also used during the measurement session
to sample both P; and traffic [i.e., the number of transmitted
resource blocks (RBs)] at the input of the MaMIMO antenna.

The measurement campaign consisted in repeating the
validation procedure described in Section III-B three times.
Sample statistics of the three CP measurements is reported in
the two rightmost columns of Table II.

B. Experimental Results

The PL feature presented in [15] and [12] measures the
maximum average power transmitted by the antenna regardless
of the direction in which it is radiated. The PL does not
consider the beamforming and spatial multiplexing array tech-
nologies of an MaMIMO antennas. In fact, the PL incorrectly
assumes that the radiated power for each direction is equal to
the total power transmitted by the antenna, which is equal
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Measurement site and UE position.

TABLE I

TEST CONFIGURATION AND SUMMARY OF MEASUREMENTS

cP

Test no. t UE, UE2 3D PL Py Frpe Paygmax to UEL Pavgmax to UE2 Scp
to ON  OFF . 51dBm 49.7dBm 0dBm -15.47dBm 0.12dB
4 Operating -1.3dB
t1  ON  OFF 49dBm 47.7dBm (= P) 0dBm -17.51dBm  0.15dB
5 ON ON  Not Operating | 51dBm -1.3dB 46.7dBm 46.7dBm —-18.55dBm 0.13dB
to ON  OFF . 51dBm 49.7dBm 0dBm —-15.58dBm 0.13dB
6 Operating -1.3dB
t3 ON  OFF 49 dBm 47.7dBm (= FPy) 0dBm -17.62dBm 0.15dB
to the sum of the powers radiated to each user. To prove Start
that the methodology presented in [15] can be extended to v
the testing of 3DPL systems, we replicated the procedure Testno. 6
illustrated therein, yet extending some steps—as will be shown )
later—to consider the activation of two different beams (see — -
the flowchart in Fig. 5). For the same reason, test numbers ﬁ;}‘,’fi%ﬁ — Deactivate UDP
in each step continue the numbering of those reported in the v traffic on UE;
original paper, therefore, starting at No. 4 as shown in Table II. l Activate UDP I
The reason for limiting the experimental activity to k = 2 Measure vaffc on UE:
UEs only is because [8], [30], and [31] show that if there are Charztn ilt':)ower l Chﬁﬁiifléfwer
k > 2 different UEs activating k beams at maximum power, Wait for variation (t=t)
the maximum power that the system can radiate will be split l ot ]
homogeneously among the beams. Consequently, the power Wait for 3DPL ' Wait for 3DPL
assigned to each beam will be Pyax — log(k). Therefore, if k = (o limit P Veasure to limit Py
2 users make the average power below the maximum allowed 1 Channel Power I
average power Py, more so will do k > 2 users. Veneure I eneure
For the experimental campaign, Frpc = —1.3 dB and Channel Power W || channel Power
Prnax = 51 dBm. Therefore, the maximum average power t=t) Testno. 5 (t=t)
that can be transmitted by the MaMIMO system in a specific ; :
direction over a 6-min interval when the 3DPL is inactive and L '
P = Puax iS Pugmax = Pmax — |Froc| = 49.7 dBm. The Test no. 4 Stop
3DPL’s threshold for the maximum total average power over
6 min Py is 2 dB' below Pyygmax, i-6., Py = Paygmax —2 dB =  Fig. 5. Flowchart.

Pmax — |FTDC| —2dB =47.7 dBm.

Measurements of P; (both in dBm units and W), RBs, and
the status of the two UEs for one of the three experiments run
in the campaign are shown in Fig. 6. Before test No. 4 starts,
both UEs are off and the MaMIMO system is not powered.

11.5-dB power drop is fixed by the service provider, 0.5-dB additional
reduction is applied by the manufacturer (adding to whatever the threshold
configured by the service provider).

The flowchart in Fig. 5 shows the steps of each test described
in the following.

1) Test No. 4: UE; ON and UE, OFF: The test starts when
the antenna is switched on and UE,; is activated and starts
transmitting. As expected, given the UDP configuration, P, is
the maximum available power—i.e., P, = Py,x—and all RBs
are transmitted (see the left frame in Fig. 6). At t = #y, the
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Testno. 4 Testno. 5 Test no. 6
28] : L = — L =
28 I 1 1 I a
] ’ I I I I o
354
304 1 1 1 1 3
150 1 . 1
1001 1 1 W 2
50+ I I I I =
01 1 1 1 1
%88 ] [ ] 1L 1 m
i | ! | —
504 I 1 1 1 E
01 | 1 | I
ON 1 1 1 1
1 1 1 1 c
’ o Lt b e M
OFF 1 1 1 1 1
ON{ 1 1 1 1
C
| | / \ | | m
| | | | N
OFF | - I | T,
14:08:00 14:09:00 14:10:00
Time
Fig. 6. Instantaneous power (P;), transmitted RBs, and UE status.

instantaneous power is not limited by the 3DPL yet, because
the current total average power Py, is less than the threshold
Py. As Py, increases with time, the 3DPL senses that Py is
being approached and starts limiting the instantaneous power
at P, = Py. A measurement at ¢t = t;, when limitation is active,
proves that there is a reduction of the CP and, therefore, of the
exposure.

The sample means of CP measurements obtained before
power limitation are applied (i.e., at various ¢ = fy, when the
MaMIMO transmits at P, = Pyax) and during power limitation
(i.e., at various t = t;, when power is limited at P;) are
—15.47 dBm (s = 0.12 dB) and —17.51 dBm (s = 0.15 dB),
respectively (see Table II). This confirms that the 3DPL feature
limits the average transmitted power by 2 dB, as expected.
Fig. 7(a) and (b) shows that both before (f = fy) and after
(t = 1) application of the limitation, all RBs are transmitted.

In this phase, the 3DPL operates as in Test No. 3 in [15]
because there is only one active user in a single direction
(@it is an SU-MIMO scenario), and the power radiated toward
that direction is the whole power transmitted by the antenna.
There is, therefore, no difference between the 3DPL and the
PL, and it is possible to monitor the transmitted power trend
through P,.

2) Test No. 5: UE; ON and UE, ON: Test No. 5 starts
when UE, starts UDP transmission, with UE; still active and
the 3DPL limiting power.

As expected, data keeps being transmitted with the maxi-
mum number of RBs available, and the instantaneous power
measured at the antenna terminal goes back to P, = Pyax
(see the center frame in Fig. 6). This happens because the
system is configured in MU-MIMO mode, and the scheduler
splits the power between the two users (see Fig. 2). This
implies that the maximum power that can be transmitted by the

MaMIMO system in a specific direction is now Py —3 dB =
48 dBm, since there are two active users. Therefore, now the
power transmitted in each direction is less than the threshold
(Pmax — 3 dB < Py) and the 3DPL is not required to operate
any further reduction.

The sample mean of CP measurements during this test is
—18.55 dBm (s = 0.13 dB) (see Table II), that is, 3.08 dB
below the mean value obtained without any reduction applied.

In this situation, the 3DPL does not limit P;, because it is
not monitoring and controlling the total power transmitted by
the antenna, but the power transmitted in each direction. This
is where the per-beam behavior of the 3DPL feature shows.

Indeed, if a PL was embedded in the antenna system,
Py would be split between the two active users since the
total average power transmitted over 6 min cannot exceed P,
to comply with the limit. As a result, in Test No. 5, the
activation of PL would result in Py being reduced by 3 dB
compared to the single user scenario described in Test No. 4,
and that would, therefore, return a CP measurement equal to
—17.51 dBm—3 dB = —20.51 dBm, i.e., the value measured
at t = t; reduced by the 3 dB due to the power split. By using
the 3DPL there is a net improvement of 2 dB in the CP at the
user side compared to what would be received when a PL is
used instead.

3) Test No. 6: UE; ON and UE, OFF: Test No. 6 starts
when UDP data transmission by UE, is interrupted. When that
happens, the whole power at the antenna input is assigned
to the direction pointing to UE;. Therefore, P, = Punax (See
t = 1, in Fig. 6). Consequently, after a few seconds under this
condition, the 3DPL senses that P, is being approached and
it limits the instantaneous power P, at P, = Py (see t = t3 in
Fig. 6). Since there is only one active user, it is possible to
monitor the power trend through P;, just like in test No. 4.
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Fig. 7.

This test is run to make sure that the 3DPL behaves as in
test No. 4, (i.e., it reduces power to respect the maximum
average power limit) even when the system exits a situation
where power is limited not because of the 3DPL but because
of the power split between different beams operated by the
MaMIMO system itself.

The sample mean of CP measurements obtained before
power limitation is applied (i.e., at various ¢ = t,, when the
MaMIMO transmits at P, = Py,x) and during power limitation
(i.e., at various t = t3, when power is limited at Py) are
—15.58 dBm (s = 0.13 dB) and —17.62 dBm (s = 0.15 dB),
respectively (see Table II). This confirms that the 3DPL feature
limits the average transmitted power by 2 dB, as expected.
Fig. 7(c) and (d) shows that both before (f = ;) and after
(t = t3) activation of the limitation, all RBs are transmitted.

Results prove that, for the mobile operator, the use of
3DPL together with MU-MIMO configuration has a significant
advantage. As a matter of fact, a PL worsens the channel
conditions by excessively limiting the power in the case
of MU-MIMO scenario, while 3DPL allows a better SINR
than PL. Therefore, in the MU-MIMO scenario, the 3DPL
improves performance by allowing the reuse of spectrum and
infrastructure to serve multiple users, while strictly adhering
to exposure standards.

IV. CONCLUSION

In this article, we have shown how to extend and enhance
the methodology to characterize a 3DPL, an automatic tool
for monitoring and controlling the average power transmitted
by an MaMIMO system to make exposure to electromagnetic
fields generated by 5G systems compliant with exposure limits
on a per-beam basis. The proposed extension requires that
the transmitted power and the resulting electromagnetic field
strength are monitored under three different conditions, thus
the validation procedure requires three different operations.
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(b)

(@

CP measurements at UE;. (a) t =g and P, = Pyax. (b) t =1t and P, = Py. (¢) t =t and P, = Pyax. (d) t =13 and P, = Py.

The experimental validation shows significantly positive
advantages for the mobile operator and those who perform
the verification (regulatory body). On the one hand, the results
prove that for a mobile operator, the main advantage of using
3DPL over PL is the possibility to improve performance at
high traffic loads allowing for spectrum and infrastructure
reuse to serve more users, without any significant perfor-
mance degradation while continuing to comply with exposure
regulations. On the other hand, the results prove that the
methodology is independent of the specific implementation
of the 3DPL feature and can, therefore, always be applied
without loss of generality to verify that the feature maintains
the designated operating characteristics over time.

More specifically, the results confirm the effectiveness of
the methodology in demonstrating that the 3DPL feature
limits the average power of the traffic channels transmitted in
each direction, regardless of the configured maximum power.
It is shown that the 3DPL reduces the maximum average
transmitted power by the expected 2 dB when only one user
is active (i.e., in a SU-MIMO scenario), while it does not
operate any reduction when two users are active (MU-MIMO
scenario) because the power transmitted toward each user is
already half (i.e., —3 dB) of the maximum power that can be
transmitted.
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