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ABSTRACT The Fifth Generation (5G) communication technology will deliver faster data speeds and
support numerous new applications such as virtual and augmented reality. The additional need for a larger
number of 5G base stations has sparked widespread public concerns about their possible negative health
impacts. This review analyzes the latest research on electromagnetic exposure on humans, with particular
attention to its effect on cognitive performance, well-being, physiological parameters, and Electroencephalography (EEG). While most of their results indicated no changes in cognitive function, physiological
parameters, or overall well-being, the strength of the EEG alpha wave is noticed to vary depending on
various aspects of cognitive functions. However, the available studies have not investigated the health effects
resulting from exposure from the 5G mobile phone and base station antennas from 700 MHz to 30 GHz
on the cognitive performance, well-being subjective symptoms, human physiological parameters, and EEG
of adults. There is a need for such research regarding this current emerging technology. Such studies are
significant in determining whether 5G technology is indeed safe for humans.
INDEX TERMS Radiofrequency electromagnetic fields, public health, 5G exposure, bioelectromagnetics,
base station, mobile phones, antenna and propagation, cognitive function, electroencephalography, electromagnetic hypersensitivity, well-being, human studies, health.

I. INTRODUCTION

The introduction of the Global System for Mobile Communication (GSM) in the 1990’s, Universal Mobile Telecommunication System (UMTS) in 2000, Long Term Evolution (LTE)
in 2010 and the 5G mobile networks in 2020 have dramatically increased the use of Mobile Phones (MPs). Mobile
services will be used by over three-quarters of the world’s
population, or 5.7 billion people. 5G will offer needed wireless infrastructure to keep up with the constant increase in
The associate editor coordinating the review of this manuscript and
approving it for publication was Chinmoy Saha
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data consumption and will satisfy the demands by innovative
applications such as networked and autonomous automobiles,
smart factories, and cities, etc. Revolutionary technologies
such as beamforming and Massive Multiple-Input MultipleOutput (MaMIMO), besides innovative new radio coding
software will enable 5G to support a considerably larger
number of terminals (up to one million per square kilometer)
with much greater data speeds (peak rate up to 20 Gbps),
extremely low latency (no more than 1 ms), and exceptionally
high dependability (99.999%). This provide users with a high
quality of service while also enabling extremely dependable
enormous communication between devices [1].
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In comparison to Second through Fourth Generation
(2G to 4G) mobile technologies (such as GSM, UMTS, and
LTE), the 5G New Radio (NR) technology utilize a huge
span of spectrum which are divided into two broad ranges:
the first spanning from 410 MHz to 7.125 GHz (known
as the ‘sub-6 GHz’ frequency range), and the second from
24.25 GHz to 52.6 GHz (known as the millimeter-wave
‘mmWave’ frequency range). Furthermore, MaMIMO will
support up to hundreds of antennas to allow many users
to share the same time-frequency slot, increasing network
capacity and improving transmission range while reducing
power consumption [2]. The signal at the receiver will be one
of the primary technological advancements improved in 5G
NR [3]. MaMIMO system employs many transmit antennas
at the Base Station (BS) as this is enables them to recover
information even with a poor Signal-to-Noise-Ratio (SNR)
and highly noisy channel estimates. At least an order of
magnitude of additional antennas is expected in MaMIMO
systems compared to existing cellular systems.
Electromagnetic Fields (EMF) exposure potentially affects
the human body, including ‘heating’ of the skin. The temperature of a skin’s outer surface is usually between 30◦ C and
35◦ C. The pain detection threshold temperature for human
skin is around 43◦ C [4] and any temperature surpassing it can
cause a long-term injury. Heating is a significant influence
since it can result in cell damage and protein induction.
High-frequency EMF is also known to influence the sweat
glands (which may serve as helical antennas), peripheral
nerves, the eyes and the testes, and may have indirect effects
on other organs in the body [5]. The Federal Communications Commission (FCC) of the United States (US) and the
International Commission on Non-Ionizing Radiation Protection (ICNIRP) established recommendations for the maximum quantity of EMF radiation that may be administered to
a person’s body. It is recommended by the FCC’s guideline
that the Specific Absorption Rate (SAR) is averaged over
1 gram (g) of tissue, whereas the ICNIRP’s guideline is
averaged over 10g. Recommendation by the FCC looks to
be stricter, whereas 2-3 times energy absorption is permitted
by the ICNIRP. In addition to that, the US Food and Drug
Administration (FDA) states that the current knowledge of
the negative effects of EMF emissions on human health is
insufficient to determine whether exposure to the emissions
is safe or not, and that more research is needed to fill in
the gaps in the literature on human health safety in wireless
systems use [6]. Meanwhile, the International Agency for
Research on Cancer (IARC) of the World Health Organization (WHO) categorizes EMF exposure as a ‘‘possibly carcinogenic to humans’’ (Group 2B) [7]. The ICNIRP exposure
recommendations [8] establish a maximum power density
of 10 W/m2 for the general population between 10 GHz
and 300 GHz, measured as an average across any 20 cm2 of
exposed area. Moreover, the spatial maximum power density
averaged over any 1 cm2 shall not exceed 200 W/m2 . The
uncontrolled power density exposure limit for FCC between 6
GHz to 100 GHz is also 10 W/m2 , which in general is to
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be considered as a spatial peak value [4], [9]. However,
spatial peak is not a well-defined quantity, and the answer
obtained will be dependent on the method used to measure
exposure. Measurements will be averaged across the probe
dimensions, and a suitable sample density will be required for
calculations. Between 3 GHz to 100 GHz, the IEEE general
public basic restriction on power density is 10 W/m2 [10].
In the frequency range between 3 GHz to 30 GHz, the power
density is to be spatially averaged over any contiguous area
corresponding to 100λ2 , where λ is the free space wavelength
of the Radiofrequency (RF) field. IEEE also specifies the
maximum spatial peak power densities of 18.56f 0.699 W/m2
at frequencies between 3 GHz and 30 GHz, where f is the
frequency in GHz. However, IEEE specifies neither average
area nor spatial sampling density for this limitation, and
measurements using a minimum spatial sampling density of
four samples per wavelength was performed in [6].
The accelerating deployment of telecommunication towers
and base stations raises public concerns about possible health
effects of the radiation coming from those structures in the
recent few years. In Malaysia, for example, demonstrations
and complaints have been lodged by the public against the
construction of telecommunication tower in their residential
areas [11], [12]. Concerns regarding the harmful effects of
radio frequencies on human health might potentially be a
stumbling block to broaden 5G infrastructure deployment.
The mmWave spectrum will be utilized to build a dense network of small picocells, resulting in the installation of many
new radio transmitters [1]. The Engineering & Technology
(E&T) Magazine reported recently that the UK government
has published a guide for the public about 5G networks due
to the increase of 5G conspiracy theories on social media
platforms, including that the COVID-19 pandemic could be
linked to the new networks in some way. The misinformation spread quickly and led to numerous accounts of people
vandalizing 5G masts over this concern [13].
The necessity of a very high data rate in 5G necessitates
an increase in signal power received at the user’s end, possibly increasing the electromagnetic radiation inflicted on the
user in the vicinity [14]–[16]. Furthermore, three features of
5G which may potentially increase human EMF exposure
further is explained as follows. Firstly, 5G aims to operate
at higher frequencies (e.g., 28, 60, and 70 GHz) besides the
existing lower frequency bands for cellular communications.
However, as the frequency of EMFs increases, so does the
rate of signal absorption into the human skin. Secondly, the
variation in cell size between mmWave 5G, 4G, and 3.5G is
a key suspect in increasing the level of human EMF exposure
prior to the deployment of 4G, the 3GPP released 3.9G. There
will be more transmitters in operation in the vicinity of the
community due to the use of small cells in mmWave 5G.
These BSs service smaller geographic regions and are consequently closer to human users. Among the three technologies,
5G communication systems feature the smallest cell diameter
(200 m) with an Inter-Site Distance (ISD) of 100 m. This
distance is also the maximum distance between a user and
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a mmWave 5G BS. Finally, in 5G, directed beams are needed
to solve the faster signal power attenuation due to higher operating frequencies. It is important to note that the major reason
for implementing multiple-antenna systems is to enhance
antenna gain. Due to the larger concentration of electromagnetic radiation, EMF has a better chance of penetrating
deeper into a human body [17]. Most previous research have
focused solely on the uplink, with little attention paid to EMF
emissions generated by BSs in a 5G network, as illustrated
in Figure 1. The uplink in 5G is described as the allocation
of power resources among users via User Equipment (UE),
i.e., MPs. Meanwhile, the downlink in 5G is defined as the
power resource that is centralized inside the BSs. Due to
the changes in coverage exposure area in mmWave 5G, the
downlink may also pose a hazard to human health [18].
In summary, the changes due to the adoption of 5G mmWave
are as follows:
i. increased carrier frequency operation
ii. reduction in cell size (resulting in an increase in the
number of BSs)
iii. greater EMF energy concentration in an antenna beam

FIGURE 1. Comparison of uplink and downlink in 5G [18]. EIRP – Effective
isotropic radiated power and UE – User equipment.

Various studies have reported the effects of Radiofrequency Electromagnetic Fields (RF-EMF) radiation on the
cognitive performance, well-being subjective symptoms,
human physiological parameters, and EEG. They are primarily focused on wireless communication devices such as
BS antennas operating in different frequency bands [10],
[19]–[23], MPs [17], [24]–[27], Wi-Fi [10], Terrestrial
Trunked Radio (TETRA) BS [28] and portable TETRA handsets [29]. To date, it is unclear whether RF-EMF field emitted by MP BSs affects well-being in adults, as the results
from the existing studies on this topic are inconsistent. The
health effects of RF-EMF due to 5G frequencies were studied
[30] from 6 to 100 GHz on in vivo and in vitro biological
structures. However, to the best of our knowledge, none of
previous reviews focused on the health effects resulting from
exposure from the 5G MP and BS antennas from 700 MHz to
30 GHz on the cognitive performance, well-being subjective
symptoms, human physiological parameters, and EEG of
VOLUME 10, 2022

adults. Moreover, a recent study [18] highlighted that 5G
radiation at 28 GHz may represent a hazard to human health,
making such assessment urgently needed. This is significant
in determining whether 5G technology is indeed safe for
human.
II. LITERATURE SEARCH AND SELECTION
METHODOLOGY

The literature search was performed in May 2021 using
keywords related to RF-EMF such as ‘radiofrequency’, ‘RF’,
‘electromagnetic field’, ‘EMF’, ‘mobile phone’, ‘cellular
phone’, ‘2G’, ‘3G, ‘4G’, ‘GSM’, ‘UMTS’, ‘LTE’. Besides
that, more specific terms related to EEG and brain electrophysiological activity (such as ‘electroencephalogram’,
‘EEG’, waking electroencephalogram/EEG’, ‘spontaneous
electroencephalogram/EEG’, ‘electroencephalogram/ EEG
at rest’, ‘alpha/α band/rhythm/frequency’, ‘8–12 Hz/
8–13 Hz’, ‘power spectral density’, ‘cerebral/brain activity/physiology’, ‘human’), cognitive performance (such as
‘reaction time’, ‘RT’, ‘psychology’), well-being (such as
‘subjective symptom’, ‘well-being symptoms’, blood pressure’, ‘BP’, ‘heart rate’, ‘HR’, body temperature’, ‘BT’,
‘Electromagnetic Hypersensitivity (EHS)’, ‘non-EHS’).
Upon compilation of these literature, a pre-selection is performed based on the title and abstract of these Englishlanguage publications. Then, employing full text analysis,
a more extensive examination of relevant papers was conducted, with studies chosen based on the following inclusion
criteria:
– blind condition (single or double blind)/randomized/
balance study with a cross-over design,
– IEI-EMF reported symptoms (non-EHS or EHS
subjects),
– physiological parameter (blood pressure, body temperature or heart rate),
– subjective symptoms (well-being or visual analog scales),
– cognitive performance as experimental approach,
– investigation of the EEG technique and waking spontaneous EEG,
– radiofrequency range related to BS and MP technologies,
– radiofrequency range related to 5G technologies.
As a result, 33 studies (ten for cognitive performance,
13 for well-being and physiological and ten for EEG) were
selected for inclusion in this review. The next section explains
the findings from the literatures, followed by an analysis
and discussion of the previous findings. In the following
sections, the experimental protocols, materials and methods
of each selected study, and parameters will be compared
and discussed in the final section. These include the volunteers’ inclusion criteria and physiological measures, SAR,
RF-EMF, exposure period, etc.
III. COGNITIVE PERFORMANCE

Healthy adult volunteers who described feeling a range of
symptoms such as headaches in the proximity of RF sources
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were studied in terms of cognitive function. Many studies
have examined how MPs radiation affects cognitive performance using behavioral metrics. They include response speed
and accuracy in a variety of tasks, as shown in Table 1. For
instance, Preece et al [31] tested the short-term and longterm memory, simple and choice response time, and sustained
attention on N = 36 participants, yielding a total of 15 dependent variables. N is defined as number of volunteers/subjects.
Using a single-blind, counterbalanced, randomized crossover method, volunteers were exposed, or Sham exposed,
to continuous or pulsed 915 MHz GSM-type transmissions
for about 30 minutes. In the Choice Response Time (CRT)
task, there was a statistically significant reduction in Reaction Time (RT) when exposed to the continuous signal. The
impact was not followed by a decrease in response accuracy,
indicating that it was not a speed-accuracy trade-off. Simple
Response Times (SRTs) were unchanged, and word, number,
and image recall, as well as spatial memory, were constant.
Exposure to a pulsed GSM signal had no significant impact.
Koivisto et al [32] evaluated at 48 individuals and used a
variety of cognitive tests. Volunteers were exposed or Shamexposed to a 902 MHz GSM signal using a single blind
counter-balanced crossover setup. In basic RT and Vigilance
(VIG) activities, slower RTs were reported [33], similar with
the reported findings in [32]. Furthermore, during exposure,
the time required to complete a mental arithmetic, Subtraction
Time (SUB) assignment was reduced. A second research used
a similar experimental design to evaluate the effects of GSM
RF on the execution of a task with varying working memory
demand [33]. A statistically significant reduction of RT was
reported when the memory load was particularly demanding.
However, a similar attempt to validate and expand the findings of both investigations failed [32], [33].
Curcio et al. [34] studied a small number of volunteers
(N = 20) using various cognitive tests in a double-blind
counterbalanced crossover design. The subjects were tested
on four cognitive tasks, i.e., an acoustic SRT task, a visual
search task, an arithmetic descending SUB task, and an
acoustic CRT task. The results indicated that both SRT and
CRT were reduced during exposure to a 902 MHz GSM
signal than Sham exposure. However, an attempt by the same
research group to replicate and confirm the finding was not
successful, as no significant effects in the same SRT task
was observed (the CRT test was not performed) [35]. Other
studies also have failed to detect significant effects of mobile
phone and BS signal exposure on the cognitive performance
of human. Cinel et al. [17] replicated the effect of GSM MPs
on attention and memory functions presented earlier in [32],
[33] with a larger sample size (N = 168). However, the
effect of exposure on any of the six cognitive tests as those
performed by [32], [33] was far from significant.
Sauter et al. [29] found no evidence of a detrimental
impact of a short-term EMF-effect of a TETRA hand-held
transmitter on the cognitive performance of healthy young
males. Computer tests on three distinct elements of attention
(i.e., divided attention, selective attention, VIG) and working
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memory were used to assess cognitive functions. Recently,
Vecsei et al. [36] observed the short-term RF-EMF exposure
from 3G and 4G MPs. Similarly, the Stroop test revealed that
these signals had no effect on the cognitive functioning of
executive function measurements, processing speed, or selective attention. Table 1 summarizes the studies investigating
the effects of RF-EMF exposure on cognitive performance
and findings in literature.

IV. ADULTS WITH EMF-ATTRIBUTED SYMPTOMS

Zwamborn et al. [37] first explored the subjective feelings
and cognitive functions in a group of 36 people who claimed
to have symptoms related to living near a GSM BS and a
group of 36 healthy people in a research that used exposure
comparable to that from a BS. As the groups differed in age
and gender distribution, no comparisons could be conducted
between categories; only within groups for periods with and
without exposure could be performed. The individuals were
exposed to a 1 V/m field at 900 and 1800 MHz (GSM signal),
and 2100 MHz (UMTS signal). Using a double-blind design,
each volunteer participated in three sessions, one of which
was unexposed. Each exposure group had 24 individuals.
Each session lasted 45 minutes, consisting of the exposure
(during which cognitive skills were assessed), the questionnaire, and the break. The cognitive functions that were tested
were RT, memory comparison, dual-tasking, selective visual
attention, and filtering irrelevant information. A revised analysis of the data was provided in a report by the Netherlands
Health Council (2004). With the cognitive function tests,
only one statistically significant result was obtained in this
reanalysis. UMTS exposure resulted in a higher completion
rate of the memory comparison test in the control group
without symptoms. This might be a coincidental impact. The
findings in terms of symptoms have been explored in the
subsection on electrosensitive persons.
The follow-up study by Regel et al. [19] solely evaluated the effect of the 2140 MHz UMTS BS-like RF signal
(identical to that employed by [37]) on the well-being and
cognitive functions in 33 EHS and 84 non-EHS subjects.
Three experimental sessions were performed one week apart,
with individuals randomly allocated to one of the six potential
sequences of three exposure conditions, each lasting 45 minutes: 0 V/m (sham), 1 V/m (identical to that used by [37]),
and 10 V/m (in order to assess any possible dose-response
relationship). The study used a randomized crossover design
and was double blinded. Cognitive performance was assessed
using a SRT task, a 2-CRT task, the n-back task, and the
visual selective attention task. The visual selective attention
task was also used in [37]. There was no effect found from
this study from any exposure level on the cognitive performance of the volunteers. Next, Eltiti et al. [21] evaluated the
influence of GSM and UMTS BS signals on the cognitive
performance, focusing on attention and memory. They also
utilized a variety of cognitive assessments. In addition to the
control group of volunteers, this study included self-reported
VOLUME 10, 2022
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sensitive subjects. This is to test the hypothesis that the
self-reported sensitive group would have decreased cognitive
functioning. The subjects were exposed to Sham or GSM and
UMTS signals from a BS antenna using a double-blind, counterbalanced, randomized cross-over approach. Both exposure
signals have power flux densities of 10 mW/m2 over the
radiating region. The findings revealed that neither GSM
nor UMTS BS signals had any significant influence on the
attention or memory functions.
Wallace et al. [28] studied the effect of TETRA BS signal to two group of subjects (EHS = 48 and non-EHS =
132). The authors [28] also found that TETRA BS signal
did not affect the cognitive performance for neither non-EHS
nor EHS volunteers. Neither group were able to detect the
presence of a TETRA signal at rates greater than chance
(50%). It was also discovered that the EHS patients’ negative symptoms are caused by their fear of TETRA BSs
rather than the low-level EMF exposure itself. In [22],
Malek et al. also found no significant cognitive performance
changes in both self-reported EHS and non-EHS groups when
exposed to 2G and 3G MP BSs. In another recent study, van
Moorselaar et al. [38] took a different approach in measuring
the effects of RF-EMF exposure with personalized exposure
setting at home involving 42 EHS subjects. A variety of
RF-EMF types of exposure was emitted through their personal exposure units such as GSM 900, GSM 1800, cordless phone Digital European Cordless Telecommunications
(DECT), UMTS and Wi-Fi 2.45 GHz signals. The authors
concluded that during double-blinded testing, no participant
was able to correctly identify when they were being exposed.
This confirms the other findings that the RF-EMF exposure does not affect the symptoms reported by the EHS
subjects. However, during follow-up sessions, EHS participants reported fewer symptoms compared to the symptoms
reported before the exposure.
In a more recent study, Bogers et al. [23] observed the
effects of continuous RF-EMF exposure from signals emulating GSM/UMTS BS, Wi-Fi and DECT. It was observed that
Wi-Fi and GSM/UMTS BS exposures were associated with
the self-declared symptoms by some of the EHS subjects.
This finding contradicted against most of the findings from
previous studies, which reported that there are no effects of
RF-EMF exposure on the well-being of self-reported EHS
individuals. Table 1 and 2 summarize the studies investigating
the effects of RF-EMF exposure on cognitive performance,
EMF perception and well-being of EHS subjects findings in
literature.
V. WELL-BEING SUBJECTIVE SYMPTOMS

To further examine whether EMF exposure affects the behavior of human, many studies have investigated the second
part of human behavioral traits, featuring well-being subjective symptoms. Exposure to diverse RF sources, both at
home and at work, has been related to a wide spectrum of
subjective symptoms. Headaches and migraines, tiredness,
skin itches, and warm feelings are among the subjective
VOLUME 10, 2022

symptoms reported by certain individuals and adolescents.
Dizziness, blurred vision, memory loss, confusion and
vagueness, toothaches, and nausea are some of the less often
mentioned symptoms. These investigations are motivated
predominantly by a small group of volunteers, who believed
they are sensitive to EMF exposures (mobile phone or BS
signal) and further perceived that they had suffered from
health-related symptoms [19]–[21]. These studies have been
very consistent in showing that there are no significant effects
of exposure from these sources on this group’s well-being.
The first research related to BS exposure was from of
Zwamborn et al. [37]. They investigated the effects of GSM
and UMTS signal exposure on cognitive functions (discussed
in the preceding subsection) and self-reported well-being
(reported here) on volunteers who had previously reported
symptoms attributed to GSM radiation and a control group
without such symptoms). Both research groups observed a
slight but substantial drop in well-being after being exposed
to UMTS. No effects were seen when using GSM signals either at 900 or 1800 MHz. Next, a follow-up study
by Regel [19] using an improved protocol investigated the
effect only of the 2140 MHz UMTS BS-like RF signal
on greater numbers of volunteers, identical to that used by
Zwamborn et al. [37]. The cognitive performance (reported
in the previous subsection) and well-being were investigated
for 33 self-proclaimed RF-sensitive subjects and in 84 nonsensitive subjects. Although RF-sensitive subjects generally
reported more health problems, in terms of the applied field
conditions, Regel et al. [19] observed no difference between
the two groups. Subjects were similarly unable to distinguish
between exposure levels, but when they suspected exposure,
they reported greater health problems, suggesting that psychological aspects may be implicated in this condition.
Oftedal et al. [25] investigated the effect of 902 MHz
mobile phone signals on 17 volunteers (five women and
12 men) who have reported to develop symptoms analogous
to those reported when MPs were used in the open provocation test. During the open provocation, both the volunteers
and experimenters knew when the BS was ‘‘on’’ and ‘‘off’’
and, if it was ‘‘on’’, it emitted GSM signal. Subjective symptoms were assessed in a double-blind randomized counterbalanced and crossover design for all volunteers. It was
found that there was no evidence that MP exposure resulted
in head pain or other health symptoms. More importantly,
this study discovered that the subjects were unable to distinguish between non-exposure (Sham) and active exposure
conditions, implying that a nocebo effect (negative expectation) may affect reported symptoms. Cinel et al. [39] used
a larger number of participants in a double-blind, counterbalanced, randomized, and crossover design to prolong the
patients’ symptoms linked to GSM MP exposure. A total
of 496 volunteers (330 women and 166 men), who had not
claimed to have health symptoms due to RF exposure, were
divided into three groups and exposed to Sham and actual
RF signals. Although one group exhibited an induced dizziness during GSM exposure, they found no consistency in
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TABLE 1. Studies on the effects of EMF exposure on the cognitive performance.
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TABLE 1. (Continued.) Studies on the effects of EMF exposure on the cognitive performance.

the other two study groups. This indicates that there is no
significant effect of mobile phone exposure on the well-being
subjective symptoms. Sauter et al. [29] also suggested that
there is no indication of a negative impact of a short-term
EMF-effect of 385 MHz TETRA hand-held transmitter on
the well-being subjective symptoms in healthy young men.
Most recently, Masrakin et al. [40] also concluded that the
continuous RF emitted from the 2.45 GHz textile antenna
worn on 20 volunteers did not affect their well-being.
VI. PHYSIOLOGICAL PARAMETERS (HEART RATE,
BLOOD PRESSURE AND BODY TEMPERATURE)

Few studies have validated that MP [24]–[27] and BS exposures [10], [20]–[22], [28] did not induce physiological
effects (variation in blood pressure and heart rate). When both
self-reported EHS and non-EHS groups were exposed to 3G
Wideband Code Division Multiple Access (WCDMA) MP
in [26], Kwon et al. discovered there is no significant physiological changes (heart rate, heart rate variability, and respiration rate). Moreover, WCDMA was found to not affect the
heart rate, respiration rate, heart rate variability, or subjective
symptoms in adults, according to Choi et al. [27]. Besides
that, Malek et al. [22] also reported that BS transmissions
had no significant short-term impacts on heart rate, blood
pressure, or body temperature. Next, Andrianome et al. [10]
observed the effects of continuous RF-EMF exposure from
signals emulating GSM 900, GSM 1800, DECT and 2.45
GHz Wi-Fi signals. Similarly, it was discovered that these
signals had no effect on the EHS participants’ autonomic
nervous system, which included blood pressure and heart
rate variability. Most recently, Masrakin et al. [40] observed
that wearing textile antennas emitting 2.45 GHz signals
also had no effect on adults’ blood pressure, heart rate,
or body temperature. Table 2 presents the physiological
parameters, EMF perception and well-being findings in the
literature.
VII. EEG

Electrophysiological studies have indicated that a person’s
waking or resting EEG is affected by GSM MP [36],
VOLUME 10, 2022

[41]–[46]. These findings consistently indicated that there
were increases of alpha rhythms (∼8-12 Hz) with this exposure. Other studies show a decrease [47] and no effect [48],
[49] of MP exposure on the waking EEG. Researchers in [41]
investigated the effect of exposure to a GSM 900 signal on
EEG waking activity and its temporal development in doubleblind, cross-over design tests. The experimental procedure of
this study is similar with the one reported in [34]. A total of
20 volunteers were assigned randomly to two groups, and one
group was exposed for 45 minutes before the session, and the
second group was exposed for 45 minutes during the session.
The results demonstrated an increase of alpha power, and this
finding was confirmed later when the study was replicated
with a substantial sample size (N = 120) [41]. Further, Croft
et al. [43] extended this study by examining three distinct
age groups with mobile phone exposure operating using both
GSM and UMTS technologies, involving 41 adolescents, 42
adults, and 20 elderly people in a double-blind, crossover
counterbalanced design. Only the adults had increased alpha
rhythms during the GSM exposure, which was consistent
with the findings from [41]. However, this study failed to
replicate this effect for adolescents and elderly people. Vecchio et al. [45] also examined the eyes-closed resting EEG in
alpha rhythms, and found that they are affected by GSM radiation in inter-hemispheric functional coupling. Their results
have also showed a positive correlation between the subject’s age and the inter-hemispheric frontal alpha coherence.
The possibility of the increase of the alpha rhythms might
be due to hyper-excitability that aggravated an age-related
physiological reduction of the cholinergic tone (an organic
molecule that functions as a neurotransmitter in the brain).
Next, Roggeveen et al. [46] found an increase in alpha, slow
beta, fast beta, and gamma bands on adult’s EEG exposed
to a short-term 3G dialing mobile phone. The 3G mobile
phone was dialled from a fixed line in another room during
the exposure conditions. In contrast, Perentos et al. [47] found
a reduction in alpha power on adult’s waking EEG exposed to
pulse-modulated GSM mobile phone, which contradicted the
previous findings. The main limitation of this study was that
a single-session protocol was used instead of four different
41645
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TABLE 2. Findings comparison of previous studies on the EMF perception, well-being and physiological parameters.
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TABLE 2. (Continued.) Findings comparison of previous studies on the EMF perception, well-being and physiological parameters.
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TABLE 3. Studies on the effects of EMF exposure on the resting EEG recorded with the eyes open or closed.
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TABLE 3. (Continued.) Studies on the effects of EMF exposure on the resting EEG recorded with the eyes open or closed.

sessions, one for each type of RF exposure. Thus, its accuracy may be affected due to the carry-over effects of the
exposures. On the other hand, several other recent evidence
proved that there is no effect of UMTS [48] and GSM [49]
mobile phone exposure on the waking EEG. Trunk et al. [48]
investigated the possible effects of mobile phone radiating
using a commercial patch antenna operating in different frequency bands on the spectral power of the human resting
EEG. A modest number of subjects (N = 17) were involved
in this study, which used double-blind, counterbalance, and
crossover design. The subjects were exposed to Sham and
UMTS signals by positioning the patch antenna on the subject’s right ear, mimicking the use of a mobile phone for
under 30 minutes The exposure to the UMTS EMF did not
induce EEG spectral power in the resting condition, and is in
agreement with the results from [43].
In a more recent study, Vecsei et al. [36] found a decrease in
alpha band on adult’s EEG exposed to a short-term 3G and 4G
mobile phone. The findings suggest that the brain networks
that underpin global oscillations may need minimal remodeling to respond to the local biophysical alterations resulting
from RF-EMF mobile phone exposure. All aforementioned
state-of-the-art studies thus far (summarized in Table 3) have
focused on investigating the effect of RF-EMF exposure from
MP on EEG, and none of these studies have investigated the
effects from BS exposure.
VIII. DISCUSSION

A substantial number of studies investigated the effects of
radiation from MPs and BSs on the cognitive performance
through behavioral measures such as RT and attention in a
wide range of tasks. More than half of the studies shown
VOLUME 10, 2022

FIGURE 2. Overview of the ten selected studies which investigated the
effects of EMF exposure on the cognitive performance. CRT – Choice
Reaction Times, RT – Reaction Times, SRT – Simple Reaction Times,
SUB – Subtraction, and VIG – Vigilance.

in Figure 2 found that there is no indication of any negative
impact of a short-term EMF-effect on cognitive function [17],
[19], [21], [22], [29], [35], [36]. SRT, RT, VIG and SUB
were decreased when the RF-EMF was off (RF-off) to on
(RF-on), indicated by 15.4% from the findings in [32]–[34].
Meanwhile, the study with the least percentage (about 8%) in
Figure 2 showed that the exposure by MPs on adults resulted
in a reduction in CRT [34]. On the contrary, a rise in accuracy
of VIG is reported in [33].
To further examine whether EMF exposure affects human
behavior, studies and findings on the well-being subjective
symptoms and physiological parameters are summarized in
Figure 3. The effect of RF-EMF on the physiological parameters from the previous studies showed that the exposure of RF
signal does not affect the volunteers’ heart rate (50%), blood
pressure (39%) and body temperature (11%) [10], [20], [22],
[24]–[28], [40]. Similarly, a majority (70%) of these studies
41649
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FIGURE 5. Bar chart for studies on the exposure of 2G, 3G and
4G/Wi-Fi/DECT on the cognitive performance and their measurement
results. CRT – Choice Reaction Times, EHS – Electromagnetic
Hypersensitivity, RT – Reaction Times, SRT – Simple Reaction Times,
SUB – Subtraction, and VIG – Vigilance.

FIGURE 3. Overview of the 13 selected studies which investigated the
effects of EMF exposure with respect to physiological parameters
(a) BP - Blood Pressure, BT – Body Temperature, EHS – Electromagnetic
Hypersensitivity, and HR – Heart Rate and (b) well-being.

FIGURE 6. Bar chart for studies on the exposure of 2G, 3G and
4G/Wi-Fi/DECT on the physiological parameter (body temperature, heart
rate and blood pressure) and their measurement results. BP – Blood
Pressure, BT – Body Temperature, EHS – Electromagnetic hypersensitivity,
and HR – Heart rate.

FIGURE 4. Overview of the ten selected studies which investigated on the
effects of EMF exposure on the resting EEG recorded with the eyes open
or closed. α – Alpha wave, β – Beta wave, and γ - Gamma wave.

on well-being parameters reported that mobile phone and BS
exposures did not induce subjective symptoms [19], [20],
[25]–[28], [40]. However, minority of these studies (20%)
found significant changes on subjective symptoms [23], [38]
and indicated no consistent effects [39] when exposed to RFEMF signal (10%).
Electrophysiological studies have revealed that a person’s
waking or resting EEG is affected by exposure to RF signals
from GSM mobile phone [41]–[47]. Based on Figure 4, the
most significant observation is the increase in alpha rhythms
41650

FIGURE 7. Bar chart for studies on the exposure of 2G, 3G and
4G/Wi-Fi/DECT on the well-being subjective symptoms studies and their
measurement results. EHS – Electromagnetic Hypersensitivity.

(∼8-12 Hz/9-11 Hz) [41]–[46] due to mobile phone exposure
(50%). The increase of the alpha rhythms is interpreted as
an altered cortical neuronal activity, probably mediated by
changes in thalamic functioning [41], [44]. The smallest percentage (8.3%) from the overall studies indicated only effects
of slow beta, fast beta, and gamma bands on adults’ EEG
when exposed to a short-term 3G dialing mobile phone [46].
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FIGURE 8. Bar chart for studies on the exposure of 2G, 3G and 4G/Wi
Fi/DECT on EEG studies and their measurement results. EHS –
Electromagnetic Hypersensitivity, α – Alpha wave, β – Beta wave, and
γ – Gamma wave.

On the contrary, some authors found a reduction in alpha
power on adult’s waking EEG exposed to pulse-modulated
GSM [47], 3G and 4G [36] mobile phones.
The effects of RF-EMF radiation from mobile phones,
BSs, and Wi-Fi on the human cognitive function, well-being
health symptoms, physiological parameters (blood pressure,
heart rate, and body temperature), and EEG is tabulated
in Table 1, Table 2, Table 3. Their results are illustrated
in Figure 2, 3, and 4, indicating inconsistency. Results of
the exposure to the GSM900/GSM1800/UMTS/4G MPs,
GSM900/GSM1800/UMTS BS, DECT and Wi-Fi are shown
in in Figures 5, 6, 7 and 8. These research studies involved
both EHS or non-EHS subjects evaluated in terms of
cognitive performance, well-being, physiological and EEG
parameters.
Based on Figure 5, most of the RF signals which affected
the cognitive performance is 2G, followed by 3G signals.
Most of these studies indicated that the signal transmitted
has no effect on the subject’s intellectual performance.
Researchers in [29] evaluated a TETRA hand-held transmitter with the longest duration of 2 hours and 30 minutes in
the shielded room, whereas [36] performed the same investigation with at least 20 minutes of exposure. Both investigations validated that there are no changes/negative effects on
their subjects’ cognitive ability. The results in [29] showed
one effect on working memory (faster RT in 2-back task)
that reflected an improvement in performance of cognitive
function. However, results from [32]–[34] validated that there
are changes in their cognitive performance, with decreased
RT, SRT, CRT, SUB, VIG and increased VIG accuracy. The
locations of these experiments are not mentioned, and this
may potentially be a factor which influenced the findings.
Figure 6 shows that most studies on physiological parameters, specifically for vital signs such as body temperature,
heart rate, and blood pressure, showed no differences from
previous studies. The number of studies conducted on EHS
subjects is comparable to the number of studies conducted
on non-EHS group. RF signal involving a lower frequency
band (420 MHz) is presented only by [28] using TETRA
VOLUME 10, 2022

FIGURE 9. Proposed flowchart to study the effects of 5G BS exposure
signals for sub-6 GHz and mmWave bands (up to 30 GHz) on human
subjects.

BS, as depicted in Figure 7. It is evident from Figure 7 that
majority of these research indicated that there is no impact on
subjective symptoms. Most studies on the EEG pointed that
α waves of the brainwaves increased, as shown in Figure 8.
In general, this analysis indicated that all previous research
aimed to determine the effects of TETRA/2G/3G/4G/WiFi/DECT on health-related parameters. None of them investigated the effects of the human exposure to 5G signals,
both in the sub-6 GHz and millimeter wave bands (of
up to 30 GHz). Thus, further research into the effects of
5G on human health is clearly required, as most available studies on the cognitive performance, physiological parameters, and well-being of human are limited to
the use of GSM900/GSM1800/UMTS/4G mobile phone,
GSM900/GSM1800/UMTS base station, DECT and Wi-Fi
signals. Moreover, the effects of 5G base station signals (centered at 700 MHz, 3.5 GHz, or 28 GHz) have
41651
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FIGURE 10. Proposed schematic diagram to study the effects of 5G BS exposure signals for sub-6 GHz and mmWave bands (up to 30 GHz) on
human subjects. θ – angle of horn antenna’s positioning towards subject.

not considered. Most importantly, based on this exhaustive
literature review, there are yet any published evaluations
studying the effects of exposure from 5G base stations on the
cognitive performance, well-being, and physiological parameters (heart rate, blood pressure, body temperature) in adults.
Secondly, more than half of the studies in literature focused
on the RF-EMF effects due to exposure from MPs, reporting
a maximum average SAR of 1.95 kg/W [47]. This value does
not exceed the current ICNIRP exposure guideline for the
public, which is 2 W/kg near the human head. Meanwhile, the
power densities used in all studies were limited to a maximum
of 10 V/m. This value is also well below the ICNIRP limit for
the public. Available studies also showed that higher SARs
and E-field strengths did not induce any health effects (wellbeing, cognitive performance) and physiological parameters,
neither when exposed to RF-EMF from MPs and BSs. However, when exposed to MPs (for 2G, 3G and 4G signals) with
higher SAR values, EEG decrease is observed in [36], [47].
Despite that, there is again yet any study reporting the effects
of BS signal exposure on the EEG of human.
Note that there exist several significant differences in
terms of methodology and the protocols previous studies
when examining the effects of RF-EMF exposure on the
cognitive functions. The first key parameter is the dosimetry
configuration. There are two types of exposure reviewed
here: (i) MP/TETRA hand-held/wearable textile antenna
and (ii) BS. Therefore, different dosimetry methods are
needed according to the types of radiating devices. Power
density and SAR are the two most widely accepted metrics to
measure the intensity and effects of RF-EMF exposure [18].
For MP/TETRA hand-held and wearable antenna exposures,
the dosimetry standard used is SAR due to the close proximity
41652

between such radiating structures and the human head/body,
and is within the near-field region. Meanwhile, power density
or E-field strength dosimetry is used to assess BS exposure,
as they are in the users’ far-field region. SAR is defined as
a measure of the power absorbed per unit of mass (human
body tissue). It can be spatially averaged over the total mass
of an exposed body or its parts, and is calculated from the
root-mean-square electric field strength, E defined in volts
per meter (V/m), calculated as follows [40]:
SAR =

σ ·E
∂T
=c
ρ
∂t

(1)
t→0+

The conductivity, σ is defined in Siemens per meter; and
the mass density, ρ represents the biological tissue density
in kilogram per cubic meter. SAR also describes the initial
rate of temperature rise of a tissue, ∂T /∂t as a function of the
specific heat capacity (c). The power density, S is related to
the electric field strength E by the free space impedance Z0
= 120π[] according to the following expression [1]:
S=

E2
E2
=
Z0
120π

(2)

The studies in [32], [33] which found changes in the cognitive
function of human upon exposure, however, did not report the
SAR levels. On the other hand, other studies which reported
SAR levels [17], [29], [35], [36] and E-field strength/power
density [19], [21], [22] indicated that the exposures did not
affect or show negative effects on the cognitive functions of
the volunteers, as shown in Table 1. Note also that all studies
reported SAR levels within the regulatory limits of either
2 W/kg for the human head, 4 W/kg for the human limb,
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or E-field strength/power density within the limit of 61 V/m
or 10 W/m2 between 2 and 300 GHz, as specified by ICNIRP.
Another key observation is that assessments of cognitive
functions were performed in either unknown or varying room
conditions. For instance, the experimental room conditions
are not reported in [32]–[34]; whereas these studies reported
variations in cognitive performance due to MP exposure.
However, Curcio et al. [35] replicated the work in [34] by
conducting the experiment in a shielded, soundproof, and
temperature-controlled room to assess cognitive functions of
volunteers. As a result, they observed that the MP exposure
did not affect any cognitive functions. Similarly, other studies
in [19], [21], [22], [29], [36] reported the room conditions
but observed no effect or negative effect of MP and BS
exposures on cognitive function. Conversely, the only study
which reported no effect of MP exposure on the cognitive
function did not clarify the room condition [17]. In short,
the studies observing effects on the cognitive performance
of volunteers have either not reported their SAR/ E-field
strength/power density levels or the room conditions. The
possible remedy to this is to characterize the impacts on cognitive performance solely due to the BS RF-EMF exposure in
5G sub-6 GHz or mmWave range in terms of E-field/power
density dosimetry. Such exposure experiments also need to
be performed in an RF-shielded room to minimize the interference from other EMF sources and the effects of variable
room temperature and relative humidity, as these factors
may considerably affect the outcomes [26]. In general, the
presented studies mainly showed no indication of RF-EMF
effects on the well-being subjective symptoms and physiological parameters. On the contrary, the significance of this
exposure is rather unclear when the EEG was investigated,
as there are contradictory findings. RF-EMF exposure is seen
to affect EEG even when the experiments were performed in
a controlled environment (inside the RF-shielded room).
IX. CONCLUSION

This work presents an analysis of exposure studies conducted
using signals from 400 MHz to 1750 MHz (for 4G). From this
analysis, the following conclusions are made:
• Most of the studies in literature using 2G/3G/4G showed
no effects and no consistency in how exposure to these
signals affected the cognitive, physiological parameters,
well-being, and EEG of the volunteers.
• Most research on human cognition, physiological
parameters, and well-being so far have focused on
the impacts of GSM900/GSM1800/UMTS/4G MPs,
GSM900/GSM1800/UMTS BSs, DECT, and Wi-Fi
exposures.
• There is an absence of studies reporting the effects of
5G (700 MHz, 3.5 GHz, or 28 GHz) BS signals on
adults in terms of cognitive performance, well-being,
or physiological markers (heart rate, blood pressure, and
body temperature).
Figure 9 and 10 illustrated the possible flowchart and
schematic diagram to study the effects of 5G BS exposure
VOLUME 10, 2022

signals for sub-6 GHz and mmWave bands (of up to 30 GHz)
to human subjects. Data from such a study will be useful
in explicitly determining the significance signal exposure
from 5G BS on human health, considering their much closer
proximity to users.
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