Radiofrequency Electromagnetic Pollution of the Habitat Created by Mobile
Communications

Vladimir Mordachev
Belarusian State University of Informatics and Radioelectronics
6, P.Brovka st., Minsk, 220013 Belarus, mordachev(@bsuir.by

Abstract

The declared intensive development of 5G mobile communications, involving a significant
increase in the mobile traffic area capacity and density of sources of electromagnetic radiation in
a very wide frequency range can cause an unacceptable electromagnetic pollution of the habitat
and a serious threat to public health. Effective management of these processes is impossible
without the objective prediction of levels of electromagnetic background created at the
implementation of the declared set of 5G scenarios and services. The aim of this paper is to
present a practical technique for such prediction. The author has developed a technique for the
assessment of integral levels of electromagnetic background created by wireless information
services, based on the forecast of the average electromagnetic loading on area created by
radiations of spatially distributed base stations and terminal devices of mobile communications.
This loading created by 4G/5G systems can be defined on the base of the estimation of average
area traffic capacity and available parameters of the equipment and topology of mobile
communication networks. The author proposes expressions of acceptable complexity for
estimating the electromagnetic background intensity created by stationary and mobile
components of 4G/5G systems, and provides calculation results illustrating processes of
electromagnetic background generation by these systems in different frequency ranges with
different area traffic capacity and different sizes of base stations service areas, confirming the
danger of unacceptable deterioration of electromagnetic ecology of the habitat at the further
expansion of mobile communications.

Keywords: mobile communications, 5G, electromagnetic background, electromagnetic loading
(l)n area, area traffic capacity.

Introduction

Radio frequency electromagnetic fields (EMF) created by about 40 radio services (which
mean the purposes of radiocommunications: land, maritime, aeronautical, satellite, mobile, fixed,
broadcasting, radiolocation, radionavigation, etc.) [1] are the main factor determining
anthropogenic electromagnetic pollution of the habitat. Since the main number of EMF sources
belong to the wireless public information service (communication, broadcasting, etc.), this
pollution is especially noticeable in places with a high population density. In conditions of a
constant decrease in the volume of broadcasting due to the development of fiber-optic networks,
an extremely intensive development of mobile (cellular) communication systems (MC) has
turned them into the main source of electromagnetic pollution of the environment.

Abbreviations:

ATC - area traffic capacity 0] — observation point

BS — base station p.d.d. — probability distribution density
EMB - electromagnetic background PFD — power flux density

EME - electromagnetic environment TDD — time division duplex

EMF — electromagnetic field UE - user equipment

EMLA - electromagnetic loading on area UHF —  ultrahigh frequencies (0.3-3 GHz)
MC - mobile communications SHF —  superhigh frequencies (3-30 GHz)

MPL - maximum permissible level EHF —  extremely high frequencies (30-300)



Results [2-12] of numerous experimental studies of radio frequency electromagnetic
background (EMB), created mainly by MC of the second and third generations (2G/3G) in
dozens of countries, indicate that its intensity even before the active implementation of MC of
the fourth (4G) and fifth (5G) generations has approached the maximum permissible levels
(MPL) of 2.5...10 uW/cmz, accepted in many countries as hygienic standards, taking into
account the danger of long-term consequences of "non-thermal" effects of the impact of this
anthropogenic cause on the health of the population [13]. The absence of similar strict hygienic
rationing of EMB in many countries is determined not by underestimating the danger of EMB to
the population, but by the difference in approaches to its protection [13,14]: orientation to the
"thermal" recommendations [15] actually determining the limit of EMB intensity connected with
the physical destruction of biological tissue, must be supported by the presence of an effective
judicial protection of population from EMF generated by MC. The insufficient effectiveness of
such "passive" protection of population from the effects of EMB in conditions of intensive
implementation of 4G/5G has been questioned at the governmental and highest judicial level in a
number of countries [16-19], as well as by many leading experts [20, 21].

In accordance with [22-27] and forecasts [28,29], in the 4G—5G—6G evolution the
expected growth of the main system MC parameters, the most important for MC safety, such as
connection density, devices/km?, and area traffic capacity, Mbit/s/m?, is so significant (by many
orders of magnitude), that the possibility of compensating for the corresponding significant
increase in the concomitant EMB intensity due to the improvement of MC technologies and
system solutions raises reasonable doubts. In these conditions, electromagnetic safety of the
population and electromagnetic ecology of the habitat require the effective control of processes
of realizing ambitions of the MC industry on the basis of adequate practical methods for
predicting EMB levels created under all possible scenarios for the implementation of new-
generation MC.

Direct calculation of the EMB intensity generated by a multitude of MC base stations
(BS) and user’s equipment (UE) is impossible due to the huge number of EMF sources and a
priori uncertainty of the initial data. The author proposes an alternative technique [30-45] for its
assessment based on the analysis of the integrated system characteristic of MC networks — the
average electromagnetic loading on area (EMLA) created by a multitude of BS and UE in the
considered service area.

The goal of this paper is to present the main elements of this technique in order to
overcome the existing extremely dangerous shortcoming in practical methods and means of
assessing the expected levels of electromagnetic pollution of the habitat with the observed
expansion of 4G/5G/6G.

Basic definitions, models and expressions

1. Model of BS and UE spatial allocation.

A typical scenario of the spatial allocation of radiating MC equipment is shown in Fig.1
(explanation of the symbols used in all Figures is given in Table 1).

In this scenario

— UE are mobile phones located near the human head, however, any terminal devices
can be considered as UE, the height Hyz of which above the earth's surface corresponds to the
height of the observation point (OP) located at a height of Hpp = 1-2m (within human height);

— heights Hps of BS antennas above the earth's surface significantly exceed the heights
of UE and OP above the surface: Hgs >> Hop ~ Hye. With a radio network cellular structure, the
radius R, >> Hps of the BS service area corresponds to the site size;

— coordinates of the OP where the EMB is analyzed, are chosen randomly, so that the
area distribution of BS and UE relative to OP can be considered random uniform with average
densities pgs [BS/mz] and pug [UE/mz], respectively.




2. The intensity Zy [W/m?] of EMB in OP is determined as a scalar sum of power flux
densities (PFD) of EMFs generated by a multitude of N sources located in the area of their radio
visibility from OP:

N
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where Zj is the threshold of radio visibility corresponding, for example, to the threshold of a
radio receiver sensitivity in radio monitoring systems. Since, due to the known properties of
electromagnetic environment (EME) created by spatially distributed EMF sources [30-32], the
value of Zs i1s determined only by a small number of predominant componentss in (1), the choice
of the Z, value has insignificant effect on the estimates of (1) at N >> 10.

3. The average EMLA B [W/m’] created by an ensemble of BS in a certain area S, is the
average area density of the total power of their EMFs reaching the Earth's surface [33,35,42.45].
Since the main lobes of BS antenna patterns, through which the bulk of their EMF energy is
radiated, are usually directed downwards to ensure communication with terrestrially distributed
UE, the average total power of BS radiations per 1 m? of area (the sum of values of parameter
“Total radiated power” (TRP) BS, defined in [47]) can be considered as an EMLA created by the
ensemble of BS in area S:
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here P, is a part of power of the A-th BS, radiated by its antenna in a solid angle (Q<2r covering
the subtending area S, minus antenna-feeder losses; Pi(a.,p) is a power radiated by an antenna of
this BS in direction (a.,3); B, is the maximum angle in the vertical plane corresponding to the
horizon (border of the irradiated area).

4. UE radiation is considered to be non-directional; the average EMLA By created by
UE corresponds to the average area density of the total power of their radiations:
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here Pyr [W] is an average UE radiated power, for the voice communication mode it is about
30%-50% of the maximum [31, 34, 48, 49] but reaching a maximum in the uplink data transfer
mode (mobile Internet) to ensure the maximum data rate.

5. Model of radio waves propagation. When assessing levels of EMB created in OP by
radiations of terrestrially distributed BS and/or UE, the following upper branch of the widely
used propagation model ([50], eq. (2)) can be used, reflecting the pessimistic (from the point of
view of electromagnetic pollution of the habitat) nature of radio waves attenuation in urban area
(worst-case propagation model):
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here P, is BS equivalent isotropic radiated power (EIRP) in OP direction; A - wavelength; R —
distance between OP and BS; Z - PFD of EMF created by BS in OP; Rgp — "breakpoint distance"
- the boundary between free (R<Rpgp) and interferential (multipath) propagation of radio waves
between BS and OP. Model (4) is also applicable for radio waves propagation between UE and
OP, in this case Rgp = 4HopHyg /\.

1.6. Several dozens of frequency bands in the UHF (decimeter radio waves), SHF
(centimeter radio waves or microwaves) and EHF (millimeter radio waves) frequency ranges are
separated for MC operation [1]. Due to the fact that the width of each band does not exceed 5-



10% of its central frequency (2.7% for GSM-900, 4.2% for GSM-1800, 2.8% for UMTS, less
than 5% for each of LTE band [24]), the analysis of frequency-dependent characteristics related
to the EMB creation by BS and/or UE radiations, can be performed for some fixed wavelengths
corresponding to these bands.

1.7. Technique for system estimation the EMB intensity created by BS radiations in a
separate frequency band (A = const).

Using the model of a uniform BS distribution over the area of radio visibility, random
with respect to OP, and propagation model (4), as well as the basic regulations of probability
theory, it is possible to obtain analytical relations for conditional average levels of EMB created
in OP by BS radiations. The approach [31, 33, 37] to the analysis of this component of the total
EMB allowed us to determine the following dependences:

a) The probability distribution density (p.d.d.) of the distance R from OP to BS located
in the region of free-space propagation (R<Rpp):
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b) P.d.d. of PFD Z values of BS EMFs in OP from region of free-space propagation
(R<Rjp) in the considered frequency band and their mathematical expectation m(2):
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c) The average number of N4yps of BS in free-space propagation region and the
conditional average EMB intensity Zy; s created by them in OP:
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where Brps = ppsP. 1s the average EMLA created by BS radiations in OP breakpoint vicinity.
d) P.d.d. of distances R from OP to BS from the region of interferential (multipath)
propagation (R>Rpp):
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e) P.d.d. of PFD values Z of BS EMFs in OP from the region of interferential
propagation in the considered frequency band and their mathematical expectation m,(2):
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f) The average number of N,4yps of BS in the region of interferential propagation and
the conditional average EMB intensity Zszs created by them in OP:
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The independence of Zs,zs from A and Hpp should be particularly noted here.

g) The total conditional average intensity Zygs of EMB in the considered frequency
band, created in OP by multitude of BS, located uniformly randomly with respect to OP in all
area of BS radio visibility from OP:
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In this expression, the average EMLA value Brzs=ppsP. created by a set of BS with isotropic
radiations of the equal EIRP P, makes sense of the average area density of the total power of
their EMFs reaching the Earth's surface. This characteristic is integral, allowing generalization
(2) and ensuring the adequacy of expression (5) in relation to the analysis of real scenarios of the
presence of BS with arbitrary power and direction of their radiation

1.8. The conditional average intensity of EMB created by UE in OP.

The development [34,37,39] of the technique described above in cl. 1.7, in relation to the
analysis of electromagnetic pollution of the habitat by UE radiations, allowed us to obtain the
following expressions for the conditional average intensity Zsyr of EMB created in OP in
considered frequency band, by radiations of UE distributed randomly uniformly over the area
with an average density pyg:
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Expression (6) is obtained under the assumption that the near zone of UE radiation, in which
model (4) is inadequate, is determined by the UE vicinity of radius A/2 (which corresponds to the
well-known restriction Rszm:ZDz/X for a half-wave vibrator of length D=A/2), and OP location
in UE vicinity at distances R< R,;, is excluded. Like the EMB (5) created by BS, the EMB
formed in OP by UE radiations, has 2 components: frequency-dependent with intensity Zs;ug,
formed by UE radiations from OP breakpoint vicinity of radius Rz=4h*/A with free-space radio
waves propagation between UEs and OP, and frequency-independent with intensity Zs»yg,
formed by UE radiations from the region of interferential propagation (R> Rpp).

Estimates (5), (6), which are of great practical importance, are not estimates of average
values in a strictly mathematical sense, at least due to the pessimistic nature of the RFR model
(4) and some arbitrariness in determining the boundaries of the near (reactive) and far UE
radiation zones when derivation (6). Therefore, estimates (5), (6) are called as the conditional
averages, and they contain the sign "=" reflecting this circumstance.

1.9. Estimation of the EMLA created by MC systems based on the analysis of the average
area traffic capacity (ATC).

1.9.1. Estimation of the average EMLA created by BS radiations.

Performing estimates of the EMB intensity generated by MC systems, using (5), (6),
requires preliminary estimates (forecast) of the EMLA Byrzs and Byyg created in the considered
area by a multitude of BS and UE. These estimates can be made both on the basis of (2), (3) as a
result of the analysis of characteristics of radiations and area distribution of BS and UE, and on
the basis of estimates (forecast) of the generally accepted integral system characteristic of
wireless information services — the average area density Sy, [bit/s/mz] of mobile traffic — ATC.
The latter is preferable when analyzing the EMB created by MC systems of new-generations due
to the significant variety of wireless services and implementation scenarios of 4G/5G what make
it difficult to directly assess using (2),(3).



The technique developed in [40,42,45] for estimating the average EMLA based on the
average ATC analysis uses the known Shannon-Hartley theorem [51], linking the potential
spectral efficiency of data transmission with the ratio of signal and noise powers in
communication channel. With a regular cellular network structure and uniform random
distribution of UEs that are recipients of information, over the territory, if each UE receives a
data traffic at a rate of V [bits/s], the average ATC on the Earth's surface created by BS radiations
will be equal to S,=pus-V [bits/s/mz], and the average EMLA will be:
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This expression is obtained under the condition that BS signals levels at the UE radio
receivers inputs are not lower than the minimum required level corresponding to the required
value of SNIR — the ratio of the UE input signal power to the total power of intrasystem

interference and the UE receiver's internal noise on its input. The following parameters are used
here:

Bsps ~ , CNIR=(2’"SER —1). (7)

Gops 1s a parameter of BS radiation directivity, approximately equal to the BS antenna
gain [46]; R, is the radius of the BS service area (cell);

k is the Boltzmann constant, 1.38x 102 J/C; Ky is the UE receivers noise factor; 7y is the
ambient temperature (7,=290K);

Ky is a coefficient characterizing the necessary margin in the level of the signal received
by UE, for the implementation of system-forming functions (handover, etc.);

Lp is the necessary margin in BS and UE radiation power to overcome the additional
propagation losses in relation to the free space, caused by the attenuation of radio waves at the
entrance to buildings, their fading in the "canyons" of urban development and other factors
[52,53];

Kcc characterizes the excess by the intra-network interference of the UE receiver's
internal noise;

Ser [bit/s/Hz] is the real spectral efficiency of data transfer through BS radio channels,
m=>1 is a coefficient characterizing how many times the radio channel real spectral efficiency is
lower than the potential one (or higher when using MIMO technology, in this case m may be less
than 1).

1.9.2. Estimation of the average EMLA created by UE radiations.

When solving this problem, the following should be taken into account:

a) The propagation paths from BS to UE and vice versa coincide, and the total gain of BS
and UE antennas in the downlink and uplink radio channels of each UE can be considered equal,
despite some differences in reception/transmission frequencies. Therefore, transmission losses
for these links, including additional losses in relation to free space propagation, determining the
need for the Lp presence in (7), can also be considered as equal.

b) The maximum average radiation power of UE (21-24 dBm) and of macro-cell’s BS
(41-49 dBm) differ by 2 orders of magnitude or more [22,23]. This is due to the slightly worse
sensitivity of the UE radio reception compared to BS, the asymmetry of the downlink and uplink
traffic, as well as the need to ensure the radio visibility of BS outside its service area for the
handover implementation (which is taken into account in (7) by presence of K).

The actual ratio of the BS and UE average radiation power can be even greater if there is
an adjustment of UE radiation power in some modes. If we take into account that the average BS
radiation power in a separate radio channel can be spent on providing communication with
several UEs (for example, in GSM radio channel, data is transmitted with a time division for 8
UEs), then, nevertheless, the transmission power of 1 bit from BS to UE is higher than in reverse
direction. At the same time, for indoor hotspots where a handover is not required, the difference
in the radiation powers of BS and UE does not exceed 3 dB (2 times) [22,23].

UE can concentrate in a limited area, in places of UE concentration, their terrestrial
density can exceed the average level by the amount of K =10 ... 100. The ratio K;=K7p/Kry of



the downlink and uplink traffic intensity, characterizing its asymmetry, takes different values
equal to 1 for mobile telephony and reaching 10-100 for mobile Internet [55]. As a result, the
average EMLA created by UE radiations in the vicinity of a certain OP near the earth's surface
can be estimated as follows:
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This expression is applicable to the traditional cluster structure of MC networks using
conventional BS antennas with static sector radiation patterns, in which a local increase in the
UE area density and uplink traffic does not lead to a noticeable change in the spatial structure of
the EMB (5) created by BS radiations. The opposite is the case in MC networks using in BS the
3D active phased antenna arrays with dynamic adaptive formation of narrow beams in directions
of each serviced UE (Massive MIMO, "Beamforming" mode). In these networks, the local
terrestrial concentration of UE, ATC and EMLA (7) is accompanied by a corresponding increase
in EMB intensity (5) generated by radiations of these BS, which can be considered as an
equivalent local increase in ATC and BS terrestrial density at Ko—1 and makes the contribution
(6) of UE radiation in places of their concentration, to the total EMB level, insignificant.

1.10. Estimation of the total conditional average intensity of the EMB created by the MC,
based on an estimate of the average ATC in each of the MC frequency bands.

1.10.1. The conditional average EMB intensity created by both BS and UE radiations in a
separate j-th MC frequency band (in adjacent frequency bands for BS and UE transmitting) can
be determined using (5)-(8):
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1.10.2. The total conditional average EMB intensity Zy; generated by MC in all J
frequency bands, is determined by summation the contributions Zs; of BS and UE radiations of
each of them:

J
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the contribution of each frequency band is associated with its corresponding contributions of
Brgsj and Bryg; to the total EMLA (7)/(8) created by all BS and UE in the considered area, and is
determined by values of parameters A, Suj, Ruayj> M, Serj, SNIR;, Kgj, Ksj, K13, Lpj, Kccj, Gogs;,
which correspond to this frequency band and the hierarchy level in the MC system structure.

Calculation and results

The above expressions operate with the available initial data on the characteristics of MC
equipment and systems, providing a practical opportunity to assess the level of EMB created by
MC networks in the serviced area. The adequacy of this technique in relation to MC 2G/3G is
confirmed by its verification [43] using the published results of numerous EMB measurements in
many countries, as well as the use its elements in [56] at the examination of population safety at
socially significant facilities.

Results of calculations of EMB intensity generated by MC systems, using (5)-(9), are
given below. When performing these assessments, the following is taken into account:

1. Frequency bands for 5G MC systems are allocated in two ranges: in FR1 range (0.41-
7.125 GHz), covering frequency bands of previous MC generations and frequency bands of Wi-
Fi systems, and in FR2 range (24.25-52.6 GHz) with its further expansion to 70 GHz [23] and
higher; FR2 range has not yet using widely for commercial operation of 5G MC, but its widespread use
is planned at the low hierarchical levels of the 5G/6G radio networks in the future.

2. In MC networks, typical values of the maximum communication range (cell radius)
correspond to 60 m (FR1) and 20 m (FR2) for pico-cells (indoor hotspot), 200-250 m for urban




micro-cells, 500-750 m for urban macro-cells, 1000-1300 m for suburban macro-cells and 1500-
1800 m for cells in rural areas [22, 23, etc.]).

3. Different levels of the hierarchy of MC networks require a different margin of in the
BS signal level — from Kg= 3-10 in pico-cells to Kg= 10—100 in micro- and macro-cells.

4. The necessary Lp margin in radiation power to overcome additional losses at radio
waves propagation in relation to free space, reaches 10°~10* in micro- and macro-cells with
outdoor BS [52, 53] and is 5—10 dB (3-10 times) in pico-cells.

5. The excess by the intrasystem interference level of the receiver internal noise level
(Kcc factor) is determined by the quality of the frequency-spatial planning of MC radio network
and can take values from 0 (no intrasystem interference) to 100...1000 (high level of intrasystem
interference at low quality of frequency planning of MC radio networks).

6. In MC radio channels without MIMO m = 2...10 [54]. Thus, the planned increase in the
spectral efficiency of 4G/5G radio channels due to MIMO technology by 2-8 times [22,24,54]
actually only compensates for the imperfection of the modulation/demodulation and encoding-
decoding processes. Therefore, it is advisable to perform estimations of the intensity of EMB
created by 4G/5G MC, using (7), for m=1, assuming that the data transfer rate in radio channels
of these systems is close to the potential according to definition [51].

7. Assessments of safety for population of the 4G/5G implementation scenarios at the
declared levels of area mobile traffic density (ATC), reaching 10° bits/s/m* for 4G MC systems
and 10 bits/s/m> for 5G [25], are of practical interest.

8. Typical SNIR values (signal-to-(noise + interference) ratio), ensuring the normal
functioning of MC radio channels, correspond to levels of 20 — 30 dB (10> — 10° times), the Ky
factor of the internal noise of the UE receivers is 5 — 10 [22,23].

Graphs in Fig. 2, 3 allow us to assess the degree of realism of estimates using (5), (6), (9).
They illustrate the results of the analysis of EMB levels created by well-studied GSM-1800
systems (A=0.167m). Figure 2 shows the calculated dependences (5) of the intensity of EMB
created by BS radiations of these systems, on the ATC level at different R, values. The
horizontal line of 0.1 W/m? (10 pW/cm?) in this and the next figures corresponds to the MPL
adopted in many countries [13, 14, 41].

When assessing the data presented in Fig.2, it should be taken into account that the ATC
created by GSM-1800 systems is relatively small. For example, at area density of 10" UE/km?, at
a specific traffic intensity of 0.05-0.08 Erl. (the relative number of UE in active mode) and a data
transfer rate in the GSM channel of 2'° bit/s, the ATC turns out to be equal to only Str=16...26
bit/s/m?. The ATC levels created by GSM systems in places with a high population density do
not exceed 10” bit/s/m?, and can approach 10’ bit/s/m” only in places of people congestion and
intensive use of mobile telephony (business and shopping centers, stadiums, etc.); in suburban
and rural areas, the voice traffic density in GSM networks is significantly lower than 10
mbit/s/m>. With a deterioration in the quality of the network frequency-spatial planning
(increasing K¢c to 30-50 or more, which is not uncommon in urban GSM networks), the
dependencies in Fig.2 move upwards, in the region of S,<10” bit/s/m” remaining below the level
of 0.1 W/m?, which is generally consistent with the data [2-12].

Fig.3 for the same initial data and S,=107 bit/s/m? the calculated dependences (9) of the
conditional average EMB intensity generated by both BS and UE of GSM-1800 on the UE
concentration factor K are shown. Their analysis indicates that the local UE concentration can
cause a significant increase in the total intensity of EMB generated by MC, up to a dangerous
level, which is consistent with the results [57] and is a significant factor affecting the level of
forced risks to public health (which is currently not taken into account by existing public
protection systems).

Dependences in Fig. 2, 3 clearly illustrate the impact of the level of investment in the
development of the MC systems infrastructure on their safety for the population. With the same
ATC level in MC networks with a small number of large cells, EMB levels are significantly



higher than in MC networks with a large number of small cells, which is due to the quadratic
dependence of EMLA (7) on the radius of the MC cell.

Calculated dependences in Fig. 4-6 characterize the expected EMB levels under various
scenarios of the implementation of 4G/5G systems and services. They reflect the features of the
MC evolution 2G—3G—>4G—5G, associated with a significant expansion of the radio frequency
resource allocated to MC systems and an increase of ATC by several orders of magnitude.

Fig. 4 shows the dependences of the EMB intensity created by BS radiations from urban
micro-cells, on the ATC, in the lower part of the microwave range, actively used by 5G systems,
at different gain coefficients of BS antennas. Two upper graphs correspond to traditional BS
sector antennas and active antenna arrays with the implementation of a static multipath sector
structure (2D MIMO); three lower curves correspond to the use of multi-element antenna arrays
in the "Beamforming" mode (3D Massive MIMO). These dependences indicate the benefit of the
use in MC systems antenna arrays with a large gain in narrow beams, which provide smaller
sizes of "spots" of the Earth's surface irradiation and, therefore, at equal ATC, providing a
significantly lower level of created EMB. The horizontal dotted line of 10 W/m? (1000 pW/cm?2)
in this and the next figures corresponds to corporate recommendations [15].

Fig. 5 shows the dependences (5) of EMB intensity created by BS radiations of urban
macro cells, on the ATC, using different FR1 frequency bands, calculated for the typical values
of the parameters contained in (7). These dependencies indicate that the implementation of the
declared high-rate 4G/5G services in urban macro-cells of MC networks using any frequency
bands of this range poses a danger to the population; acceptable EMB levels for ATC
corresponding to 4G, can only be provided in MC micro- and pico-cells.

Fig. 6 shows the dependences (5) of EMB intensity created by weakly directed BS
radiations from pico-cells inside buildings, on ATC ("indoor hotspot" scenarios [22, 23]:
Ruax=60m (4G) when using FR1 frequency range and R,,,,=20m (5G) when using FR2 frequency
range); calculations are performed for typical values of the parameters included in (7). It is not
difficult to notice that EMB levels created at the implementation of high-rate 5G services in the
FR2 range at S, — 107 bit/s/m” using weakly directional antennas exceed not only the “non-
thermal” EMF MPL adopted taking into account the danger of long-term consequences of their
impact on public health, but also the “thermal” MPL [15]. At the same time, the implementation
of such 5G scenarios in the lower part of the FR1 range provides levels of EMB no higher than
10 pW/cm?, as well as significantly lower levels of EMB when implementing these scenarios
within 4G at S, — 10 bit/s/m”.

Discussion

The given expressions and calculated dependences indicate the following:

1. Although expressions (5)-(10) are based on the use of a simplified model of the MC
operation, idealized models of radiation and spatial distribution of BS and UE, as well as a
worst-case propagation model (4), which reflect only the basic regularities of EMB formation at
the presence of a plurality of spatially distributed EMF sources, the estimates obtained using
them are close to reality, which is confirmed by the dependencies in Fig. 2, 3 and the results of
partial verification [43] of the described technique.

2. The calculated dependences in Fig. 3, consistent with the results [57], indicate that at
the cluster structure of MC networks using BS antennas with traditional static sector radiation
patterns, the contribution of UE radiations to the total EMB intensity at their local spatial
concentration can be commensurate with the contribution of BS radiations and even exceed it,
which should be taken into account when analyzing the forced risks to public health in these
conditions.

3. The dependences in Fig.4 indicate that an increase in the spatial selectivity of BS
radiation, accompanied by a narrowing of the active antenna arrays main beams and an increase
in their gains, is a positive factor significantly reducing their contribution to the level of total
EMB both by reducing the share of power spent on concomitant irradiation of the underlying



surface (reducing the area of the underlying surface irradiated by these beams), and by reducing
the level of intra-network interference, providing an improvement in the radio reception
sensitivity and a corresponding decrease in the BS radiation power.

4. The dependencies in Fig. 5, 6 characterize the expected EMB levels at the
implementation of typical 5G scenarios and indicate the following:

4.1. Safe EMB levels at MC cell’s radii of hundreds of meters and St,=104-105 bits/s/m>
(ATC levels declared for 4G) are possible only with the use of the lower part of the FR1 range,
which is least suitable for this due to the relative bandlimitedness of UHF radio channels. The
use of the lower part of SHF range for the safe generation of such ATC requires both a
significant reduction in the communication range (R,.,) and a significant increase in the spatial
selectivity of BS radiations (an increase in Gops by the use of multi-element antenna arrays).

4.2. The expansion of the radio frequency resource allocated to MC due to the upper part
of the SHF range and in the lower part of the EHF range significantly reduces the severity of the
problem of intra-system interference that degrades the sensitivity of the radio reception,
contributes to the expansion of the frequency bands and capacity of radio channels, as well as the
implementation of compact multi-element antenna arrays with a high gain. However

a) due to the proportional increase in the attenuation of radio waves with a decrease in
their wavelength, the implementation of the scenarios [23] “Indoor Hotspot-eMBB” in the FR2
range with weakly directional antennas (Gyps=5dBi) can pose a danger to the population already
at S,>10* (Fig.6), and even the use of multi-element antenna array in the beamforming mode
allows to shift this boundary only by 1-2 orders of magnitude, although the implementation of
these scenarios in the FR1 frequency bands used by modern Wi-Fi systems turns out to be safe at
almost any ATC levels declared for 5G;

b) therefore, the spread of 5G technologies and services to the range of millimeter radio
waves only on the basis of assurances [15] without in-depth and independent studies of their
impact on human health is extremely dangerous due to the existence of known resonant effects
[58, 59] detected at EHF radio waves exposure on the human body.

5. Dependences on Fig. 4-6 allow us to comment reasonably the existing opinion that
active antenna arrays of 4G/5G BS pose a danger to the population. The growth of ATC by many
orders of magnitude is accompanied by an increase in the EIRP in the main beams of the BS
antenna arrays radiation patterns to 100 kW, i.e. by about 2 orders of magnitude compared to the
BS 2G/3G EIRP, and a significant increase in the spatial density of BS (by at least 1-2 orders of
magnitude to achieve S, — 107 bit/s/m”). The use of antenna arrays with a static sector multipath
radiation pattern (2D MIMO), the gain coefficients in the beams of which differ little from the
gain coefficients of traditional sector BS antennas, is not able to compensate for the effect of this
increase in BS EIRP on the concomitant increase in EMB intensity, even despite the use of the
TDD pulse mode, which provides a significant reduction in the levels of intra-network
interference (of K¢¢ parameter). The use in 5G radio networks of multi-element antenna arrays
with narrow beams in the direction of each serviced UE (Massive MIMO) with beams gain up to
24-30 dB (250-1000 times) in combination with the TDD mode, which provides an increase in
the real sensitivity of the MC radio reception by reducing of levels of intra-network interference,
is able to practically compensate for the effect of the specified growth of EIRP of BS 5G on an
increase in the intensity of EMB. However, the safe operation of the 5G MC for the population
with the intensity of concomitant EMB no higher than several pW/cm? and with an ATC S, —
10" bit/s/m” is possible only on condition that in macro-cells with antenna arrays “Massive
MIMO” ATC will not exceed the level of 10° bit/s/m* declared for 4G systems (see Fig.5), and
the bulk of mobile traffic of 5G networks during “business-hours” will pass through pico-cells
(hotspots) using traditional access points of the FR1 range or multi-element antenna arrays
“Massive MIMO” of millimeter FR2 range (see Fig.6).

6. The forecast of the safety level of the population in the conditions of electromagnetic
pollution of the environment by MC systems involves comparing the predicted levels of EMB
generated by these systems with scientifically based EMF MPL that guarantee the absence of



long-term consequences of this anthropogenic impact (preservation of health of present and
future generations). Therefore, its reliability is determined not only by the accuracy of estimates
of EMB levels using the presented technique, but also by the validity of the accepted hygienic
standards. Unfortunately, the of the EMF MPL values adopted in many countries and extended
to the EMF exposure in UHF, SHF and EHF ranges, are far from fully adequate to the
electromagnetic impact of 4G/5G systems and, apparently, require revision.

In particular, the potential danger of uncontrolled expansion of 5G is determined not only
by the expected significant increase in the intensity of anthropogenic EMB (Fig. 4-6), but also by
a significant complication of the spectral-temporal structure of MC signals. In 4G/5G systems,
pulse data transmission modes (TDD) are increasingly used, providing a number of system-level
advantages, which in channel bands with a width of 10-100 MHz or more provide a very short
pulse front duration. The susceptibility of the human body to such signals is significantly higher
than to the MC signals of previous generations [60, 61]. From this point of view, they are similar
to the signals of pulse radars, for which, in some countries, according to the results of a long-
term analysis of the population health in adjacent residential areas, the MPL of irradiation by the
main lobe in circular scanning mode has been adopted, the result of averaging of which over the
period of circular scanning is significantly lower than MPLs previously adopted for continuous
and quasi-continuous EMF of other radio systems [62, 63 and etc.]. According to [64, 65],
pulsed electromagnetic irradiation is biologically 25-100 times more active than continuous
irradiation when comparing the average irradiation power. Apparently, EMFs with significantly
different frequencies, types of modulation and spectrum widths also have different degrees of
biological activity. Unfortunately, the results of in-depth, objective and independent scientific
research aimed at substantiating the EMF MPLs of new MC generations are practically absent.
This is limiting the objectivity of the analysis of the population safety in conditions of the
operation of 4G/5G MC, using the presented technique.

7. Expressions (7), (8), as well as the calculation results shown in Fig. 4-6, are somewhat
idealized, since in 4G/5G systems the spectral efficiency of the downlink is 1.5-2 times higher
than the spectral efficiency of the uplink (which can be taken into account by the corresponding
correction factor in (8)), as well as the spectral efficiency of MC radio channels depends on the
distance between BS and UE [54], which determines the levels of useful signals in these radio
channels. Since P.d.d. and mathematical expectations of BS PFD in OP were obtained above
when deriving expression (5), taking into account this dependence in (7), (8) also does not cause
difficulties.

8. The presented technique is also applicable for the analysis of integral levels of EMB
indoors in the implementation of M2M/mMTC/IoT scenarios in multi-storey urban development
with 3D distribution of a plurality of radiating terminal devices in the interior of buildings [66].
And, in addition, EMLA, determined solely through the energy characteristics of EMFs
irradiating the considered territory, is invariant to the type and purpose of the radiating
equipment, which allows to use the presented technique to assess the levels of anthropogenic
electromagnetic pollution of the habitat by radiations from systems of all radio services.

Conclusions

The presented technique of the analysis of EMB levels created by MC networks, based on
the analysis of the integral system characteristics of MC — EMLA and ATC created by MC radio
systems, allows to analyze the processes of EMB generation during the implementation of
almost all 4G/5G scenarios and to predict EMB levels for effective control of development and
implementation processes of 5G technologies and services in order to ensure their environmental
friendliness and safety for population.

Taking into account the urgency of the problem of assessing anthropogenic
electromagnetic pollution of the habitat in the conditions of intensive development of 4G/5G
systems and services, the author is convinced in the importance of further development and
verification of the presented methodology in order to expand the possibilities of its practical use.



The calculated data presented in the article allow us to conclude that the implementation
of 5G scenarios at the declared ATC levels of 10°-107 bit/s/m® may be accompanied by the
creation of EMB intensity close to the "thermal" limits [15] and even significantly exceed them,
and also tens and hundreds of times exceeding the hygienic standards of many countries adopted
taking into account the danger of long-term effects of the "non-thermal" impact of this
anthropogenic factor on the health of the population. First of all, this concerns the
implementation of the entire set of 5G scenarios and services using outdoor BS with service area
radii >200m in places with high population density and business activity, and the operation of
hotspots pico-BS in the FR2 range using traditional weakly directional antennas. The
contribution of UE radiations to the total EMB intensity at their local spatial concentration can
also be significant, comparable to the contribution of BS radiations, which is currently not taken
into account at analyzing forced risks to public health. All this indicates the need for an objective
and independent analysis of possible levels of electromagnetic pollution of the environment in
the full-scale implementation of the entire set of proposed 5G scenarios and services in order to
justify the conditions and restrictions that guarantee the absence of harm to the habitat and the
population safety.

14.04.2023



Table 1. The symbols used in the Figures 1 — 6

Symbol Explanation

Gogs the BS antenna gain, dBi (in decibel relative to isotropic emitter)

Hpgs the height of BS antennas phase centers above the surface

Hop the OP height above the surface

Kee the value of excess of the UE receiver's internal noise by the intra-network
interference

Ks the margin in signal level on the UE input for the implementation of system-
forming functions of MC networks

Lp the necessary margin in radiation power to overcome the additional RWP losses in
relation to the free space

m ratio of the potential and the real spectral efficiency of wireless data transfer

Rux the radius of the BS service area (cell)

S the average wireless traffic terrestrial density (area traffic capacity)

SNIR signal-to-(noise+interference) ratio on UE receiver input (energy conditions of UE
radio reception)

Zsps the average EMB intensity created in OP by the set of BS

ZsuE

the average EMB intensity created in OP by the set of radiating UE




Level of BS antenna elevation
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Fig.1. Spatial placement of BS and UE relative to the observation point (OP) in which the EMB
intensity created by radiations of BS and UE of mobile communications is analyzed
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Fig. 2. Dependences of the EMB intensity created by radiations of the GSM-1800 BS set (2G,
voice communication mode, symmetry of downlink and uplink traffic) for different radii of BS
service area, on the ATC level
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Fig.3. Dependences of the total EMB intensity generated by radiations of GSM-1800 BSs and
UEs (2@, voice communication mode, symmetry of downlink and uplink traffic, dense urban
area) for different radii of BS service area, on the degree of UEs terrestrial concentration
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Fig.4. Dependences of the EMB intensity created by BS radiations of 5G urban micro-cells, on
the ATC level, at different BS antenna gains
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Fig. 5. Dependences of the EMB intensity created by BS radiations of 5G urban macro-cells, on
the ATC level, for various frequencies of FR1 range
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Fig.6. Dependences of the EMB intensity created by pico-BS radiations of 5G indoor hotspots at
various frequencies (30, 50 and 70 GHz) of FR2 range and by pico-BS radiations of 4G indoor
hotspots (or Wi-Fi access points) at various frequencies of FR1 range, on the ATC level
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