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5G mobile communication system networks improvement leads to scenarios for the use of electromagnetic energy in various 
sectors of the economy variety increase and radiofrequency electromagnetic fields (EMF) person’ exposure with expansion 
of the exposed by occupational and non-occupational exposure contingent including. Base station EMF distinctive feature is 
its complex frequency-time and spatial dynamics with constant control signals that should be taken into account in modern 
EMF control methods.
International practice in case of cellular base stations EMF assessment uses maximal values determination: theoretical and 
actual levels. EMF theoretical maximal values characterize base station operation mode under highest network load, highest 
data traffic and time-frequency radio channel resource full usage at the maximum permitted transmission power. Actual 
maximum EMF levels determination approach is base stations EMF evaluation alternative principle and is based on practically 
achievable maximum EMF emission, stochastic nature of base station signals with taking into account.
The approaches to statistical assessment of actual maximum exposure levels are becoming a priority for international practice 
of base station EMF assessment and control due to adaptive antenna technologies in 5G cellular networks development.
This approach to realistic EMF exposure assessment is fundamentally new for Russian practice and will require methodological 
updating of regulatory framework as well as comprehensive researches with network operators, including approaches to 
selective measurement results extrapolation for implementation.
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Introduction. 5G wireless communication systems 
development and implementation indicate the international 
trends of telecommunications industry intensive development. 
The various socio-economical fields of modern society are 
impacted by these trends more and more. New generation 
wireless networks provide innovation telecommunication 
services and are considered as for strategic development 
of industry, healthcare, agriculture, construction, transport 
and energy infrastructure technological base as well as other 
priority sectors in framework of "Digital Economy of the 
Russian Federation" National program. of 5G/IMT-2020 
network subscribers distribution by Russian economy sectors 
in 2026, industry, community housing communal services 
and healthcare will be the most popular areas with more 
than 2.1 million users for each segment, according to the 
forecast [1]. 5G networks implementation leads to increased 
variety of wireless communications service functionality as 
well as electromagnetic energy usage scenarios in different 
economy sectors and of radiofrequency electromagnetic 
fields (EMF) human exposure change. Contingent exposed 
by occupational and non-occupational EMF exposure 
expansion and disappearance of differences between them 
may be expected due to these changes. All marked aspects 
define the importance of human electromagnetic safety 
problems and hygienic assessment and control methods 
improvement necessity.

5G wireless networks EMF human health effects 
are the subject of various specialties all over the world 
including Russia discussion and researches. Despite the 
available publications on the need to existing regulatory 
and methodological documents improve [2–6], the 
application of EMF exposure assessment principles, criteria 
and methods relevant to various standards mobile systems 
specific operation are covered in Russian scientific literature 
fragmentary and insufficiently. For the development of 
previous concept [7] the worldwide experience of current and 
perspective mobile standards EMF control is interesting for 
global trends identifying and recommendation formulation 
of EMF hygienic assessment system at national level in Russia 
methodical improvement.

Mobile base stations operation features. Environmental 
EMF levels generated by different standards mobile base 
stations are characterized by complex spectral structure, 
stochastic temporal dynamics and electromagnetic energy 
distribution spatial heterogeneity [8]. Base station signal 
spectral parameters are defined by operating frequency 
range, radio channel bandwidth and time-frequency structure 
in accordance with GSM, UMTS, LTE or 5G/IMT-2020 
standard specification. EMF level temporal dynamics is 
defined by duplex mode with frequency or time division 
(FDD or TDD), specified by mobile standard and base 
station configuration, as well as by network data traffic and 
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active subscribers numbers in coverage zone. Spatial EMF 
distribution is defined by base station antenna radiation 
pattern, beam steering and beamforming technologies in 
MIMO and mMIMO systems including. These antenna 
technologies provide dynamic electromagnetic energy 
concentration in specified directions within service zone. 
Base station signal contains constant part (reference signals) 
with independent from actual network traffic load along 
with considered alternating components. These constant 
components synchronize/control signals in accordance with 
mobile standard specification. Thereby base station EMF 
levels distinctive features unlike other radio transmitting 
systems are complex frequency-time and spatial dynamics 
with constant control signals that should be taken into 
account in modern EMF human exposure control and 
assessment methods.

Base station EMF hygienic assessment principles and 
criteria. Maximal EMF levels values evaluation as worst 
exposure case is the main principle of EMF human exposure 
hygienic assessment. Theoretical maximal and actual maximal 
exposure levels are considered for mobile base station EMF 
according to international practice [9, 10].

Theoretical maximal EMF levels characterize base 
station operation mode under largest network traffic load 
and full frequency-time radio channel resource usage for 
maximum permissible transmission power. Such base station 
operation mode is critical and highly unlikely case at practice. 
Therefore, this mode focuses for conventional (conservative) 
typical EMF assessment. Theoretical maximal EMF levels 
may be assessed under normal base station operation mode 
in base of signal from base station to subscriber constant 
fixed power components selective measurements [8]. 
Hygienic assessment criteria is theoretical maximal exposure 
level              determined by selective measurement results 
extrapolation described by general equation:

                              =           ·                            (1)

where:
 —  power density (PD) level for base station 

reference signal,
 — theoretical maximal PD level from base station,
 —  extrapolation coefficient for base station 

configuration.
According to International Electro technical Commission 

standard IEC 62232-2017 [9] base station EMF assessment 
and constant component signals are used depending on 2–4G 
mobile telecommunication standards:

 – frequency-selective measurements of broadcast 
common channel BCCH for GSM (2G) networks,

 – code-selective measurements of primary common 
pilot channel P-CPICH for UMTS (3G) networks, 
reference signal RS for LTE (4G) networks [8, 11].

For 5G/IMT-2020 base station network constant 
component is defined by block SSB synchronization signal, 
specific signals of which are distinguished by code-selective 
measurements [12].

Extrapolation factor         used for theoretical maximal 
EMF levels assessment is defined by configuration parameters 
of certain base station. This factor includes the set of factors, 
considering full maximum transmission power and mobile 
base station reference signal power ratio, applied TDD duplex 
mode, radiation patterns of reference signals and traffic signals 
for adaptive antennas difference, in general.

Actual maximal EMF levels determination is base station 
assessment alternative principle. It is based in determination 
of practically achievable maximal exposure with regard to 
stochastic nature of base station signal. Such approach is 
especially important for hygienic assessment of spatially 
heterogeneous EMF from adaptive antenna systems with 
dynamic directional patterns that become widespread due 
to 5G/IMT-2020 networks deployment [8]. Hygienic 
assessment criterion is               actual maximal exposure level 
defined by correction factor according to general equation:

                             =           ·                            (2)

where:
 — actual maximal base station PD level,
 — theoretical maximal base station PD level,
 —  correction factor considering base station 

actual maximal power reduction under base 
station operation its statistical distribution.

Thereby         correction factor is applied to theoretical 
maximal EMF level considered as reference (base) level and 
determined by statistical research of actual transmission 
power distribution during base station operation real 
case[13, 14].

Approaches of 5G/IMT-2020 systems EMF hygienic 
assessment development trends. Technological features of 
5G/IMT-2020 networks deployed parallel to current 2–4G 
mobile networks operation require the enhancement of new 
EMF sources hygienic assessment methodology. In particular, 
actual maximal exposure by statistical assessment becomes 
priority principle for complex electromagnetic environment 
created by adaptive antennas with beamforming and beam 
steering technologies. This approach is included in IEC 
international regulatory document [9, 10].

5G/IMT-2020 base station EMF instrumental assessment 
methods are regulated from 2020-2021 at nation levels in 
Switzerland [12], China[15] and Malaysia [16].These national 
instructions reveal two different approaches to theoretical 
maximal exposure evaluation. Whereas Switzerland [12] 
and Malaysia [16] methods are based in code-selective 
measurement of secondary synchronization SSS signals 
synchronization signal SSB block extrapolation, China 
method [15] is based in frequency-selective measurements 
of traffic signal from base station to subscriber. Both method 
types model the worst from hygienic viewpoint base station 
operation mode case, but this approach may lead to actual 
EMF exposure unreliable assessment (overestimation). So, 
this approaches are considered by international specialists 
as outdated especially for mMIMO antenna systems [17 
–19]. Similar antenna type output transmission power is 
distributed among many antenna array elements that use for 
multiple synchronization and traffic beams forming in various 
directions. Therefore, full array radiation power concentration 
at one direction assumption is considered as nonrealistic 
from practical point of view [20, 23]. This problem solution 
is the subject for statistical research of correction factors 
determination to consider antenna radiation temporal and 
spatial variability, beamforming technology, scenarios of 
different standards base station operation in real environment 
and corresponding EMF exposure [8, 10].

Statistical assessment methods for base station EMF 
exposure in real operation scenarios consider varying active 
subscribers’ number, their spatial distribution, connection 
moments and durations, etc. These methods represent 
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actual maximal exposure approach and include theoretical 
[19, 21, 22] as well as instrumental [17, 23–25] survey. 
Maximum radiation power realistic thresholds are determined 
depending on base station operation conditions as result.

For example, statistical model suggested for realistic 
conservative assessment of mMIMO base station antennas 
EMF showed that actual maximum EMF level according to 
95th percentile criterion was 7–22% of theoretical maximum 
level considering possible operation scenarios [19]. The 
results of spatial transmission channel with respect of realistic 
traffic configurations and subscribers’ distribution within the 
cell three-dimensional modeling showed that mMIMO base 
station actual transmission power cumulative distribution 
function 95th and 99th percentiles were 22–26% and 27–32% 
of theoretical maximum respectively [22].

mMIMO antenna systems operation beamforming 
stochastic nature technologies study [17] was carried out 
in basis of EMF laboratory measurements, EMF spatial 
variations around laboratory mMIMO antenna setup 
especially were estimated at different data transfer rates 
and beam pattern configurations depending on subscribers’ 
number and location.

mMIMO base stations’ of 5G commercial networks 
(Australia) emission power levels were monitored for 
realistic assessment of EMF exposure [23]. 24 hours 
dynamic distribution of base stations’ transmission power 
were monitored for each beam served connected users. The 
data were collected by means network management system 
based on network counters and base station operations 
events. The results showed that base station actual maximal 
emission power was lower than theoretical maximal level 
by 8.8 dB according to 95th percentile criterion. By study 
[24] data actual 4G networks base station (Italy) emission 
power levels were 20-23% of maximum. The results of similar 
monitoring studies for 3G networks (Sweden) showed 
that base stations actual radiation power levels according 
to average, median values and 90th percentile criteria were 
23%, 17% and 35% of maximum power respectively [25]. 
At the same time, there were a strong correlation between 
base stations power network measurements and in-situ EMF 
selective measurements with 2.7% average relative error [25].

Considered methods for actual maximal EMF levels 
determination in relation to mobile base station hygienic 
assessment are developed actively abroad and seem promising 
as standard approach in the new edition of IEC 62232 
International standard [23]. However, currently the results of 
statistical studies have already used in regulatory documents 

at national level in Switzerland, where the correction factors 
were introduced to consider the operation of adaptive 
transmitting antennas with dynamic radiation pattern for base 
station compliance assessment to EMF hygiene regulations. 
Correction factors applied to maximal transmitted antenna 
power based on scientific statistical studies results are 
regulated in range from 0.1 to 1.0 depending on antenna 
array size (subarrays number — antenna units). For example, 
for antenna arrays with number of sub-arrays of 64 or more, 
a correction factor defined to allow the greatest increase 
in transmission power-up to 10 times relative to the worst 
exposure conditions. The correction factors application 
implies the possibility of adaptive antennas in real operating 
conditions maximum transmission power short-term increase 
to fixed level. In turn the base station operator should ensure 
this possibility by equipping the antennas by automatic 
power limiter — a software that continuously monitors the 
total transmit antenna power within cell [26].

Conclusion. The active study and implementation of 
actual maximal exposure concept by means of computational 
and instrumental methods can be noted as international trend 
of base station EMF hygienic assessment and control practice 
with 5G mobile networks of adaptive antenna technologies 
development. Such approach aimed to realistic exposure 
assessment is fundamentally new for Russian practice and its 
implementation will require not only methodological updating 
of regulatory framework, but comprehensive studies together 
with mobile network operators carrying out also, the tests of 
selective measurement results extrapolation approaches including. 
Accordingly, of Russian system of mobile base station EMF 
hygienic assessment methodical improvement requires:

 – current and future generations mobile standard base 
stations EMF assessment selective measurement methods 
implementation;

 – implementation of selective measurement result 
extrapolation approach to theoretical maximal EMF 
exposure assessment;

 – development of actual base station power emission 
monitoring methods by means of network controllers, 
network operation support systems, etc.;

 – development of actual maximal exposure assessment 
approach based on transmitted power distribution under 
base station operation in real conditions statistical studies;

 – development of regulatory documents to interaction 
between sanitary and epidemiological service and 
base stations owners/operators ensure in EMF control 
framework.
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