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Abstract: The purpose of this paper is to introduce a simple, low-cost methodology for estimating
a conservative value of the maximum field level that can be radiated by a 5G base station useful
for human exposure assessment. The method is based on a Maximum Power Extrapolation (MPE)
approach and requires the measurement of a reference quantity associated with the SS-PBCH, such
as Primary Synchronization Signal (PSS), Secondary Synchronization Signal (SSS), Physical Broadcast
CHannel (PBCH), or PBCH Demodulation Reference Signal (PBCH-DMRS). This step requires a
simple spectrum analyzer and allows one to obtain the Resource Element (RE) power of a signal
transmitted through broadcast beams. In the second phase, the RE power of the signal transmitted
through the traffic beam is estimated using the Cumulative Distribution Function (CDF) of the
antenna boost factor obtained from the broadcast and the traffic envelope radiation patterns made
available by the base station vendor. The use of the CDF allows us to mitigate the problems related to
the exact estimation of the direction of the measurement point with respect to the beam of the 5G
antenna. The method is applied to a real 5G communication system, and the result is compared with
the value given by other MPE methods proposed in the literature.

Keywords: human exposure assessment; maximum extrapolation procedure; 5G antennas; cellular
systems

1. Introduction

5G is a major technological step forward in communication systems [1]. It has intro-
duced a number of new solutions at the physical layer [2–4], sophisticated active large
antennas [5–8], and massive MIMO technology [9–11] that take advantage of the presence of
scattering objects to obtain multiple spatial channels. The introduction of such technologies
has prompted extensive research activity on new large antenna synthesis methods [12–15]
and highly precise numerical methods for scattering estimation [16,17] even in anticipation
of their use at very high frequencies [18,19]. However, this new technology represents a
formidable challenge for the field of human exposure assessment.

Recommended methods for RF exposure are specified in [20]. The document includes
three main RF exposure evaluations: product compliance (i.e., determination of the compli-
ance boundary information before the product is placed on the market), product installation
compliance (i.e., determinations of the total RF exposure level before the product is put
into service) and in situ RF exposure assessment (i.e., after the product has been put
into service).
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In particular, in [20], the extrapolation of the exposure at the network maximum traffic
load and MPE techniques have been introduced. They use a reference signal transmitted at
maximum power to estimate the maximum field level assuming that all the resources of
the communication system are assigned to a single user. This value is then multiplied by a
proper FPR factor according to ([20] clause B5).

Many effective solutions for 5G MPE have been proposed in the literature [21–32],
which allow accurate assessment of the field level at the measurement point in currently
used 5G systems. They mostly deal with the estimation of the boost factor of traffic beams
with respect to broadcast beams (called Fbeam below; see Section 2). However, the proposed
measurement techniques require an active interaction with the gNB and/or expansive
measurement setups.

In this paper, we investigate the use of the envelope radiation patterns [33,34] to obtain
a conservative value of the field level at the measurement location.

The method is based on a Maximum Power Extrapolation approach. It allows a
conservative value of the RF exposure level to be obtained and can be applied to both
product compliance and product installation compliance in order to determine if the RF
exposure levels are in compliance with exposure limits and regulations.

It requires the measurement of a reference quantity associated with the SS-PBCH (such
as PSS, SSS, PBCH, or PBCH-DMRS). This step requires a simple spectrum analyzer and
allows the Resource Element (RE) power of a signal transmitted through the Broadcast
beam to be obtained. A cheaper approach based on the use of a calibrated cell phone to
obtain SS-RSRP can also be followed. In the second phase, the field level is estimated
using the CDF of the antenna boost factor obtained from the broadcast and from the traffic
envelope radiation patterns made available by the base station vendor [33]. The use of the
CDF allows mitigating the problems related to the exact estimation of the direction of the
measurement point with respect to the beam of the 5G antenna. The method is applied to a
real 5G communication system, and the result is compared with the value given by other
MPE methods proposed in the literature.

The value obtained with the procedure described above is an upper bound with a
high probability of the maximum field value.

The paper is organized in the following way.
Section 2 introduces the MPE procedure for 5G systems, recalls techniques for antenna

boost factor estimation from measurements, and introduces the technique for antenna boost
factor estimation from the envelope radiation patterns.

Section 3 describes the MPE procedure based on the antenna boost factor estimated
from the envelope radiation patterns.

Section 4 presents an experimental validation of the method.
Section 5 discusses a possible procedure to obtain a conservative and realistic value of

the field from the MPE estimation.
Section 6 is devoted to the conclusions.
The description of the frame structure is reported in many books and papers and will

not be repeated in this contribution. The reader can find a brief description in the Appendix
of Ref. [26].

2. Maximum Power Extrapolation Technique for 5G

The goal of the Maximum Power Extrapolation procedure is to estimate the maximum
field level (V/m) that can be obtained at the measurement point. This supposes an unre-
alistic condition in which a single user saturates all the resources of the communication
system. As indicated in the introduction, this quantity is used as a reference for estimating
the exposure to electromagnetic fields under realistic conditions using an appropriate
scale factor.

Loosely speaking, the procedure requires estimating a reference quantity that is a cell-
specific signal always “on air” and is transmitted at maximum power. Instruments usually
give the power level as it arrives at the instrument’s input connector. From this value and



Appl. Sci. 2023, 13, 3524 3 of 15

the knowledge of the Antenna Factor [35] and the attenuation of the cable connecting the
antenna to the receiver, it is possible to obtain the value of the field level.

Finally, this value is multiplied by proper factors in order to obtain the maximum field
level from the measured field level.

In 5G, the maximum EM field level can be estimated as

Emax
5G = ESSB

√
NSC

√
FTDC

√
Fbeam (1)

where NSC is the number of subcarriers in the entire frequency channel, FTDC is the duty
cycle when TDD multiplexing is used, and ESSB is the field level of a Resource Elements of
the reference signal, which in 5G is an SSB-related quantity. The reference value can also
be obtained by the direct measurement of the SSB using scalar analyzers [22]. SSBs are
periodically transmitted using broadcast beams also in the absence of user data traffic and
consequently are are always “on air”.

However, most radio resources are used for user traffic data, which are transmitted
using traffic beams (see Figure 1). Since traffic beams have higher gain compared to
broadcast beams, the REs of the user traffic data have higher power compared to the ones
used in SSBs. Fbeam is the ratio between the power per RE of the user traffic data and of the
SSBs. This quantity is also the ratio between the traffic beam gain and the traffic beam gain
in the measurement position.

Figure 1. 5G uses two different kinds of beamsL the broadcast beams, which have lower directivity
and are used to transmit the SSBs, and traffic beams, which have higher directivity and are steered
toward the UE to send UE-specific information, such as traffic data [34].

Indeed, the high flexibility of antennas used in 5G represents a huge challenge for
Fbeam estimation. This problem has been successfully addressed in currently deployed
5G systems.

A first possible solution is to perform measurements over a period of time, observing
traffic data by waterfall reconstruction [22]. In the case of users requiring connections in
the same direction of the measurement points, it is possible to measure the field radiated
by traffic beams, and hence the Fbeam factor.

A different solution, proposed in [24], requires a UE able to force the traffic toward
the measurement position. This allows measuring both the broadcast beam level and the
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traffic beam level, obtaining the value of Fbeam. A video explaining this method is available
in [36].

It should be emphasized that forcing traffic to the measurement point requires actively
interacting with the gNB. This also allows access to the rich 5G UE-specific signaling
structure (as PDSCH-DMRS, NZ CSI-RS, PDSCH, and CSI-RSRP), opening up further
interesting scenarios that require neither a cell reference signal nor Fbeam estimation [26].

3. The Conservative Maximum Power Estimation Procedure

Measurement of Fbeam is not an easy task. Consequently, solutions that do not re-
quire “on-air” measurements to estimate Fbeam by means of numerical simulations are of
great interest.

Unfortunately, information on the configuration of the field radiated by Active An-
tenna Systems (AASs) [34] provided by the vendors is limited. In particular, the AAS radi-
ation characteristics are summarized by the so-called “Envelope Radiation Pattern” [33],
defined as a non-physical radiation pattern obtained by taking, for each direction in azimuth
and elevation, the maximum of the absolute, not peak-normalized to its own peak, radiation pat-
tern among the radiation patterns that the AAS can generate for a given operating condition
(deployment/coverage scenario).

Summarizing the key points reported in [33] that are useful for the problem discussed
in this Section, we have the following:

• The Broadcast Envelope Radiation Pattern (BERP) is the envelope pattern of each
Broadcast Beam Configuration; since the AAS can have different broadcast configu-
rations available for specific coverage requirements, there are as many BERP as the
number of configurations implemented by the AAS.

• The Traffic Envelope Radiation Pattern (TERP) is the envelope pattern of the traffic
beams associated with a Broadcast Configuration; TERP could be associated with
more than one Broadcast Configuration.

• BERP and TERP are valid in far-field and free-space propagation conditions.
• BERP and TERP can be obtained by measurement or numerical simulation.
• No uncertainty information on BERP and TERP is usually available.
• Information on the mechanical and (if applied) electrical tilting is not included in the

data and must be obtained from the operator.

Consequently, the knowledge of the antenna position of the base station and of the
measurement position allows us to estimate the parameter Fbeam from TERP and BERP in
the measurement direction in free-space-like conditions, e.g., in the Line of Sight condition
with unobstructed first Fresnel ellipsoid, provided that the mechanical and (if applied)
electrical inclination of the antenna is known.

In real applications, the field at the observation point is given by the interference of
many contributions caused by reflection, refraction, and diffraction phenomena, to which
the direct path is added if the propagation is in the LOS (Line of Sight) condition. Multiple
reflections cause the presence of fast and slow fading and a significant decrease in the field
level in NLOS (Non-Line-of-Sight) conditions compared to propagation in free space. In
practice, the enormous flexibility in the choice of beams and the fact that they are provided
in free-space conditions make it difficult, if not impossible, to accurately estimate Fbeam at
an observation point from the knowledge of BERP and TERP.

Let TdB(θ, φ) and BdB(θ, φ) be the TERP and BERP values in the angular direction θ, φ
of a spherical system centered in the AAS, expressed in dB.

Let

T(θ, φ) = 10TdB(θ,φ)/10 (2)

B(θ, φ) = 10BdB(θ,φ)/10 (3)
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The scale factor Fbeam between the Traffic and Broadcast power level can be estimated
as the ratio

Fbeam(θ, φ) =
T(θ, φ)

B(θ, φ)
(4)

Envelope radiation patterns can have quite fast variations, especially in the case of
broadcast beams (traffic beams are narrow but numerous, so they tend to cover more
uniformly the region with respect to Broadcast beams, and their envelope is smoother.).
This is a critical problem since a small error in the angular direction of the gNB with respect
to the measurement point (θ0, φ0) can cause a not-negligible error in the estimation of
Fbeam. Furthermore, the uncertainty about the angle of inclination of the AAS also causes
uncertainty about the exact (θ0, φ0) value.

To overcome the above problems, in this paper, we will use a statistical approach to
estimate an upperbound of the boost factor from the antenna data, evaluating the CDF of
Fbeam(θ, φ) in an angular region around (θ0, φ0).

Accordingly, the quantity that will be used in the MPE procedure is the CDF of
Fbeam(θ, φ) in an angular region around the measurement point, i.e.,

CDF(Fbeam) = CDF
(

T(θ, φ)

B(θ, φ)

)
(5)

wherein θi ≤ θ ≤ θ f and φi ≤ φ ≤ φ f , with θ0 ∈ (θi, θ f ) and φ0 ∈ (φi, φ f ), are spherical
coordinate systems centered in the antenna. Below, we will call F0.95

beam the value that is
exceeded with a probability less than 0.95.

Furthermore, if only the two main cuts of TERP and BERP are available (as often
happens), the CDF will be obtained supposing separable patterns, i.e.,

T(θ, φ) = T(θ)T(φ) (6)

B(θ, φ) = B(θ)B(φ)

wherein T(θ) and B(θ) are the vertical cuts of TERP and BERP, respectively (represented in
linear range), and T(φ) and B(φ) are the horizontal cuts of TERP and BERP, respectively.

BERP and TERP can be used to obtain a conservative value of the maximum field
level that does not require “on air” measurement of Fbeam. Clearly, if the value is within
the limit fixed by current regulation, it gives a simple, fast, and low-cost solution to the
MPE problem.

The proposed procedure requires, besides the TERP and BERP of the AAS and the
angular direction (θ0, φ0) between the AAS and the measurement point (including tilting
angle of the AAS if present), some basic information on the structure of 5G signal:

• Central frequency of the SSB;
• Bandwidth B;
• Numerology µ;
• duty cycle FTDC.

If not known a priori, these quantities can be obtained by measurements of 5G on-air
signals [24].

Furthermore, the procedure requires the measurement of the power-per-resource
element of the reference quantity, Pre f

RE . There are many possible solutions to obtain such
data. Since the method is conceived as a low-cost solution, the procedure supposes the use
of a scalar spectrum analyzer in zero span according to the procedure reported in [22,24].

The steps are as follows:

1. Preliminary calculations of CDF(Fbeam(θ, φ)) in different angular ranges.
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(a) Load the TERP and BERP data provided by the vendor; transform the values
from dB (as usually provided by the vendors) to linear range (see Equation (3));
if only the two principal cuts are available, apply Equation (6); at the end of
this step, T(θ, φ) and B(θ, φ) are available.

(b) Plot the Fbeam(θ, φ) = T(θ, φ)/B(θ, φ) and identify a suitable number of angu-
lar ranges where the function is relatively homogeneous;

(c) For each angular range, evaluate the CDF of the aforementioned quantity; at
the end of this step, we have the curves CDF(Fbeam(θ, φ)) associated with the
different angular ranges.

2. Calculations of useful parameters

(a) Calculation of the number of subcarriers in the Resolution Bandwidth (RBW)
of the Spectrum Analyzer:

nRBW = RBW/(15× 2µ) (7)

where µ is the numerology;
(b) Calculation of the number of subcarriers of the 5G signal:

NSC = B/(15× 2µ) (8)

where B is the bandwidth of the 5G signal;

3. Measurement

(a) Setting of the Spectrum Analyzer (SA). A description of the scalar spectrum
analyzer setting for SSB power measurement is reported in [22,24]. The fol-
lowing setting is suggested: span zero mode, RMS detector, Max Hold mode,
and central frequency of the SA equal to the central frequency of the SS-PBCH,
RBW equal to 1 MHz.

(b) Measurement: acquisition of the SSBs power level in zero-span mode and iden-
tification of the power level PSSB in dBm of the SSB with the highest power.

4. MPE estimation

(a) Calculation of the power of a Resource Element associated with the SSB with
the highest power as

PSSB
RE = PSSB/nRBW (9)

(b) Calculation of the field amplitude ESSB
RE as

ESSB
RE =

√
PSSB

RE Zin

α
AF (10)

where Zin (Ω) is the input impedance of the instrument, α is the power attenua-
tion of the cable, and AF (1/m) is the Antenna Factor of the antenna connected
to the measurement equipment;

(c) Calculation of the maximum level in the measurement location considering
the REs of the broadcast beam

Emax SSB = Emax
RE
√

NSC
√

FTDC (11)

wherein ESSB
RE is the power per RE of the signal used as a reference and trans-

mitted along the broadcast beam, and Emax SSB is the maximum value of the
field supposing a fully filled frame where all the REs are transmitted using a
broadcast beam.
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(d) Identification of the angular range in which the measurement direction (θ0, φ0)
falls and the evaluation of Fbeam(θ0, φ0) associated with this angular range is at
the desired probability prob; let Fprob

beam(θ0, φ0) be such a value.
(e) Evaluation of the maximum EMF level in the measurement location with prob

probability, as

Emax prob
5G = Emax SSB

√
Fprob

beam(θ0, φ0) (12)

It is understood that other procedures can be followed to obtain PSSB
RE . For example, if

SS-RSRP is available, steps 2–3 can be substituted by the acquisition of SS-RSRP. Finally, the
procedure has been described for one component of the electric field and must be repeated
for each of the three components of the electric field [22].

To summarize, the procedure is simple and robust against many problems caused by
the flexibility of the 5G standard.

4. Experimental Validation of the Procedure

In this section, the procedure is applied step-by-step considering an experimental
example. The data reported in Ref. [24] are used, acquired using a Rohde & Schwarz FSP30
spectrum analyzer connected to a Keysight N6850A Broadband Omnidirectional antenna.

The gNB is placed roughly 20 m above ground level, and the angular position of the
measurement point with respect to the gNB is (φ0 ' 0◦, θ0 ' 28◦). The antenna system is
an mMIMO 64T64R operating with SU-MIMO.

The basic information on the 5G signal is as follows:

• Central frequency of the SSB: 3649.44 MHz;
• Bandwidth: B = 80 MHz;
• Numerology: µ = 1;
• Duty cycle: FTDC = 0.743.

More details on the gNB and on the 5G signal can be found in [24].
We consider the MPE with a probability of 95% (prob = 0.95).
As a preliminary step, starting from the BERP and TERP of the AAS, the functions

B(θ, φ) and T(θ, φ) (Figure 2) are obtained.
From the plot of Fbeam(θ, φ) (Figure 3), three different angular regions in which the

functions show some degree of homogeneity are identified; the regions chosen in this
example, indicated as colored rectangles in Figure 2, are as follows (in this example, quite
large regions have been chosen; it is understood that it is possible to select narrower regions
better centered on the measurement directions.):

- Region A: 0◦ ≤ θ ≤ 12◦, −40◦ ≤ φ ≤ 40◦

- Region B: 12◦ ≤ θ ≤ 23◦, −40◦ ≤ φ ≤ 40◦

- Region C: 23◦ ≤ θ ≤ 30◦, −40◦ ≤ φ ≤ 40◦

In the right part of Figure 3, a contour plot of the Fbeam(θ, φ) restricted to Region C
is shown. The function exhibits a quite complex variation. As discussed in the text, the
statistical approach allows the problems related to the exact value of the angular position
of the UE to be mitigated.

The three CDF curves associated with the three regions are calculated: the curves are
shown in Figure 4 (Region A: blue curve, Region B: red curve; Region C: yellow curve).

Regarding the measurements, the settings of the Spectrum Analyzer were as follows:
span zero mode, RMS trace, central frequency 3649.44 MHz, and 1 MHz RBW. The plot
of the SSBs power (in the absence of active UEs) is shown in Figure 5; the presence of an
SSB burst [37] consisting of six SSBs is clearly visible. (After the SSB burst set there are
four Tracking Reference Signals [26] signals, which are not of interest in the proposed MPE
procedure.); The highest power level of the SSBs is

PSSB = −44 dBm.
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Applying the steps listed in the previous Section, we obtain Emax SSB = 0.24 V/m.
The angular direction of the measurement point (i.e., θ0 ' 28◦, φ0 ' 0◦) falls in Region

C (yellow curve in Figure 4). Choosing 0.95 confidence, we have F0.95
beam(θ0, φ0) ' 120, i.e.,√

F0.95
beam(θ0, φ0) ' 11, and Emax 0.95

5G = 0.24× 11 = 2.6 V/m.

The procedure indicates that the maximum field level in the measurement point is
lower than 2.6 V/m in 95% of the positions of Region C.

To validate this result, it is necessary to compare the MPE result (obtained from data
acquired in absence-of-data-traffic condition) with the field actually radiated in the case of
maximum data traffic load.

In this regard, in the measurement session reported in [24], the communication system
was forced to completely fill the frame using a UE terminal. Consequently, it was possible
to obtain the maximum field value using Channel Power measurement. The measurement
affected by the narrowest uncertainty ([24], Table 3, row 2) indicates a value of the maximum
field level in the measurement position equal to 1.72± 0.29 V/m. The uncertainty range
(expanded uncertainty, coverage factor k = 2) of this measurement is plotted in Figure 6 as
two green lines.

Figure 2. B(θ, φ) (a) and T(θ, φ) (b) normalized to their maximum represented in color scale according
to the colorbar shown on the right; the three regions in which the CDF is estimated are indicated as
colored rectangles; the colors of the rectangles are not related to the colorbar on the right.

Figure 3. (a): Fbeam(θ, φ) function; (b): Fbeam(θ, φ) function in Region C; the values (in dB) are
represented in color scale according to the colorbar shown on the right. The figure shows a fast
variation of the function with the angular position of the UE. The statistical approach allows this
problem to be mitigated.
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Figure 4. CDF of Fbeam; blue: Region A (0◦ ≤ θ ≤ 12◦,−40◦ ≤ φ ≤ 40◦); red: Region B (12◦ ≤ θ ≤ 23◦,
−40◦ ≤ φ ≤ 40◦); yellow: Region C 23◦ ≤ θ ≤ 40◦, −40◦ ≤ φ ≤ 40◦); the green line indicates the
0.95 probability level.

Figure 5. Span zero measurement of 5G signal in the absence of active users; the six SSBs are clearly
visible, with the highest power observed to be −44 dBm; Tracking Reference Signals are also visible
after the SSBs [24,26].
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The value obtained from the MPE procedure proposed in this document is plotted as
a red square labeled as “Beam Env” in the same figure, i.e., Figure 6. The plot shows that
the value is above the uncertainty range, giving a conservative estimation of the field level
and confirming the validity of the proposed method.

For comparison, if we apply MPE without the correction of Fbeam (i.e., only considering
SSB-related measurements), we have an underestimation of the maximum field level (dark
violet diamond labeled “SSB” in Figure 6), confirming the importance of a correct estimate
of the effect of the traffic beams.

It is understood that if the conservative value obtained with the method proposed
in this work is higher than the limit set by legislation, more accurate MPE methods must
be used to measure the effectiveness of the traffic beam. For completeness, in Figure 6,
the results using a number of MPE techniques are shown. These methods are described
in detail in [24,26]. In particular, the results shown in Figure 6 have been obtained using
the following methods. (The term SSB-related signals denotes the measurement of the
PSS or SSS or PBCH or PBCH-DMRS power using a signal analyzer; or the SS-RSRP value
obtained using a signal analyzer, a network scanner, or a 5G cellular phone; or the power
of the SSB using a spectrum analyzer in zero-span mode.)

1. SSB: MPE from SSB-related signals without Fbeam correction;
2. Beam Env: the method discussed in this paper, i.e., MPE from SSB-related signals

corrected by Fbeam that is statistically estimated from TERP and BERP using CDF;
3. Fbeam: MPE from SSB-related signals corrected by measured Fbeam value [24];
4. FR: field level estimated by summing the power of all the REs in the frame using data

acquired by signal analyzer [26];
5. CSI-RS: MPE from the power of the REs of the CSI-RS using data acquired with a

signal analyzer [26];
6. ZS: MPE from the power of the REs measured using a spectrum analyzer in zero-span

mode [26];
7. PDSCH CD: MPE from the power of the REs of the PDSCH directly measured in the

Code Domain using the data acquired by a signal analyzer [26];
8. CSI-RSRP: MPE reading the CSI-RSRP acquired using a signal analyzer or network

scanner [26];

Finally, as previously pointed out, the two green lines limit the range to which the
maximum field value, estimated using Channel Power measurement on fully loaded frames,
belongs, with a 95% probability [24].

It is useful to note that the third method (“Fbeam”, plotted in pink in the figure)
refers to the procedure proposed in [24]. This method includes the measurement of Fbeam.
Consequently, we also have an indication of the actual

√
Fbeam value, which turns out to

be '6.6. In the present case, the value estimated by means of the proposed method is
almost twice the actual value. As a matter of fact, the considered example is the worst
case, as we have chosen a measurement point where the variation of Fbeam is very fast (see
Figure 3). Consequently, the uncertainty of the beam direction is more critical, resulting in
a rough upper bound. In regions A and B, the estimated value would be much closer to the
actual value.
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Figure 6. Estimated Emax
5G (V/m) using different methods. SSB/SS-RSRP: EMP from SSB RE power

without Fbeam correction; Beam Env: maximum SSB RE power corrected by F0.95
beam obtained from

envelope radiation patterns; Fbeam: maximum SSB RE power corrected with measured Fbeam [24]; FR:
value estimated from the REs’ power measurement in the whole frame [26]; CSI-RS: values obtained
from CSI-RS REs power [26]; ZS: value obtained with Zero Span measurement [26]; PDSCH CD: value
obtained from PDSCH RE power measured in the Code Domain [26]; CSI-RSRP: value obtained from
CSI-RSRP [26]. The two green lines show the limits range in which the maximum field value belongs
with a 95% probability estimated using Channel Power measurement on full-loaded frames [24].

5. Estimation of a Realistic Value of the Field Level from the MPE Value

As highlighted in the introduction, the value obtained by the MPE techniques is
an unrealistic upper limit, since it assumes that all the resources of the communication
system are assigned to a single user for a period of time of 6 or 30 min according to the
international guidelines [38]. The MPE value is then scaled according to the national
regulations by an appropriate correction factor that takes into account the stochastic nature
of the communication process in cellular systems in order to obtain a realistic value. This
requires a complex statistical analysis that takes into account the period of time during
which the user has access to the communication channel and the radiation characteristics
of the traffic beams. An interesting analysis is reported in [39–42].

Following the general simplicity of the approach of this work, we use the formula
reported in [43], which provides a simple estimate of the average value of the reduction
factor (in power) called Fant in the paper:

Fant '
4π

Ω
1
D

(13)

where Ω is the solid angle of the domain served by the antenna and D is the directivity
of the beam in the direction of the measurement point. Below, we will suppose that the
directivity is almost equal to the gain G of the antenna. This value can be obtained by the
plot of the envelope of beams and the knowledge of the maximum gain of the antenna.
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The value given by Equation (13) is basically a mean value, while the current regulation
requires the correction term to be at 95% probability [20]. However, in [43], it is shown that
in the case of a large number of users, Equation (13) gives only a slight underestimation
of the value at the 95% probability. In order to take into account this underestimation, we
introduce a correction parameter denoted as Fcorr. Accordingly, a conservative value of the
level in the measurement point in realistic conditions E0.95

5G is obtained by the Emax 0.95
5G and

the Gain of the AAS value is

E0.95
5G = Emax 0.95

5G
√

Fcorr

√
4π

Ω
1

Deq
(14)

A comparison with the accurate estimate of the beam-sweep effect using the statistical
approach, as obtained in Ref. [41], shows that sant = 1.5 is sufficient to obtain a conservative
value of the reduction factor with 0.95 probability [43]. It is understood that if a more
accurate estimation of Fcorr is required, it is possible to consider the specific propagation
scenario in the numerical simulation, as shown in [43]. Considering a coverage range of
120◦ × 30◦ and the Gain of the antenna, we have

E0.95
5G = 2.6× 0.50 = 1.3 V/m (15)

For comparison, a (largely) conservative value of the statistical factor is proposed
in the technical report IEC62669 [44]. This value provides an estimation of the reduction
factor versus the percentage of utilization of the resources of the communication system. In
particular, the worst condition is obtained in the case of a large number of users (i.e., almost
full use of the resources of the communication system). According to the conservative
approach followed in this article, we consider this case. The conservative value of the power
reduction factor, in this case, is equal to 0.32, i.e., 0.57 in terms of field reduction, obtaining:

E0.95
5G = 2.6× 0.57 = 1.5 V/m (16)

6. Conclusions

A method to estimate a conservative value of the maximum field level that can be
radiated by a 5G base station has been introduced and experimentally validated.

The method is conceived to be simple and low-cost. It requires the broadcast and the
traffic Envelop Radiation Patterns and the measurement of a reference value transmitted
through the broadcast beams.

In the experimental example, a standard and relatively low-cost scalar spectrum ana-
lyzer was used. It is understood that other solutions can be adopted, for example, directly
accessing reference signals, but such solutions would require more expensive devices.

With reference to the technology currently used in 5G systems, the main limitation of
the proposed procedure is that it gives only a conservative value of the field level. If the
limit of the standard is exceeded, it is, therefore, necessary to use other procedures that
allow a more precise estimation of the field level.

As noted in the introduction, this paper is closely linked to the two papers [24,26], with
which it shares the experimental set-up. The three papers together cover a large number of
possible solutions for 5G MPE, giving at the same time a clear idea of the sheer complexity
of MPE in 5G. This great complexity is due to the high flexibility of 5G and the limited
information on the system status from the UE side, in particular with reference to the AAS
configuration during the measurement session.

The enormous difficulties encountered in defining robust MPE 5G extrapolation
techniques are a lesson that should be considered in setting the standard for the sixth
generation of cellular communications systems.
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