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ABSTRACT Base stations equipped with large multi-antenna systems and associated beamforming schemes
provide large capacity and coverage. Massive multiple-input-multiple-output (MIMO) with beamforming
was introduced as one of the enablers of 5G system performance, and this technology is evolving with the
introduction of more advanced algorithms for spatial multiplexing. One of the most relevant conditions to
support deployment of 5G base stations with massive MIMO is to assess realistic RF electromagnetic field
exposure compliance distances leveraging the actual maximum approach introduced in IEC 62232:2022.
This evaluation method takes into account the variability of traffic load and beam patterns used by the
beamforming algorithm. This work investigates the impact of various beamforming schemes, like grid-
of-beams, eigen-beamforming and zero-forcing, as well as various array antenna configurations on the
evaluation of the power reduction factor used when implementing the actual maximum approach for RF
electromagnetic field compliance assessment of massive MIMO base stations. The modelling results show
that lower power reduction factors can be considered for eigen-beamforming and zero-forcing beamforming
algorithms compared to grid-of-beam. The power reduction factor drop can be up to −4 dB when 8 user
equipment’s are connected simultaneously.

INDEX TERMS 5G, actual maximum approach, antenna array, beamforming, Eigen-beamforming, grid-of-
beams beamforming, EMF exposure, multi-antenna system, zero-forcing beamforming.

I. INTRODUCTION
The 5th generation (5G) of mobile communication systems is
being deployed around the world. Many of the new base sta-
tions (BS) are operating in the 3.5 GHz band and are equipped
with multi-antenna systems with massive multiple-input-
multiple-output (MIMO) technology [1]. Multi-antenna sys-
tems with associated beamforming (BF) algorithms increase
capacity and coverage of the cell in comparison to the pre-
vious mobile networks equipped with sectoral antennas. The
overall performance of the network strongly depends on the
BF algorithms embedded in the BS multi-antenna system.

The associate editor coordinating the review of this manuscript and

approving it for publication was Yuan Gao .

The first deployment of 5G BS is mainly based on the
simple grid-of-beams (GoB) algorithm, where beams steered
towards the user equipment (UE) location are selected from
a predefined set. However, more advanced BF schemes have
been adopted to meet the expected requirements of the 5G
system. One of the well-known BF algorithms is eigen-
beamforming (EBF), which provides much better resolu-
tion in terms of beam steering directions than GoB and
can adapt to changing radio propagation conditions. Another
BF scheme is eigen-mode zero-forcing (EZF), which mini-
mizes interference towards non-served UEs by null-forming
in beam pattern. Both EBF and EZF algorithms are very
effective and provide much better performance than GoB,
but on the other hand require higher signal processing
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capacity inside the base-band modules of massive MIMO
BS [1].

An important condition to support the deployment of
massive MIMO BS is to provide an accurate and realis-
tic assessment of RF electromagnetic field (EMF) exposure
using the averaging time specified in the applicable expo-
sure limits, such as [2], [3] or [4]. The high dynamics of
BF require to develop a new method for evaluation of RF
EMF exposure frommulti-antenna system [5]. The traditional
approach based on the configured maximum equivalent-
isotropic-radiated-power (EIRP) may lead to large overes-
timation of the compliance distances around the BS. The
actual maximum approach, as specified in IEC 62232:2022
[5], takes into account the variability of the traffic load and the
beam patterns used during BF operations in the evaluation of
compliance distances. Examples of statistical analysis of RF
exposure on operational networks are provided in IEC TR
62669:2019 [6] including both measurement and modelling
methods. Many publications analyzed the actual maximum
approach for massive MIMO systems using one selected BF
method without comparison to other schemes, e.g., [7], [8],
[9], and [10]. The impact of BF algorithms on RF EMF
exposure was studied in [11], however with only one specific
deployment of a single BS and with a ray-tracing channel
model. In this work we expand the statistical analysis pre-
sented in [7] to various additional BF techniques and massive
MIMO antenna configurations to support the implementa-
tion of the actual maximum approach for RF EMF exposure
evaluation. We focus only on time division duplex (TDD)
mode because massive MIMO is deployed mainly on TDD
frequency bands, but the main conclusions and observations
would remain the same for frequency division duplex (FDD).
We use advanced system-level simulation with 3D statistical
spatial modeling of radio propagation and different distribu-
tion of UEs as in the previous study [7], which allows us to
provide comprehensive insight into this topic. This paper has
been divided into the following parts: Section II explains the
basics of analyzed BF algorithms, Section III describes the
simulationmethodology in details, Sections IV compares per-
formance results of 5G system operating with three different
BF schemes, Sections V focuses on EMF exposure analysis
in accordance with the actual maximum approach, whereas
Section VI concludes the study and provides further research
topics in this subject area.

II. THE BASICS OF BEAMFORMING ALGORITHMS
The main benefits of multi-antenna systems regarding cell
coverage and capacity come from two complementary tech-
niques: BF and spatial multiplexing, as shown in Figure 1.
When using BF, the BS directs the transmitted energy towards
a specific UE, which greatly increases the power of the
received signal but also minimizes transmission of energy in
other directions. This avoids unnecessary power consump-
tion and reduces RF EMF exposure where there is no user.
In spatial multiplexing, the BS sends multiple streams to

FIGURE 1. Illustration of massive MIMO principles: spatial (angular)
separation of UEs to provide multiplexing gain on orthogonal beams.

FIGURE 2. Illustration of UE-feedback-based BF with GoB.

several spatially separated UEs using an BF algorithm, which
additionally increases the spectral efficiency.

The key enabler of BF is channel estimation, where two
main approaches can be distinguished. The first approach is
based on UE feedback, where the UE measures downlink
(DL) reference signals transmitted by the BS, identifies the
best beam from the set of predefined beams (e.g. GoB) and
indicates this to the BS (Figure 2). Due to the robustness of
this technique, it can work under any radio channel condi-
tions. However, beam selection may be suboptimal due to
insufficient channel information and low resolution of beams.
The second approach relies on the radio channel reciprocity,
where the properties of theDL channel can be estimated using
uplink (UL) channel measurements. The BS measures the
UL Sounding Reference Signal (UL SRS) sent by the UE,
processes the received information, estimates theDL channel,
and selects or creates the optimal beam (Figure 3). This tech-
nique allows optimal beam selection and BF weights adap-
tation due to more accurate channel estimation. Reciprocity-
based channel estimation also allows to adapt beams shapes to
minimize interference, e.g., by the EZF approach as presented
in Figure 4. Theoretically, an unlimited number of beams can
be constructed using reciprocity-based techniques. However,
this technique requires high quality channel estimation and
sufficient UL link budget due to the limited transmit power of
UE. Therefore, the cell coverage range in which reciprocity-
based channel estimation can be used is limited.

The EBF and EZF techniques exploit multipath propaga-
tions, so that UE-specific beams can be constructed into sev-
eral other directions, apart from the main lobes. The resulting
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FIGURE 3. Illustration of reciprocity-based EBF.

FIGURE 4. Illustration of reciprocity-based EZF.

FIGURE 5. Illustration of resulting 3D beam pattern of EBF algorithm for
one example of radio channel realization.

beam may have an arbitrary shape where multiple beams
cover several propagation paths, as shown in Figure 5.
Small scale fading effects in realistic multi-path channels

with angular spread impact the effective beam shape, which
is highly phase dependent, as described, for example, in [12].
Therefore, it is interesting to study the effect of these highly
dynamic and unpredictable beam shapes on the exposure to
RF EMF, especially in the context of the estimation of power
reduction factor (FPR) used in the actual maximum approach
for massive MIMO BS as described in IEC 62232: 2022 [5].

III. SIMULATION METHODOLOGY
Computational modeling is listed in IEC 62232:2022 [5] and
IEC TR 62669:2019 [6], next to the measurement methods,
as one of the recommended approaches for analyzing the

FIGURE 6. Antenna array with 8 × 8 cross-polarized antenna elements
formed in 16 sub-arrays. Each sub-array is connected to 2 TRX (1 TRX per
polarization).

FIGURE 7. 3D envelope of antenna beam patterns for GoB.

actual maximum approach and estimate of FPR. Therefore,
in this study we used advanced proprietary system-level
simulator for massive MIMO networks evaluation. Core of
the simulator is based on the statistical 3D spatial model of
urban macro (UMa) radio wave propagation in accordance
with 3GPP technical report 38.901 [13]. This standardized
channel model is commonly used by the industry to build
link level and system level simulators. The implementation
used in this study has been also used during study described
in more details in [7]. All statistical distributions of simulated
parameters presented in this paper, e.g., spatial distribution of
UEs, are in accordance with this model.

The study was performed for a cellular network consisting
of 7 cells, each of cell having 3 sectors with massive MIMO
multi-antenna BS operating in time-division-duplex (TDD)
scheme with a technology duty-cycle factor of 0.75 for DL.
In the scenario, the BS is placed at the height of 25 m with
the inter-site distance of 500 m. The system operates at the
frequency of 3.5 GHzwith 100MHz channel bandwidth, sub-
carrier spacing of 30 kHz and 51 dBm of maximum transmit
power. Simulations were conducted for 8 × 8 antenna array
with cross-polarized antenna elements and 32 transceivers
(TRX) connected to subarrays as depicted in the Figure 6
or 128 TRX connected to all antenna elements. The maxi-
mum gain of this antenna array is 23.2 dBi at boresight. The
antenna was also configured with 5 ◦ of electrical down-tilt
because UEs are located below the antenna height. Wideband
proportional fair scheduler with multi user (MU) MIMO
beam pairing based on correlation between beams are used.
In the antenna array model, we implemented three different
BF algorithms: GoB, EBF and EZF.

In the case of GoB, the antenna array can generate
24 beams per polarization (48 in total) uniformly distributed
within 120 degrees of azimuth opening angle and 2 elevation
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FIGURE 8. Cell spectral efficiency for different BF schemes (32TRX).

FIGURE 9. UE cell edge throughput for different BF schemes(32 TRX).

angles as shown in Figure 7. A multi-antenna system with
GoB can serve many users simultaneously thanks to spatial
multiplexing by using different antenna beams with the low-
est inter-beam interference but due to limited resolution of
beams the MU-MIMO gains are low (see Section IV). In the
case of EBF the channel covariance matrix is averaged over
the full carrier bandwidth. The strongest eigenvectors (one
or several, depending on the rank) of this covariance matrix
are used as a precoder. When EZF is used in the simulation
model, the channel covariance matrix is also averaged over
the full carrier bandwidth. Then, the matrix of strongest
eigenvectors (depending on thewanted rank) are used for zero
forcing precoding calculation.We do not use pilot contamina-
tion in simulation, so Channel State Information (CSI) based
on the UL pilot is ideal.

The simulated UEs use a single omnidirectional antenna
and are randomly distributed in a cell, where 20% of them
are outdoors and 80% indoor, inside the buildings whose
heights are uniformly distributed between 4 and 8 floors
(model according to 3GPP 38.901 [13]). UEs locations are
static but UE positions are randomly rotated every drop. The
number of served terminals, K , is 1, 2, 5 or 8 and the drop
duration of a single DL connection, D is 10, 60 or 360 s. The
averaging time used is 6minutes as specified in ICNIRP-1998
[2] and IEEE C95.1 [3]. We consider a configuration where
the BS are fully loaded using the full-buffer traffic model [7].
Average values of beamforming gain are calculated for every
BS and for every subframe to evaluate antenna gain distri-
bution and evaluation of FPR. Table 1 summarizes the main
simulation assumptions.

TABLE 1. Main simulation assumptions.

IV. ANALYSIS OF 5G SYSTEM PERFORMANCE WITH
DIFFERENT BF ALGORITHMS
Performance comparison of analyzed BF methods with 32
TRX configuration are shown on Figures 8 for spectral effi-
ciency and Figure 9 for cell edge throughput. We observe
that EBF and EZF beamforming schemes have higher per-
formance compared to GoB for almost all K and D combi-
nations. The spectral efficiency of GoB is increasing only
slightly with more UEs served, which means that perfor-
mance of MU-MIMO is limited due to a limited number
of occasions for MU-MIMO beams pairing due to beam
shape and inter-beam interferences. Therefore, with higher
number of simultaneously served UEs the scheduler has more
difficulty with selecting for example 5 or 8 beams with a
sufficiently high signal to interference and noise ratio (SINR).
It could be improved by additional side lobe attenuation.
This challenge is improved when EBF is implemented in the
system. EBF has much higher resolution of antenna beams,
which improves MU-MIMO pairing capability. In the case
of EZF, the performance for scenarios with 2 and 5 UEs
has an improved spectral efficiency compared to EBF due
zero-forcing capability, which can cancel interference. This
changes, when 8 UEs are simultaneously served and leading
to spectral efficiency drop due to the low performance of
EZF for cell edge UEs. As seen in Figure 9, the cell edge
throughput for EZFwith 8 UEs is much lower than for EBF or
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FIGURE 10. CDF of normalized EIRP for different BF schemes and K = 1.

FIGURE 11. CDF of normalized EIRP for different BF schemes and K = 2.

evenGoB, because EZF does not prioritize the received signal
level, but only co-channel interference. More layers result in
a loss of freedom for nulling and large amplitude fluctuations
and a relatively low overall transmitted power. Therefore,
the cell edge UEs suffer due to the reduced RX signal level
and the resulting low SINR due to neighbor cell interference,
which is also higher. The higher the number of co-scheduled
UEs, the more difficult it is to still get a sufficient level of
received DL signal. The BS antenna architecture assumed for
simulation is also not optimal for the EZF algorithm with a
large number of simultaneously served UEs. This is due to
sub-paneling which is reducing the degrees of freedom of
EZF for efficient null-forming in elevation.

V. ANALYSIS OF BF ALGORITHM AND ANTENNA ARRAY
CONFIGURATION IMPACT ON THE ACTUAL RF EMF
EXPOSURE
The simulation results of the actual RF EMF exposure are
shown in the form of a cumulative distribution function
(CDF) of the averaged EIRP normalized to the maximum
EIRP corresponding to the direction of the highest RF EMF
exposure.

A. IMPACT OF BF ALGORITHM
The results presented in Figures 10 to Figure 13 correspond
to different numbers of served UE, K = 1, K = 2, K = 5 and
K= 8, respectively, and all assumed values of service timeD,
obtained for an antenna array with 32 TRX. We observe that

FIGURE 12. CDF of normalized EIRP for different BF schemes and K = 5.

FIGURE 13. CDF of normalized EIRP for different BF schemes and K = 8.

the actual RF EMF exposure is reduced with EBF and EZF as
compared to that with GoB, which is an expected effect due
to the higher dynamic of beam shaping, resulting in reduced
actual RF EMF exposure. In the case of one served UE only
(K= 1) for long time, which is a very rare case in operational
networks, the actual RF EMF exposure is also reduced for
EBF and EZF compared to GoB. It can be also noticed that
results for EBF and EZF are almost the same in the case of
K = 1, since, for single UE in the cell, there is no need to
cancel the interreference.

With an increasing number of UEs, the reduction of the
actual RF EMF exposure is more significant for EBF and EZF
compared to GoB. In the case of EZF, the target is to reduce
interference by null-forming, whereas GoB and EBF aim to
maximize received power level, which leads to stronger EMF
exposure reduction for EZF.

It is important to highlight that the CDF curves, as pre-
sented in Figure 10 to Figure 13, can be used as a valid
input to the compliance procedure for the installation of
BS installation compliance based on the actual maximum
EIRP, as described in IEC 62232:2022 [5]. This procedure
allows to use CDF obtained from computational modeling
to determine the actual maximum EIRP threshold to be used
in the RF EMF exposure evaluation. The threshold is identi-
fied as a value of CDF corresponding to the given assumed
percentile, e.g., 95th percentile. Because the presented CDF
curves are normalized to the maximum EIRP and multiplied
by the technology duty cycle factor, the identified threshold
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FIGURE 14. Comparison of FPR values for a 95th percentile for different
BF schemes in the case of D = 60s, when K = 1, K = 2, K = 5 and K = 8.

FIGURE 15. Comparison of FPR values for a 95th percentile for different
BF schemes in the case of D = 10s, when K = 1, K = 2, K = 5 and K = 8.

corresponds to the FPR as defined in IEC 62232:2022 [5].
The FPR obtained in this way can be used in the actual RF
EMF exposure evaluation and configured on the BS to ensure
that this threshold, once determined and implemented, is not
exceeded during the operation of the BS.

Figure 14 and Figure 15 illustrate change of FPR deter-
mined as the 95th percentile of the CDF curves presented in
Figures 10 to Figure 13, and Table 2 summarizes its value for
the serving time D = 60 s. The main observation is that the
value of FPR reduces for all BF algorithms when the traffic
is more dynamic (more UEs and shorter serving time, that
is, higher values of K and lower values of D). When serving
time D decreases, the reduction in FPR is stronger for a lower

TABLE 2. FPR values for a 95th percentile for different BF algorithms,
number of served UE and serving time of 60 s.

TABLE 3. Median of normalized EIRP for different BF algorithms.

number of UEs served, i.e., K= 1 and K= 2, and this trend is
visible for all BF schemes. For example, in the case of GoB
the difference between FPR values for D= 60 s and D= 10 s
is 2.1 dB and 1.4 dB for K = 1 and K = 2, respectively.
Whereas, when more UEs are served simultaneously, i.e.,
K = 5 and K = 8 this difference is 0.9 and 0.6 dB,
respectively. It should be noted that in the case of 5 or 8 UEs
in the cell, they are not always served simultaneously using
MU-MIMO (separated beams). It depends strongly on their
locations in the cell and radio propagation conditions. Pairing
many UEs for MU-MIMO is not always possible because
inter-beam interference may be too strong and, under these
conditions, fewer UEs are paired for MU-MIMO and the
remaining UEs are served in different time slots instead of
different beams, which is expected to be the main reason of
the observed behavior.

Additional interesting observations can be made during the
comparison of the median values (50th percentile) of CDF
curves in Figure 10 to Figure 13, which are summarized in
Table 3 for the serving time D = 60 s. As described above,
the 95th percentile of normalized EIRP (presented as FPR)
evaluated in a certain direction and averaged over 6 minutes
decreases with the increase of K or the decreasing of D for
all BF schemes. However, in the case of the 50th percentile,
the value of normalized EIRP for GoB and EBF does not
depend on the number of UEs and serving time. This is
because of the conservation of energy, which is independent
of the time needed to sum up or average the energy. The
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FIGURE 16. CDF of normalized EIRP for mMIMO array with 32 TRX
and 128 TRX for GoB and EBF (K = 2, D = 10s).

situation is different in the case of EZF, where the median
value of normalized EIRP is reducing when new UE are
added. This algorithm reduces energy by beam-nulling and
therefore cancelation is stronger when value of K increases.
However, when we decrease the serving time D for a given
value of K , the median of normalized EIRP does not change
also in case of EZF due to energy conservation, as explained
above.

B. IMPACT OF ANTENNA ARRAY CONFIGURATION
The previous subsection illustrated that the application of
advanced beamforming scheme decreases FPR as compared
to GoB and in the case of EBF its value can be lower
by 0.5 dB to 1.1 dB (for D = 60s). This difference can
be even greater when massive MIMO BS is equipped with
more TRX, increasing the degrees of freedom in the EBF
algorithm. To quantify this difference in the simulation study,
the initial number of TRX was increased from 32 to 128 to
ensure that every antenna element is connected to separate
TRX. Evaluation was carried out for GoB and EBF and one
example of CDF with normalized EIRP with K = 2 and
D = 10 s is presented in Figure 16. In the case of GoB,
the actual RF EMF exposure is comparable for both antenna
array configurations, and the value of FPR, determined as the
95th percentile, increased by 0.1 dB for 128 TRX compared
to 32 TRX. This observation is valid under the assumption
that for GoB the number and directions of predefined beams
are fixed and additional TRX chains do not cause any ben-
efits in terms of performance and EMF reduction. However,
a small difference is visible due to better resolution of antenna
weights in columns of antenna array for 128 TRX compared
to 32 TRX which has 4 antenna elements in one sub-array
connected to single TRX per polarization.

The benefits of full digital architecture are more visible
when the EBF algorithm is used, which is caused by higher
capability of the precoder due to more degree of freedom
as compared to the subarray architecture with 32 TRX. This
decreases the value of FPR for EBF, which in the case of 128
TRX is 1.2 dB lower than for GoB, whereas it was only
0.4 dB lower in the case of 32 TRX. The results indicate
that equipping the BS with more TRX could lower the actual
EIRP and decrease EMF exposure beacuse more degree of

TABLE 4. Collection of FPR values obtained from simulation studies
performed for 8 × 8 antenna array with different BF algorithms, ues
distribution and TRX configurations.

freedom for BF algorithms results in denser beam resolution
and more variance in antenna pattern characteristic (in case
of EBF/EZF). To summarize, all the FPR values determined
in this study, as well as in [7], have been collected in Table 4.
It contains values for different representative configurations,
which can be used in RF exposure evaluation of a given
BS or configured as an input parameter in the EIRP control
algorithm. In this table we excluded cases with D = 360 s
because this kind of long continuously serving time for UE
is not observed in operational networks. The use cases with
D = 10 s and 60 s are more practical but also quite conserva-
tive because in operational networks it can be changed even
on every subframe. The conservative approach in this case
also provides some margin in the practical implementation
of the EMF actual maximum approach. As can be seen, the
ranges of FPR values are:

• −5.1 dB to −7.8 dB for GoB,
• −6.0 dB to −8.5 dB for EBF,
• −6.1 to −11.8 dB for EZF.

Therefore, it can be concluded that FPR takes the value
between −5.1 dB and −11.8 dB, when 1 to 8 UEs are
served simultaneously and constantly for 10 s to 60 s using
GoB, EBF or EZF beamforming algorithms implemented
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in 5G BS array antenna with 32 TRX. This large range of
FPR values indicates that careful selection of used value
in real BS operation should be underpinned by knowledge
about the configuration of base station: antenna array setup,
BF schemes and predicted traffic type.

VI. CONCLUSION
This paper has analyzed the impact of different advanced
beamforming algorithms and antenna array configurations on
the evaluation of the actual RF EMF exposure from massive
MIMO BS as specified in IEC 62232:2022 [5]. The anal-
ysis is based on the 3D statistical channel modeling tool
described in [7], which is expanded to compare GoB, EBF
and EZF techniques, as well as antenna arrays with 32 TRX
and 128 TRX.

The results of this study indicate that, for advanced beam-
forming schemes, such as EBF or ZBF, the actual RF EMF
exposure is reduced by up to −4 dB in comparison to GoB
scheme when 8 UEs are attached to the BS, and, therefore,
lower FPR can be considered when implementing the actual
maximum approach. Final comparison of the obtained simu-
lation results leads to the conclusion that FPR can take values
between −5.1 dB and −11.8 dB, when 1 to 8 UEs are served
simultaneously and constantly loaded at full buffer for 10 s
to 60 s using GoB, EBF or EZF beamforming algorithms
implemented in 5G BS array antenna with 32 TRX. Increas-
ing number of TRX leads to further decreasing value of FPR.
The conclusions shown in the paper are valid also for other

frequency bands, size of bandwidth or subcarrier spacings,
as values of FPR depend mainly on antenna size, beamform-
ing scheme, deployment type, UE numbers and distribution
as well as traffic model.

According to IEC 62232:2022 [5] the FPR values obtained
by such computational modeling can be used in RF EMF
exposure evaluation and configured in the BS to ensure that
EIRP threshold, once determined and implemented, is not
exceeded during the operation of the BS. It can be expected
that the planned increase of antenna array sizes associated
with a higher number of TRX to enable extreme massive
MIMO in the forthcoming 5G-advanced and 6G will lead to
further reduction of FPR values. This topic is planned to be
the subject of the next simulation campaigns, which aim to
evaluate FPR values also for 30 minutes of the averaging time
as specified in ICNIRP-2020 [4].
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