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INTRODUCTION 
 

 The electromagnetic field, along with the gravitational field, represents the two 
fundamental long-range force fields in nature, and governs the interaction at a distance 
through electric and magnetic charges. When the electromagnetic field passes through matter, 
a series of complex physical and chemical interactions take place that depend on the 
frequency and intensity of the electromagnetic field, as well as the properties of the material. 
If the crossed material is a living biological one, the effects can be different from the case of 
non-living dielectric materials. The field of knowledge that studies the interaction of 
electromagnetic fields with biological structures is called bioelectromagnetics, and in recent 
decades research in this field has developed rapidly, in line with the increasingly intensive 
and varied use of technologies that emit electromagnetic waves. 
   The last two decades have shown an unprecedented development of communication 
technologies using radio frequency electromagnetic field sources used for individual, 
industrial, medical and commercial purposes. From global communications and rapid access 
to information, to industrial automation and the development of smart cities, the use of radio 
frequencies has revolutionized the way we live and work. Although the exponential 
proliferation of new communication devices have facilitated and facilitated human activity, 
they have led to a growing concern about the impact on human health. In this regard, a 
growing number of researches have focused on the effects of the interaction between 
electromagnetic fields and living matter, both in the short term and in the long term. 
Therefore, both the beneficial effects produced as a result of the interaction of the 
electromagnetic field with living tissues, such as the case of hyperthermia in which microwave 
energy is used to destroy tumor cells by their local heating, as well as possible adverse effects 
on health are studied. 
 In the context of human exposure to electromagnetic fields, exposure and dosimetry 
are essential methods used to measure and assess radiation exposure, as well as in the 
development of appropriate protective measures. Exposimetry involves measuring the fields 
generated by the emitting devices in the air, at the incidence on the human body. Dosimetry 
consists in measuring and evaluating the dose of radiation actually absorbed by a biological 
material inside it, quantified with the help of the specific absorption rate (SAR). Since the 
main effect of the interaction of radiofrequency fields with biological materials is dielectric 
heating, and due to the impossibility of measuring the level of temperature increase in tissues 
(invasive action), effective simulation programs have been developed, based on numerical 
methods for calculating the propagation of electromagnetic waves in biological matter. One 
such software program, also used in this work, is CST Microwave Studio, which implements 
Maxwell's equations in integral and differential form and solves them spatio-temporally. 
 In this PhD thesis, the assessment of human exposure caused by communication 
systems was analyzed from the perspective of two complementary approaches. The first one 
refers to the determination of the exposure of the human body to electromagnetic emissions 
in the near field in the case of using a mobile phone, and the second approach involves the 
determination of the population's exposure to radio emissions in the far field, emissions 
coming from the antennas of the base stations in the networks mobile phone. 
   Along with technological progress, there have also been recommendations provided by 
accredited international bodies, regarding the maximum permissible values of exposure or 
absorption of electromagnetic energy in the body. These guidelines and standards are 
designed to protect human health and ensure that exposure levels remain within protective 
limits.  
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 The main and most important source of radio frequency waves used near the human 
body is the mobile phone. The regulations in force provide limits regarding the maximum 
power radiated by the mobile terminal, but the diversity of existing models and the way they 
are used by users make it difficult to accurately and specifically quantify the intensity of the 
incident field, which is why the first previously mentioned approach deepens this type of 
research. The development of the new generation of 5G mobile communication technologies 
has raised a multitude of concerns among the general public regarding the amount of energy 
radiated by such equipment, especially the increase in the frequency used causes the intrinsic 
increase in the energy emitted. Recently, the prevalence of human exposure due to the mobile 
phone (in this case for the 4G and 5G generations) and not to the antennas of base stations at 
height on buildings or towers has been demonstrated. However, the study of the dynamics of 
signals emitted by a mobile phone is extremely poorly represented in the literature, precisely 
because until very recently no emphasis was placed on the temporal variability and the values 
of the crest factors of the emitted signals. However, studying the temporal dynamics of human 
exposure is complementary and very useful, as it can provide information related to the 
identification of the causes of non-thermal and athermal effects of radio frequencies. 
Practically, the focus shifts from the notion of dose to that of dose rate, to that of 
instantaneous and average rate of accumulation of electromagnetic energy. The 
electromagnetic exposure of a person while using the mobile terminal for various voice or 
data applications has remained one of the challenging aspects to be investigated, especially in 
4G and 5G mobile communication networks, due to the very high variability of emitted signals 
in time and space (including by implementing beamforming and beamsteering techniques). 
 This PhD thesis aims to investigate in detail the amplitude-time-frequency peculiarities 
of signals emitted by 4G and 5G mobile communication systems, as well as to analyze human 
exposure to such radiation sources in different exposure scenarios. 
 The work contains a number of 251 pages, having two distinct parts. In the first part, 
the fundamental elements are presented, those that refer to the communication standards, 
respectively to the modulation and coding schemes of the signals - which will have a massive 
impact on the way of setting the spectrum analyzers used in the experimental precision 
measurements, as well as to the dielectric characteristics of the tissues and the peculiarities of 
the biological response to these types of stimuli. The current state of knowledge in the field on 
the two mentioned levels is presented and the research niches that need to be solved are 
identified. The second part of the thesis, more voluminous, includes case studies and personal 
contributions. In total, the thesis is structured on 12 chapters and 5 private studies. 
 In the first chapter, the evolution of mobile communication systems is presented, 
starting from technologies that used analog transmissions to those based on digital 
transmissions. The main characteristics of each generation of communications are described, 
as well as the need to implement the 5G NR architecture. 
   Chapter 2 presents the characteristics of signals specific to the 4G LTE communications 
standard. Concepts of frequency spectrum allocation, the basic technologies used by the 4G 
standard and network architecture are presented. 
 Chapter 3 highlights the technical specifications of the new generation of 5G mobile 
communications implemented starting in 2020 in Romania. For a comparative analysis with 
the already existing generations of communications, in this chapter were presented: the mode 
of frequency spectrum allocation, the structure of the NR data frame, the network architecture 
and the dynamic spectrum allocation in the two 4G and 5G standards. Beamforming and 
beamsteering techniques were also described in detail, which constitute the essential 
foundations that underpinned the development of 5G technology. 
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 The 4th chapter includes general notions about electromagnetic waves, the main 
electromagnetic field sources being reviewed. In order to understand the phenomena of 
interaction of the electromagnetic field with living matter, the dielectric characteristics of 
biological environments, notions of dosimetry and the connection between external fields and 
those induced inside biological structures were presented. A synthesis of the current state of 
biological effects and on the human body was also made. 
   Chapter 5 first presents the main rules and regulations for the protection of human 
health against exposure to electromagnetic field sources. Emphasis was placed on the norms 
recommended by ICNIRP, as they are adopted in most European countries. In the framework 
of the thesis, the values obtained from the experimental studies for the electromagnetic field 
level were reported to the limits established by ICNIRP. In the last part of the chapter, we 
analyzed the peculiarities of the wave propagation simulation environment, CST MWS, used in 
the application part in order to evaluate by simulation the human exposure to emission 
sources that use beamforming and beamsteering techniques. 
   In the 6th chapter, the general and particular objectives of the research carried out 
during the doctoral internship are presented. 
   In chapter 7, the data collected from 7 fixed sensors from the national electromagnetic 
monitoring network of the National Authority for Administration and Regulation in 
Communications (ANCOM) in the city of Bucharest, in areas with intense radio traffic, were 
pre-processed and processed. The peak and average values, statistical distributions and other 
processing of the time series of the measured electric field strength were analyzed and 
interpreted during 13 months.  
 Chapter 8 addresses the identification of time signatures of emissions from base 
stations (downlink signals) and mobile phones (uplink signals) specific to the 4G LTE 
communication standard from the perspective of recurrence analysis. 
 Chapter 9 highlights the results obtained from the experimental evaluation of the 
dynamics of the field radiated by a mobile phone connected to 4G and 5G commercial 
communication networks and highlights the distinctive features. 
   Chapter 10 quantifies the difference between 4G and 5G signal dynamics using 
statistical, non-linear, and graphical analysis methods and leverages the utility of a deep 
learning algorithm based on neural networks in recognizing and classifying cell phone 
emission types in depending on the application used on the phone. 
   Chapter 11 presents the results of numerical dosimetry analyzes carried out with the 
help of the CST MWS simulation environment, which highlight the influence of the use of 
phased antennas on the spatial distribution of the incident electric field on an 
anthropomorphic model of a human head and the specific rate of energy absorption in the 
respective model, from the perspective of the use of beam emissions from 5G. 
   Chapter 12 captures the final conclusions, the contributions of the doctoral thesis to 
knowledge in the field as well as future research directions. 
   In conclusion, this thesis offers a complementary, niche approach to the field of human 
exposure assessment to electromagnetic radiation emitted by the latest and used generations 
of radio frequency and microwave sources, as well as the promotion of new modern 
techniques and methods of time series analysis , of the variability of the signals, the 
recurrence and the stochastic or deterministic nature of the emissions.      
 

 Objectives and research directions 
 
 The research approach in this phd thesis is structured around five comprehensive 
studies, each of which was carried out in order to explore and develop the fields of 
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experimental exposure and radiofrequency dosimetry. The general objective is to determine 
the level of human exposure to electromagnetic radiation emitted by communication systems 
in different scenarios, simultaneously with the time-frequency-amplitude analysis of the 
signals emitted by the investigated sources. The research aims at the applicability of different 
methods of accurate quantification of the intensity level of the electric field of radio frequency 
and microwaves corroborated with methods used in other fields (e.g. medical, economic, etc.) 
in the analysis of the spatio-temporal variability of the emitted waves.  
 
 The main directions of research consist of: 
 

1) Evaluation of human exposure to electromagnetic fields in urban areas: the city of 
Bucharest. This direction includes the following objectives: 
 

a) Processing the data of field intensities measured by the fixed radio 

monitoring stations in the ANCOM national network, in order to identify the 

population exposure percentage in relation to the reference levels established 

by the regulations in force and to express the temporal dynamics in the short 

and medium term; 

b) The use of descriptive statistical methods in order to identify the amplitude-

time-frequency characteristics of signals captured in broadband and in narrow 

spectral bands, corresponding to downlink emissions in 2G, 3G and 4G 

networks. 

 

2) Comparison of exposure levels to electromagnetic radiation from cellular network base 
station antennas and mobile phones. This direction includes the following objectives: 
 

a) Determination of the power level of emissions generated by base stations 

connected to commercial networks in the 4G mobile communications standard; 

b) Experimental determination of the power level of the emissions generated by 

a mobile phone connected to the 4G cellular communications network; 

c) Determining the predictable, deterministic or random character of the emitted 

field levels, with the help of recurrence analysis. The quantification of the 

recurrence will provide the possibility to perform the prediction of the temporal 

profile of the exposure. 

 

3) Analysis of the evolution of the dynamics of signals emitted by mobile terminals 
connected to commercial communications networks in 4G and 5G standards. This 
direction includes the following objectives: 
 

a) Analysis of the temporal characteristics of 4G and 5G signals and risk estimation 
from the perspective of specific effects due to high emission crest factors and 
specific amplitude distributions. This study will provide a comparative 
assessment of the exposure profile to the two generations of emission 
technologies, providing a complementary estimate of the evolution of the dose 
rate absorbed by the impacted biological environments; 
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b) Determining the time stamp of mobile phone usage as a result of running five 
different types of mobile applications. This objective contributes to the 
evaluation of the intensity level of the electric field recorded for each type of 
application run on the phone, also providing a vision of the quality of service 
according to the network to which the mobile terminal is connected; 

c) The use of an image (spectrogram) detection and classification algorithm based 
on a convolutional neural network in order to recognize and classify radio 
emissions while running mobile applications on the phone. Checking the 
accuracy of detection and classification of the type of mobile application that 
emits the signals constitutes the basis for the further development of an 
integrated system for exposure profiling. 

 
4) Investigating the influence of communication system infrastructure design and 5G 

communication network architecture on the spatial distribution of tissue absorbed 
radiation. This direction includes the following objectives: 
 

a) Implementation, testing and evaluation of beamforming and beamsteering 
performances in the design of 5G generation smart antennas. This aspect helps 
to determine the optimal parameters of adaptive antennas; 

b) Identification of exposure scenarios related to minimizing human exposure 
without compromising antenna performance; 

c) Determination of the values of the specific rate of absorption and radio energy 
in tissues and the intensity level of the incident electric field for different 
scenarios of exposure of an anthropomorphic model of a human head to the 
radiation emitted by adaptive antennas. 
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PERSONAL CONTRIBUTION 
 
 Study 1 - Evaluation of the level of the radio frequency field 
in urban areas - the case of the city of Bucharest, using the data 
recorded by the fixed network of monitoring sensors of ANCOM 
 

Materials and methods 
 

 The fixed monitoring sensors installed by ANCOM in the localities on the territory of 
Romania use a triaxial isotropic antenna for measuring the intensity of the electric field in 
four different frequency bands: 
a broadband that includes the frequency range 100 kHz – 7GHz – this band also includes the 
bands used in Romania for 5G-FR1 mobile communications; 

➢ three frequency bands in the 2G-4G mobile spectrum: 925 – 960 MHz (GSM900), 1805 
– 1880 MHz (GSM 1800) and 2110 – 2170 MHz (UMTS). 
  

 The monitoring system is composed of measuring stations equipped with NARDA AMB 
8057 or AMB 8059 type sensors that monitor the electromagnetic field permanently. These 
sensors cover a wide range of frequencies (9 kHz – 7 GHz) and measure electromagnetic field 
strengths from a few tenths of µV/m to hundreds of V/m. The sensors are designed to 
withstand complex environments, including extreme weather conditions, making them ideal 
for long-term outdoor use. Fixed sensors use broadband measurement technology to 
simultaneously cover all frequencies within a specified range without requiring frequent 
adjustments. For the analysis and interpretation of the recorded data, the sensors are 
compatible with the Narda software program. 
 At the level of the municipality of Bucharest, currently, in the year 2024, there are 15 
fixed monitoring stations. 
   In the present study, we chose to analyze and interpret data from 7 fixed sensors that 
are installed in the most populated areas of the city. 
  In this research, the data recorded by the seven monitoring stations in the city of 
Bucharest, over a period of 13 months, between 01.09.2022 and 30.09.2023, were analyzed. 
Later, a comparative analysis of the electromagnetic field levels recorded in the months of 
January, February and March related to the years 2023 and 2024 was carried out. In this 
sense, the analyzed database totaled over 2 million samples.  
 

Results and discussions 
 

 Figure 1 shows boxplot graphs that highlight the mean, median and interquartile range 
(IQR) for the electric field intensity (peak values and average values) measured during 13 
months in the four frequency bands, in the seven locations in the municipality Bucharest. For 
the frequency range 100 kHz – 7 GHz in the case of station 7 we observe the largest IQR 
intervals in which the electric field values are scattered. Also, from the point of view of 
exposure in this case, the highest values of Eavg (13.34 V/m) and Epeak (38.67 V/m) were 
determined. The lowest values of the electric field intensity were recorded at the North 
Station location (Station 5). We highlight an intensified presence of outliers marked by 
diamonds of the electric field intensity in the cases of Epeak (S2), Eavg (S3), Epeak (S3), Epeak 
(S5) and Eavg (S5). In this situation the outliers show significantly higher values than the 
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other data centered in the IQR interval. Also these outliers together with the asymmetry of the 
box and whiskers indicate a high variability and a non-uniform distribution of the electric 
field values. In broadband, the average of the electric field intensity values is approximately 
double compared to their average in the three frequency bands specific to mobile 
communications. This behavior reveals the presence of a larger number of emission devices in 
use, as well as the use of new equipment configured in the 5G communication network. 

 

 
(a)                                                                               (b) 

 
(c)                                                                               (d) 

Figure 1 Boxplot representations of the average and peak values related to the electric field intensity recorded in the 
period September 2022 – September 2023: (a) broadband; (b) – (d) selective bands 

 

 Figure 2 shows the temporal evolution of the average values of the electric field 
intensity in the four frequency bands, for 13 months in the seven locations in Bucharest. In the 
case of the wide frequency band, we note that the highest average values were recorded by 
stations S1 and S3 for the entire evaluated period, except for the particular case of the values 
recorded between April and September 2023 by station S7. 
  From the graphical representations we observed a similar particular case for the values 
recorded by stations S6 and S7, namely a sudden increase in the level of radiation in fixed 
time intervals. Therefore, in the case of the field values measured by the S6 station, in all four 
frequency bands, starting from December 2022 and until July 2023, we observe an increase in 
its level approximately three times (in the case of the UMTS band) compared to the other 
periods of time. In the case of the S7 station, a high level of electric field intensity was 
recorded in the period from April to September 2023 for all frequency bands analyzed. 
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(a)                                                                             (b)                                                                       

 
(c)                                                                               (d) 

Figure 2 Time variation of Eavg(V/m) measured by the seven stations during September 2022 – September 
2023: (a) broadband; (b) GSM900; (c) GSM1800; (d) UMTS 

 

Conclusions 
 
a) in the Hrisovului 24 location, the highest values of the electric field intensity were 

recorded, as well as the highest variation of the signals in the wide frequency band; 
b) the outliers together with the asymmetry of the box and whiskers indicate a high 

variability and a non-uniform distribution of the electric field values for stations S3 and S5; 
c) in broadband, the average of the electric field intensity values is approximately 

double compared to their average in the three frequency bands specific to mobile 
communications, behavior also associated with the implementation of the new 5G mobile 
communications systems. 

d) lower short-term exposure variability than long-term variability was present in all 
situations; 

e) a greater variability of the exposure was proven by the majority of points spread 
outside the entropy, behavior correlated with the presence of outliers revealed by the boxplot 
diagrams; 

f) in the case of stations S6 and S7, the narrow and long shape of the ellipse indicated a 
correlation between the consecutive values of the signal, the signal presenting a short-term 
deterministic behavior.  
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 Study 2 – Evaluation of the time signature of emissions from 
base stations (downlink signals) and mobile phones (uplink 
signals) specific to the 4G LTE communication standard from the 
perspective of recurrence analysis 
 

Materials and methods 
 
In order to measure and record the level of power emitted by the cell (uplink 

emissions), the following instruments were used: a Motorola G 5G plus mobile phone, three 
spectrum analyzers in real time – from Aaronia model Spectran HF 80120 V5-X and three 
miniature electric field probes PSB E1. 

The following instruments were used to measure and record emissions from LTE base 
stations: TSMA6 network scanner from Rhode & Schwarz to which were connected: a 
Qualipoc Android mobile phone and an OmniLOG 90200 antenna from Aaronia, placed on a 
wooden tripod at a height of 1.5 m from the ground surface. 

 

Results and discussions 
 
In the first stage of the study, we analyzed the recurrence graphs obtained for the data 

processed in the case of uplink and downlink emissions. 
Given the fact that the distribution of colors in the recurrence graphs related to 

downlink emissions forms certain patterns, for each case of emission, the analyzed signals 
present a degree of determinism and are structured, not being random. 

In the case of uplink emissions, for the file download application, in the case of the 
three repetitions there are vertical lines, horizontal lines and clusters indicating laminar 
system states and the fact that the system states are changing slowly. An interesting aspect 
can be identified in the graphic representation of the recurrences specific to the file upload 
application, as they are structured and complex (figure 3). In the case of the three repetitions 
we observe sets of parallel lines (of the same color) with the line of identity (LOI), of different 
lengths, which indicates the predictability of the signal. The diagonal lines parallel to the LOI 
represent the parallel trajectories (mirror segments) for the same time evolution. 

 

 
       (a)                                   (b)                                 (c) 

Figure 3 Recurrence graphs for file upload - uplink application for: a) R1, b) R2 and c) R3 

 
After analyzing the specific recurrence graphs of the downlink and uplink signals, we 

noticed that a larger set of data taken by the measurement system provides better clarity on 
the interpretation of the state of the signals. In the case of downlink signals, several patterns 
were identified in the graphical representations, which may lead to a connection with the 
predictability of the time series. In the case of uplink signals, the recurrence graphs show 
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isolated points as well as white bands indicating non-stationary signals, except for the upload 
application where the graphs indicate a predictability of the signals. 

The recurrence histogram usually shows the characteristic periodicity of the time 
series. In the case of downlink signals, for day 1 P, Q, R, S emissions we observe similar graphs 
of the percentage of recurrence, which indicates to us the presence of a degree of recurrence 
for these data downloads, which decreases as the time gap increases. We also observed a 
similar behavior for the R and T emissions on day 3. Compared to the recurrence histograms 
of the downlink signals, the uplink signals show a lower degree of recurrence and a much 
higher variation. We also see a dense graph structure for the video call, voice and file 
download apps. 

 

Conclusions 
 
Given the fact that recurrence graphs are structured and form certain patterns, we can 

affirm the presence of a degree of determinism and the existence of predictable amplitude 
values. 

For the uplink emissions, when using the file downloader we identified behaviors 
similar to the previous ones, as evaluation of the temporal dynamics indicated slowly 
changing laminar states. In the case of the mobile streaming application, we noticed non-
stationary emissions that showed a certain trend. The graphs of the file upload mobile 
application indicated a predictability of the signal level because they include lines parallel to 
the line of identity, which represent the parallel trajectories (mirror segments) for the same 
evolution over time. 

From the recurrence quantification analysis, we found higher values of the 
determinism parameter in the case of downlink emissions compared to those obtained for 
uplink signals, an aspect that implies the existence of a deterministic system, more precisely 
of sequences that repeat at different time intervals . 

 

 Study 3 – Determination of the characteristics and dynamics 
of the emitted field near mobile terminals connected to 4G and 
5G commercial communications networks 
 

Materials and methods 
 
 In the present experimental study we evaluated the time variation of the electric field 
strength (E) near a mobile phone connected successively to: 

• the 4G LTE network using a channel bandwidth of BW1 = 20 MHz at the center 
frequency of 2.59 GHz and time division duplexing; 

• the 5G NR FR1 network in the n78 band, using a channel bandwidth of BW2 = 40 MHz, 
at the central frequency of 3.7 GHz and time division duplexing, both networks 
belonging to the mobile operator RCS&RDS (Digi). 
 

 In order to measure and record the power level of the signals emitted by the mobile 
phone, the following measuring instruments were used: three real-time spectrum analyzers – 
Spectran 5 (Aaronia) model HF 80120 V5 X and three electric field probes PSB E1 which were 
positioned at an equal distance from each other and at a distance of 10 cm from the surface of 
the mobile phone (figure 9.3). A Moto G 5G plus model smartphone (XT 2075-3) with an 
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emission power of 23 dBm in both 4G and 5G bands was used to evaluate the intensity of the 
electromagnetic field. 
   A sampling rate of 100 ms was used for spectrum and data transfer recordings. For 
each application used, measurements were made in three repetitions (referred to as R1, R2, 
R3), and each data recording lasted 25 seconds. In the case of measurements made in the 4G 
network, a real-time bandwidth of 88 MHz was used for the spectrum analyzer, and a real-
time bandwidth of 44 MHz was used for the 5G network. 
   Figure 3 shows the steps related to the algorithm followed in order to measure the 
emitted power levels in the case of successive use of the two mobile communication 
networks.  
 

 
             Figure 4 Sequencing of uplink signal level measurement steps 

 
Results and discussions 

 
 Figure 5 exemplifies the case of the variation of the electric field intensity in the 
channel for 25 s, for probe 1, repetition 1. In this sense, we note the maximum value of the 
electric field intensity of 0.014 V/m, obtained in the case of the 4G standard in the video call 
application . For the 5G network, the maximum value of the electric field strength (0.012 V/m) 
was obtained in the case of the streaming application. Carrying out a comparative analysis 
between the two standards, we notice that the highest electric field values were recorded for 
the 4G network.  
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a)                                                                    b) 

Figure 5 Time variation of the electric field in the channel measured with probe 1, for the five applications run in: a) 
the 4G network; b) the 5G network 

 

 To observe the differences between the mean slopes, we plotted the graphs in Figure 6 
(a). Here, comparing the two communication standards, we can see the average of the 
accumulated power density rate in the air (in W/m2/s), for each mobile application. We 
therefore observe several different slopes belonging to 4G applications, and the highest rate of 
accumulated power density in the air is specific to the file upload application and its value is 
at least double the other rates. In the case of the 5G standard, the rates are much more similar, 
but the file upload application still leads to the highest rate of over-the-air accumulation. This 
integrated approach allowed us, through its metric, to characterize the evolution of 
electromagnetic exposure over time for the 5G standard, an important technique in addition 
to the standardized exposure metrics already used in this regard. Next, we calculated the 
average transmitted power density per bit based on the relationship between the average 
power density rate and the transfer rate - figure 6 (b). As can be seen, the highest values 
correspond this time, in both standards, to the streaming application. In all cases, the lowest 
power density/transmitted bit rates were found in the 5G network. 
 

 
      (a)                                                                      (b) 

Figure 6 a) Average rate of accumulated incident power density in air for 4G and 5G applications during 25 s; b) 
Average transmitted power density rate per bit transferred in each situation 

 

 The areas of the Poincare ellipse, shown comparatively in figure 7, indicate that the 
greatest variability of the radiated field corresponds to file upload and video call in 4G. The 
total variability of emitted fields was higher in the 5G network than in the 4G network for file 
download, streaming and voice call applications. However, the file upload and video call 
applications in the 4G standard had at least an order of magnitude more variability than the 
other applications in both standards. Since this specific feature confirms that file uploading 
and video calling led to the highest exposure levels in 4G, as inferred from figure 7, it can be 
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concluded that these applications could be the most interesting for further research in 
biological dosimetry. In 5G, the largest variations of the radiated field were observed for voice 
call and file download. These large variabilities may be due to the higher field levels in 5G for 
these two mobile applications. Therefore, at least voice calls deserve special attention in 
future dosimetric studies dedicated to the biological effects of 5G signals. 

 
(a)                                                                       (b)      

Figure 7 Areas of Poincare maps of electric field strength for all applications in 4G and 5G networks: a) R1; b) R2 
 

Conclusions  
 
 Among the most important characteristics identified in this experimental study we list:  

➢ electric field intensities measured in air 10 cm away from the surface of the mobile 
phone were, on average, 31.7% lower in the 5G network compared to the 4G network, 
for all verified applications: file upload, file download, streaming, video call and voice 
call; 

➢ the file uploader provided the highest and most widespread emitted field values in 
both communication standards; 

➢ the accumulation rate of the power density in the air, at the measurement point, was 
lower in the 5G standard than in the 4G standard for all applications run, showing 
greater differences in the case of 4G; 

➢ for all mobile applications, lower values of the average power density emitted per bit 
of data transferred in the standard 5G standard compared to the 4G standard were 
obtained; 

➢ variability over time is not only dependent on the communication standard used but 
also on the type of mobile application used; 

➢ the self-similarity in the time variation of the signals depends on the communication 
standard used. 

 
 Study 4 – Use of statistical indicators and classification 
techniques with convolutional neural networks in the analysis of 
mobile phone signals in 4G and 5G communication standards 
 

Materials and methods 
 
As emission devices we used: mobile phone - iphone 14 pro (model A 2890, Apple, 

Zhengzhou, China) - for 4G emissions and mobile phone - iphone 13 (model A2633, Apple, 
Zhengzhou, China) - for 5G emissions- FR1. Monitoring of emitted power levels was 
performed for four types of applications running on the mobile phone: file upload, video 
streaming, file download and video call. Signal emission measurements were made using the 
following vector signal analyzers from Rhode&Schwarz: the FSV-3013 spectrum analyzer with 
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a real-time analysis bandwidth of 40 MHz (used for 4G signal measurements) and the FSW 
signal analyzer with a 160 MHz real-time analysis band (used for 5G signal measurements). 
To receive the signals, the Aaronia Omnilog 30800 (300-8000) MHz antenna with an 
omnidirectional characteristic in azimuth was used, positioned in all analyzed cases at a 
distance of 10 cm from the surface of the mobile phone, connected to the vector analyzer. 

For 4G signals, the center frequency used was f1=1.75 GHz with a bandwidth of 20 
MHz, and for signals broadcast in the 5G network, the center frequency used was f2=3.58 GHz 
with a bandwidth of 100 MHz . The receive antenna factor at both frequencies was extracted 
from the technical specifications provided by the supplier. 

The algorithm presented in figure 8 includes all the experimental steps taken in order 
to measure and record the power level emitted by the mobile phones connected to the two 
mobile communication networks, determine the APD and CCDF parameters and retrieve the 
spectrograms related to the signals. 

 
Figure 8 Algorithm for measuring and recording channel power, APD and CCDF parameters and signal 

spectrograms 
 

In the present case, we focused the analysis on short-term variability and proposed the 
use of spectrograms and the deep-learning method in order to profile the exposure variability. 

The use of convolutional neural networks provides traceability and insight into 
exposure dynamics by accurately recognizing and classifying emissions from different mobile 
communication technologies.  
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Figura 9 Organigrama proceselor de pregătire, antrenare și detecție a spectrogramelor aferente semnalelor 4G și 

5G 

 
Results and discussions 
 
In order to accurately compare the APD function for those mobile networks, we 

measured the signals under similar conditions using similar settings. In the case of 4G signals, 
the shape of the curves for the file uploader application is different from the other 
applications (figure 10), being separated from them, a fact correlated with a higher 
probability of higher power levels. The video streaming and video calling applications show 
very similar power distributions, while the file uploader application shows high power 
emissions, although their probability of occurrence is consistently lower than for the file 
uploader application. Regarding the 5G standard, we note that the related emissions are much 
more similar to each other. The curves for file download and video call applications are almost 
similar, as are those for file upload and video streaming applications. Each of these two 
groups has similar probabilities of occurrence of the same power levels. Video calling and file 
downloading apps are almost twice as likely as file uploading and video streaming apps. 

 

   
(a)                                                              (b) 

Figure 10 Amplitude probability density (APD) of signals emitted at a distance of 10 cm from the surface of 
the mobile phone in the analysis bands for 4G and 5G networks: a) 4G – uplink signals; b) 5G – uplink signals 

 

Following the analysis of the CCDF curves, the average crest factors and tails of the 
distribution for all mobile applications belonging to the same transmission technology were 
comparatively extracted. Crest factor values for 4G emissions are in the range (5-11) while 
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values for 5G-FR1 emissions are in the range (8.5-16.2). An important aspect can be 
highlighted in this case, namely the similarity between the crest factors for streaming and 
video calling mobile applications, in the two communication standards, 4G and 5G 
respectively, also indicating the use of similar modulations and coding schemes. On the 
contrary, the crest factor value for the file upload application is three times higher in 5G than 
in the 4G standard, while for the file download application, the crest factor is almost double in 
5G than in 4G. This behavior can be explained as a result of the use of 256-QAM and 64-QAM 
modulations in the 5G standard for the two high field levels, as well as the highest data rates 
in a unit of transmission time. 

The trend of extreme power values can be seen in Figures 11(b) and 12(b). We observe 
obvious differences in the distribution of powers between the two communication standards, 
as well as between mobile applications. The maximum overshoot of the average power in 5G 
compared to 4G belongs to the file upload application, having a value of 9.5 dB. 

 

  
  (a)                                                                  ( b) 

Figure 11 Prevalence of peaks and highest power levels in 4G signal emissions: a) crest factors; b) the values of the 
highest percentages of power levels that exceed the average power 

 

  
       (a)                                                                            (b) 

Figure 12 Prevalence of peaks and highest power levels in 5G signal emissions: a) crest factors; b) the 
values of the highest percentages of power levels that exceed the average power 

 

 The power in the channel represents another indicator of human exposure to radio 
frequency sources, because based on its values and specific dynamics, we expressed the 
intensity and variability of the electric field at incidence with a hypothetical surface of a 
human body located at a distance of 10 cm. Figure 13 highlights the electric field intensities 
related to the five mobile applications used in the 4G standard (figure 13a) and in the 5G 
standard (figure 13b). The main observation in this case is represented by the fact that the 
emissions related to 5G technology are much higher than those related to 4G technology, also 
with notable differences between the four mobile applications. The standard deviations 
around the mean are the same for both communication standards, demonstrating a large 
variability in exposure. In 4G, the highest value of the electric field strength was found during 
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the use of the video calling application, while in 5G the maximum value was found for the 
video streaming application. 
 

  
       (a)                                                                                (b) 

Figure 13 The intensity of the electric field in the air, at a distance of 10 cm from the mobile phone, based 
on the measurements of the power in the channel – representations of the average value and standard deviation: a) 

4G emissions; b) 5G emissions 
 

After training the YOLO v7 algorithm with 300 spectrograms and validating it with 15 
spectrograms, 10 spectrograms were used to identify and classify the respective emission. 
The success rate, as measured by the recognition rate, was very high, generally higher than 
95%, with only one exception in the case of the Internet streaming application in the 4G 
standard where a low recognition rate of only 57% was recorded, according to figure 14a. 
Also, the Internet video streaming application was the most difficult to recognize in the 5G 
communication standard, although it had a high success rate (90%). For the 5G 
communication network (Figure 14b), higher uncertainties were identified than in the case of 
the 4G network, which are indicated by the existence of error bar lengths. 

By proper manual setting, the prepared spectrograms were classified with a high 
success rate using the YOLO v7 algorithm, even though the training and validation was 
performed on a small number of samples. Therefore, YOLO v7 proved to be a useful and very 
powerful algorithm in recognizing features related to power spectrum variability. 

 

   
(a)                                                                     (b) 

Figure 14 Recognition rate of mobile applications using the YOLO v7 algorithm for: a) 4G emissions; b) 5G emissions 
 

            Conclusions 
 

Among the main characteristics identified in this study we list: higher electric field 
intensity values for 5G-FR1 signal emissions compared to 4G emissions, no electric field 
intensity values were recorded that exceeded the exposure limits established by the 
regulations in force, the prevalence of the highest power levels was more frequent for 5G-FR1 
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emissions than for 4G emissions, and the recorded spectrograms revealed significant 
differences between the mobile applications used. 

 

 Study 5 – Evaluation of the impact of 5G-FR1 signals on the 
user: The influence of the phase difference between the elements 
of phased microstrip antenna arrays on the spatial distribution of 
the incident electric field and the specific energy absorption rate 

 

Materials and methods 
 
Microstrip antennas are the most widely used antenna types in mobile terminal and 

router configuration in indoor environments due to easy replication, low cost and low profile. 
All simulations were performed within the CST MWS Studio software program using the finite 
integration technique (FIT). Within the program CST Microwave Studio, two types of planar 
arrays of microstrip antennas were modeled, namely: 1x4 element and 2x4 element phased 
antennas at the operating frequencies of 3.7 GHz and 5.8 GHz. The 3.7 GHz frequency is 
usually used for access points in the indoor environment, devices often found in various 
locations where people are present, and the 5.8 GHz frequency is part of the 5 GHz Wifi 
spectrum. 

The configuration of the phased antennas modeled in the simulation program, as well 
as their constructive parameters can be seen in figures 15-16. 

    
(a) 

     
(b) 

Figure 15 Configuration of antenna arrays: a) with 1x4 elements at the resonance frequency 3.641 GHz; b) 2x4 
elements at the resonance frequency 3.692 GHz and their constructive parameters 

   
(a) 
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(b) 

Figure 16 Configuration of antenna arrays: a) with 1x4 elements at the resonant frequency 5.802 GHz; b) 
2x4 elements at the resonance frequency 5.797 GHz and their constructive parameters 

 

The phased plane antennas were successively positioned at a fixed distance of 20 cm 
from the head model (figure 17).  

 
Figure 17 Exposure scenario: a) microstrip antenna with 1x4 phased elements; b) microstrip antenna with 

2x4 phased elements 
 

In this study we calculated the intensity of the incident electric field on the tangent 
plane of the head, in air and the specific absorption rate for the head model for the four types 
of modeled phased antennas. To thoroughly analyze the distribution of SAR values inside the 
head, we chose a plane of section vertical to the head model, which marks a section through 
its center (sagittal plane). We also extracted the peak values, SARmax(10g) – averaged over 
10g tissue and the mean values, SARmean(10g) in each tissue (skin, fat, muscle, bone, brain 
and eye tissue) depending on the phase difference used between the elements of phased 
antennas (different direction angle of the antenna beam). 

 

Results and discussions 
 

 Analysis of the influence of the phase difference between the elements of the 1x4 element 
antenna array at the frequency of 3.641 GHz on the specific energy absorption rate (SAR) 

 
In order to determine the impact of the phase difference between the elements of the 

antenna array, on its performance as well as on the exposed head model, we simulated 
various specific cases where the antenna array has the four elements out of phase. The cases 
addressed can be found in table 1. Based on the results obtained, we note that if there is no 
phase shift between the elements of the antenna array, a sufficiently high gain is obtained 
compared to other cases, but not the highest. So the maximum gain of an antenna array can 
also be improved by applying special phase differences between its elements. In this sense for 
the case [0;30;80;130] the maximum gain of 6.95 dBi was obtained. However, for this type of 
phased array antenna, low gain values were also obtained at the resonance frequency of 3.641 
GHz. For example, it is observed that for a phase difference of 180 degrees between the 
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antenna elements, the performance and constructive properties of the antenna array decrease 
considerably, obtaining a gain of 2.74 dBi.  

 
Table 1 The influence of the phase difference between the elements of the microstrip antenna array with 1x4 

elements on its main parameters 

Phase difference Maximum antenna 
gain (dBi) 

Total efficiency 
(dB) 

[-30;0;0;30] 6,86 -3,848 

[-60;0;0;60] 6,61 -4,141 

[-90;0;0;90] 6,27 -4,196 
[-180;0;0;180] 5,14 -3,998 

[0;0;0;0] 6,81 -3,847 

[0;30;80;130] 6,95 -3,905 

[20;80;100;150] 6,84 -4,000 
[30;0;30;0] 6,5 -3,941 

[40;180;60;270] 3,86 -5,345 
[60;0;60;0] 5,67 -4,262 

[60;90;180;270] 6,91 -3,823 
[90;0;90;0] 4,43 -4,783 

[180;0;180;0] 2,74 -6,198 
[270;0;270;0] 4,59 -4,944 

[270;30;90;180] 6,5 -3,903 

 
In order to analyze the electric field intensity distribution in the case of using the 

antenna array with 1x4 elements, I chose a plane parallel to it, at a distance of 20 cm, located 
in close proximity to the head model. Thus in figure no. 18 the planes parallel to the array of 
antennas related to each phase difference can be observed. The scale of values includes all 
values of the electric field in that plane, between the minimum value and the maximum value. 
For the [180;0;0;180] case, the lowest value of the electric field intensity was obtained, 
namely 18 V/m, because the antenna array has the lowest efficiency. The maximum value of 
the electric field strength - 63.5 V/m was identified in case [0;0;0;0]. Although in this case the 
highest gain of the antenna array was not obtained, the maximum value of the electric field 
was obtained, so we can state that using the phase difference between the elements of an 
antenna with a high gain does not lead to the highest values values of E (V/m). 

 

  
[-30;0;0;30]                                                           [-60;0;0;60] 

  
[-90;0;0;90]                                                       [-180;0;0;180] 
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[0;0;0;0]                                                              [0;30;80;130] 

  
                                              [20;80;100;150]                                                   [30;0;30;0] 

  
[40;180;60;270]                                                           [60;0;60;0] 

  
[60;90;180;270]                                                            [90;0;90;0] 

  
[180;0;180;0]                                                            [270;0;270;0] 

 
[270;30;90;180] 

Figure 18 Distribution of the electric field intensity in a plane parallel to the antenna of 1x4 elements, at the 
distance of 20 cm (tangent to the face of the head model) according to the phase differences between the antenna 

elements 
 

For a more thorough analysis of the distribution of SAR values, we chose a plane of 
section parallel and horizontal to the head model, which marks a section through its center, 
according to figure no. 19 SARmax was identified when using the phase difference [-
30,0,0,30], because the main radiation lobe is positioned on the radiation diagram (located at 
5 degrees distance) closest to the main direction (0 degrees ) on which the head model is 
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located. Also, the radiation lobe is the narrowest, with an angular width of 12 degrees, being 
much more directional. Although we obtained the highest gain of the antenna in the case of 
using the phase difference [0,30,80,130], the SARmax has a low value of 1.89e-5 W/kg, which 
can be explained by the fact that as the angular width of the main radiation lobe increases, it is 
less directive, and the amount of transmitted power is concentrated over a much larger area. 

We notice that the SAR distribution is completely different for the cases [0,30,80,130], 
[40;180;60;270], [60;0;60;0] and [270;0;270;0] compared to the others . This is primarily due 
to the fact that the angular width of the main radiation lobe is large and secondly because it is 
oriented in a direction that does not coincide with the normal incidence on the head model 
surface. 

According to the graphs, the highest SAR values are found in the following tissues: skin, 
fat and eyes. 

 

   

 
[-30,0,0,30]                   [-60,0,0,60]                                [-90,0,0,90] 

   

 
[-180,0,0,180]                           [0,0,0,0]                                   [0,30,80,130] 

   

 
[20;80;100;150]                         [30;0;30;0]                               [40;180;60;270] 
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[60;0;60;0]                       [60;90;180;270]                              [90;0;90;0] 

   

  
[180;0;180;0]                           [270;0;270;0]                               [270;30;90;180] 

Figure 19 Distribution of SAR10g (W/kg) in a vertical plane through the center of the head pattern for the 1x4 
antenna array as a function of the phase difference between its elements 

 
 In the following two graphs, figure 20 and figure 21, we have plotted the SARmax(10g) 
and SARmean(10g) values from each tissue according to the phase difference used between 
the phased antenna elements. In this sense, for SARmax the values have a linear tendency to 
decrease, according to the transition from one tissue to another, from the outside to the 
inside. Skin and fat tissues absorb an approximately equal amount of energy, even in muscle 
and bone tissue we observe the presence of SAR. In the brain the SARmax values are in the 
range [3.55e-05.0556W/kg]. According to the two graphs, the eye tissue absorbs a 
considerable amount of energy because the associated electrical permittivity is low and the 
exposed tissue surface is small. We identify the highest SAR max values in the following cases: 
[-30,0,0,30], [0,0,0,0], [-60,0,0,60]. 
   The SARmax values identified for this exposure case do not exceed the exposure 
reference limits established in the ICNIRP 2020 guidelines.  
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Figure 20 SAR (10g)max (W/kg) inside each tissue as a function of the phase difference used between the elements 

of the 1x4 antenna array 

 
Figure 21 SAR (10g)mean(W/kg) inside each tissue as a function of the phase difference used between the elements 

of the 1x4 antenna array 

 
Analysis of the influence of the phase difference between the elements of the 2x4 element 
antenna array at the frequency of 5.797 GHz on the specific energy absorption rate (SAR) 
 
 In Table 2 we kept the same cases for the phase differences originally used in the case 
of the 3.7 GHz frequency for the same type of antenna configuration. We observe the 
maximum value of gain and efficiency for simulation case no. 6, and the minimum values of 
the two parameters were identified for simulation no. 9. The previous simulations, together 
with the one related to this case, confirm that the use of the 180 degree phase between the 
antenna elements leads to the lowest antenna performance, in most cases as well as at the 
lowest values of E (V/m) and SAR (W/kg). 
 

Table 2 The influence of the phase difference between the elements of the microstrip antenna array with 2x4 
elements on its main parameters 

Phase difference Maximum 
antenna 

gain (dBi) 

Total 
efficiency 

(dB) 

Obs. 

[0;0;0;0;0;0;0;0] 8,74 -4,56 Simulare 1 

[-180;0;180;0;-180;0;180;0] 5,41 -4,42 Simulare 9 
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[-30,0;30;0;-60;0;60;0] 7,77 -4,35 Simulare 10 
[30;60;90;120;150;180;210;230] 4,34 -5,53 Simulare 4 

[270;90;300;60;330;30;120;0] 4,81 -4,97 Simulare 11 

[-30;-60;-90;-120;-150;-180;-210;-240] 9,44 -3,67 Simulare 6 

[150;-80;-10;60;130;200;270;340] 9,85 -3,61 Simulare 12 
[0;-30;-60;-90;90;60;30;0] 8 -5,19 Simulare 13 

[90;0;-90;0;30;0;-30;0] 7,67 -4,26 Simulare 14 

 
 Compared to the distribution of the electric field intensity values specific to the 
antenna arrays used at resonance frequencies, in this case, being the only one, we observe a 
concentric structure of it for all the phase differences used. So the amount of radiation is 
concentrated on small and narrow surfaces, tending to propagate from the inside to the 
outside of the reference sectional plane, and depending on the phase chosen, it is denser 
either on the right side, on the left side or on both sides of the plan. 
 We also identify much larger surfaces, where the radiation is concentrated, as well as 
higher values of the electric field intensity. In this sense, we determined the maximum value 
of 170 V/m in the case of simulation 12, and the minimum value of 44.9 V/m in the case of 
simulation 9. For this studied case, the highest values of the electric field intensity were 
recorded for certain differences of phase compared to the three previous studies. 
 

  
[0;0;0;0;0;0;0;0]                                             [-180;0;180;0;-180;0;180;0] 

  
[-30,0;30;0;-60;0;60;0]                               [30;60;90;120;150;180;210;230] 

  
[270;90;300;60;330;30;120;0]                 [-30;-60;-90;-120;-150;-180;-210;-240] 

  
[-150;-80;-10;60;130;200;270;340]                     [0;-30;-60;-90;90;60;30;0] 
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[90;0;-90;0;30;0;-30;0] 

Figure 22 Distribution of the electric field intensity in a plane parallel to the 2x4 element antenna, at a distance of 
20 cm (tangent to the face of the head model) according to the phase differences between the antenna elements 

 
As the antenna configuration changes, differences are observable regarding the SAR 

distribution, in this sense for simulations 1, 9, 10, 11 and 13 the radiated energy is 
concentrated more in the area of the nose, eyes, mouth and neck compared to simulation 4 
where radiation is present in the forehead and nose area. These differences occur in terms of 
phase shift, as well as antenna and tissue characteristics. In the reference plane that cuts the 
head model, for simulation 1 we identify the maximum value of SAR (0.617 W/kg), for the 
same simulation the maximum values of SAR were also recorded in the case of the antenna 
with 2x4 elements at the frequency of 3.692 GHz. The minimum value of the specific 
absorption rate (0.0641 W/kg) can be seen in the image specific to simulation 9. 

 

   

 
Simulare 1                                    Simulare 9                               Simulare 10 

   

    
Simulare 4                                      Simulare 11                             Simulare 5 
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Simulare 12                                Simulare 13                           Simulare 14 

 
Figure 23 Distribution of SAR10g (W/kg) in a vertical plane through the center of the head pattern for the 

2x4 antenna array as a function of the phase difference between its elements 
 

In the graph related to figure 24 for the cases [0,0,0,0,0,0,0,0,] and [-150,-
10,60,130,200,270,340] the highest SARmax values were recorded at the level of skin and fat 
tissues . And in this case, the specific absorption rate indicates higher values in the bone tissue 
than in the muscle tissue, an identical aspect for the SARmean values. For the 5.8 GHz 
frequency, this type of antenna configuration leads to the highest SARmean and SARmax 
values. 

 
Figure 24 SAR (10g)max(W/kg) inside each tissue as a function of the phase difference used between the elements of 

the 2x4 antenna array 
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Figure 25 SAR (10g)mean(W/kg) inside each tissue as a function of the phase difference used between the 

elements of the 2x4 antenna array 

 

            Conclusions 
 

Given the fact that in the study, lower specific absorption rate values were obtained 
than those established in the ICNIRP standard, we can state that the four evaluated exposure 
situations respect the safety limits from the point of view of exposure to radiofrequency 
sources. In contrast, specific points were identified inside and outside the head model where 
the local SAR value was significant, which can lead to the appearance of intense "hot spots". 
These cases were found in skin, fat and eye tissue. We also observed that exposure levels 
change dramatically depending on the direction of the radiation beam, for example radiation 
lobes that are perpendicular to the surface of the head model produce high values of electric 
field strength and specific absorption rate over time which lobes oriented in other directions 
assume lower values of these parameters. 

 

Final conclusions 
 
The exposure of biological matter to electromagnetic radiation generated by 

communication systems is an ongoing concern and of scientific interest worldwide. 
Evaluation and analysis of the temporal variability of these electromagnetic fields are 
essential in order to corroborate the dose-effect or dose-rate-threshold effect. As a result of 
the impressive increase in the number of communication systems, including networks and 
mobile phones and Wi-Fi equipment, and as a result of the development of the 5G 
communication network, the need for a detailed analysis of the emissions generated by such 
equipment, especially under the aspect of identifying temporal "fingerprints", including the 
characterization of probability distributions of amplitudes, crest factors and recurrences in 
the emission time series. The present research investigated in various scenarios the dynamics 
of the signals emitted in the 4G and 5G communication standards through comprehensive 
studies but also through comparison, in order to identify the exposure and dosimetry 
peculiarities. 

Given the fact that the main sources of exposure are represented by base station 
antennas of cellular communication networks and mobile phones, the present approach was 
focused on characterizing the emissions generated by such systems. In this sense, in the first 
part of the research, a study was carried out regarding the monitoring and evaluation of the 
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electromagnetic environment by using the data collected by the fixed monitoring stations of 
the national broadband monitoring system (100 kHz – 7 GHz) implemented by ANCOM. 
Various statistical methods were therefore used for the first time for the analysis of temporal 
variations and the identification of particularities in the temporal nature of electromagnetic 
field levels. Later the research was extended by evaluating the time-print of emissions from 
base stations and mobile phones, including with the help of recurrence analysis which until 
now has only been used in the characterization of biomedical, acoustic, economic, financial, 
neural and climate signals. Therefore, within the time series of the analyzed field levels, 
hidden recurrent patterns and structural changes were determined that could not be 
highlighted by classical methods of signal analysis. 
 The following approach consisted of two studies that were oriented to the detailed 
analysis of the emitted field dynamics near mobile phones connected to commercial 4G and 
5G networks. In this sense, various metrics and methods have been validated in the detailed 
analysis of the amplitude-time variability of the signals emitted by mobile phones. 
 The last part of the research complements the previous exposure studies with a 
numerical dosimetric study to evaluate the impact of 5G-FR1 signals on the human body 
(head) and the influence of the use of beamforming and beamsteering techniques on the 
spatial distribution of the incident electric field and the specific absorption rate of energy. The 
study was focused on highlighting the variation of the absorbed power – both in terms of 
amplitude level and positioning in the head areas, depending on the phased antenna arrays 
designed for adaptive beamforming. At each variation of the beam steering angle and 
depending on each antenna design, different doses of radiation were delivered to the same 
tissue. 
 The present work provides a complementary picture, extremely undervalued in the 
literature, on the amplitude-time peculiarities of emissions from cellular network base 
stations and mobile phones, by successfully applying accurate measurement methods and 
processing procedures advanced data in order to characterize and forecast the exposure 
footprint of emissions. The results obtained in this doctoral thesis contribute to the 
identification of the connections between the speed of change of the electromagnetic stimulus 
and the threshold for triggering a specific biological effect, post-exposure. 
 

 PhD thesis contributions 
 
 The following contributions of the PhD thesis in the field of research are relevant: 
 

a) Evaluation and interpretation in relation to the reference levels imposed by the 
regulations in force of the electric field intensity values measured by fixed 
electromagnetic field monitoring systems, over a period of one year, in seven urban 
sub-areas in the city of Bucharest. The database was made up of over 2 million 
samples. At the same time, a comparative analysis of the level of exposure of the 
population in the first quarter of 2024 compared to the first quarter of 2023 was 
carried out. The element of novelty in this experimental study was represented by the 
use of statistical analysis methods that allowed the extraction of some behaviors " 
hidden" of the emitted signals. 
 

b) The use of noise-immune recurrence analysis methods in order to determine and 
characterize the dynamic-recursive behavior of signals emitted by base stations and 
mobile phones. At the same time, a comparative analysis of the emissions generated by 
the two categories of communication systems was carried out. 
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c) Evaluation of exposure to radiation emitted in the near field of a mobile terminal 

successively connected to 4G and 5G communication networks. The experimental 
evaluation of the dynamics of the radiated field near a mobile phone while running five 
different mobile applications aimed to identify and highlight the particularities of 
electromagnetic exposure, as well as differences between the time variation of the field 
emitted by the two communication standards. 
 

d) Approaching a complementary characterization of human exposure through the 
energy fluence rate adapted to the frequency range in the GHz range. Based on this 
quantity, it has been shown that a prediction is possible based on the differentiation 
between chaotic and random emissions of 4G and 5G signals, evidenced by temporal 
recurrence quantification. 
 

e) Evaluation of the impact of the introduction of the new 5G communication systems on 
the human exposure profile and the capitalization of the temporal "footprint" of the 
distribution of the amplitudes emitted during the use of the mobile phone. 
 

f) Evaluation of probability densities of amplitudes, exposure accumulation rates, crest 
factors and statistical distributions of amplitudes for 4G and 5G signals, comparatively, 
from the perspective of corroboration with trigger levels of a specific biological effect. 
 

g) The use of an algorithm based on convolutional neural networks in order to classify 
the signal emissions for four types of mobile applications run in the 4G and 5G 
communication standards in order to identify the particularities related to the 
connection used and the distribution mode of the emitted power. 
 

h) Implementation, testing and evaluation of beamforming and beamsteering 
performances at the level of modeled adaptive antennas. Much more directional and 
narrow radiation lobes were obtained as the number of elements increased in the 
patterned antenna array configuration to operate at 3.7 GHz and 5.8 GHz frequencies. 
It has also been noted that the performance of an antenna is improved as certain phase 
differences are applied between its elements. 
 

i)  Identification of the spatial variability of human exposure as a result of the use of 
beamforming and beamsteering techniques within emission sources. In this sense, we 
identified that the radiation lobes that are perpendicular to the surface of the human 
head model produced high values of the intensity of the incident electric field and of 
the specific rate of energy absorption, compared to the lobes oriented in other 
directions. 
 

j)  Determination of the values of the specific absorption rate and the level of the electric 
field intensity for different scenarios of exposure of the Laura physical model of the 
human head to the radiation emitted by adaptive antennas at 3.7 GHz and 5.8 GHz 
frequencies. 
 

k) The use of the technique of adaptive formation of radiation beams, as well as directing 
them in certain directions did not lead to obtaining the highest values of the intensity 
of the electric field, in this sense it can be stated that the new methods used in 5G 
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communication technology do not contribute automatically when the exposure level 
increases. Compared to the situation of in-phase feeding of the antenna elements, 
where the highest values of the specific absorption rate were obtained, in the case of 
introducing the phase difference between the antenna elements, lower SAR values 
were obtained.de fază între elementele antenei au fost obținute valori mai reduse ale 
SAR.  
 

l) Identification of significant SAR values and "hot spots" in the skin, fat and eye tissue. 
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