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1. Introduction 

The functioning of the healthy human body is normally not affected adversely by the natural 

background electromagnetic (EM) radiation. However, in the past few decades, the human 

body has been increasingly exposed to artificial non-ionizing microwave and radiofrequency 

(RF) electromagnetic fields (EMFs) of varying frequency and intensity, among others 

personal wireless EMF (mobile phones, DECT and Wi-Fi) sources have become 

exponentially popularized. In line with the rapid global deployment of wireless RF-EMF 

technologies, there are a growing number of scientific studies and expert reviews dedicated 

to the potential adverse effects of RF-EMF on biological systems (IARC, 2011, WHO, 2011, 

EFHRAN, 2012). Though all mobile communication device operates at EM energy levels 

that cannot disrupt chemical bonds, the non-ionizing radiation emitted by them may interfere 

with neurocognitive processes in the human brain. Although a series of studies have focused 

on the question of how electroencephalographic activity (EEG) is affected by RF-EMF 

exposure emitted by mobile phones in the 450–2700 MHz frequency range with 0.1–2 W 

output power, the findings are still inconsistent (Juutilainen et al. 2011). Some studies found 

evidence that specific alterations in EEG recordings may be associated with exposure to RF-

EMF (Borbely et al. 1999; Croft et al. 2010; Curcio et al. 2005; Huber et al. 2002; Leung et 

al. 2011; Reiser et al. 1995). In contrast, other studies found no effect of RF-EMF on any 

observed EEG patterns (Hietanen et al. 2000; Kleinlogel et al. 2008; Röschke and Mann, 

1997; Trunk et al. 2013). Similarly, the results in studies investigating the effect of RF-EMF 

on cognitive functions are also controversial (van Rongen et al. 2009; Kwon and 

Hamalainen, 2011). Several studies proved modulatory effect of EMF on the performance 

in cognitive tasks (Preece at al. 1999; Koivisto et al. 2000a; 2000b; Edelstyn and Oldershaw, 

2002), others found no effect (Preece et al. 2005; Regel et al. 2007; Stefanics et al. 2008; 

Trunk et al. 2013, 2014, 2015; Haarala et al. 2003, 2004, 2005, 2007). 

Most of the EMFs emitted by Wi-Fi-compatible devices can be similarly described 

as EMFs emitted by mobile phones. Exposure to RF emitted by WLAN systems has been 

raising1 a serious public concern about possible human health effects. According to the rapid 

spreading of the use of Wi-Fi compatible devices several papers studied the absorption and 

potential health effects of Wi-Fi RF-RMF in animals. Concerning the physiological effects 

numerous studies emphasize the oxidative damage and alternations on metabolic parameters 

 
1 https://www.abiresearch.com/press/abi-research-anticipates-more-20-billion-cumulativ/ 
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in blood caused by 2.4 GHz wireless device EM radiation (Gumral et al. 2009; Shekoohi-

Shooli et al. 2016). Studies relating to neurophysiological effects vary in methodology and 

have contradictory results. Nevertheless, most of the results reveal various modifying effects 

to the nervous system in animals. Exposure to 2.4 GHz Wi-Fi EMF induced various 

oxidative stress responses in cortical areas of the brain (Celik et al. 2016), such as significant 

decrease in PKC activity in the hippocampus and increased glial cell numbers in the exposed 

brain tissue (Paulraj and Behari, 2006); decreased A, C and E-vitamin concentration in the 

cortex (Naziroglu and Gumral, 2009); and impaired unimodal and crossmodal integration of 

information in the brain (Hassanshahi et al. 2017). Interestingly, in transgenic mice with 

Alzheimer’s disease-like cognitive impairment long-term Wi-Fi exposure has been 

suggested to improve memory functions (Banaceur et al. 2013). In sum, unified conclusion 

from these results cannot be deduced, however, they draw the attention to the potential 

diverse health effects of Wi-Fi EMF radiation. 

To assess the radiation features of WLAN EMF on human body up to now mainly 

computational absorption calculations have been performed. Studies in this field estimate 

the amount and peak values of absorbed radiation, the patterns of radiation and dependence 

of absorption on power density, on gender and age (Schmid et al. 2007a; Martinez-Burdalo 

et al. 2009; Wang and Fujiwara, 2005; Wiart et al. 2008; Findlay and Dimbylow, 2010; 

Fiocchi et al. 2014). The results indicate that the absorbed radiation in several settings, even 

with the maximum permitted output power were well below the safety limits of the current 

international guidelines. However, it is notably highlighted that the absorption rate largely 

varies by the age and phenotypic individual characteristics of the exposed subjects. 

However, up till now only a few studies have investigated the best laboratory practice 

to be applied in implementing an exposure system specifically designed for Wi-Fi 

experiments to examine the potential effects of WLAN-EMF on human cognitive functions. 

Papageorgiou et al. (2011) conducted a non-computational study with healthy human 

participants to determine whether Wi-Fi irradiation from a distance of 1.5 m affects the 

performance in a linguistic task and adjacent brain oscillatory activity measured by event 

related potentials (ERP). In that same setting Maganioti et al. (2010) investigated the 

potential changes in EEG spectral components performing a Wechsler working memory test. 

Interestingly, Papageorgiou et al. found a gender difference: the amplitude of the P300 ERP 

component decreased for males and increased for females during cognitive task performance 

in genuine Wi-Fi exposure; whereas Maganioti et al. revealed a significant decrease of 
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performance for females in alpha and beta spectral components associated with exposure to 

Wi-Fi-EMF. Nevertheless, the precise dosimetry, accurate procedures and results (f values, 

power) have not been published, thus their results can not be interpreted as representative 

evidences of the effects of Wi-Fi EMF irradiation on cognitive performance measures. 

2. Aim 

Consequently, examination of potential modulatory effects of Wi-Fi EMFs on human 

cognitive performance has become a high-priority field of research. Therefore, the present 

study aims to evaluate the complex RF exposure characteristics of WLAN technology and 

describe the design and evaluation of a specific WLAN exposure system using Wi-Fi 

modulation made suitable for human studies aiming at investigating potential biological 

effects of Wi-Fi exposure, particularly on human brain function. 

Our aims were to: 

• Design a custom-built, stable, well-controlled Wi-Fi exposure system suitable for 

human studies. 

• Evaluate the exposure system with precise dosimetry on a) the quality and output 

power of the exposed signal, b) the stability of the exposure system. 

• Investigate the potential effects of a single Wi-Fi exposure (60 min long, IEEE 

802.11 b/g, 2.4 GHz, 100 mW output power, from a distance of 40 cm) on the 

spontaneous (resting state) EEG activity. 

• Investigate – in the same experimental arrangement – the potential effects of the 

exposure on human cognitive performance in the psychomotor vigilance (PVT) test. 

3. Materials and Methods 

3.1. The Wi-Fi exposure system and dosimetry 

In the present study, a WLAN exposure system was constructed from commercially 

available parts that were all produced by MikroTik2 (Riga, Latvia). During the initial testing 

of the new WLAN exposure system for the purpose of biological experiments, two types of 

mPCI (mini Peripheral Component Interconnect) router board cards, one 802.11 a/b/g (type 

R52) and one 802.11a/b/g/n capable (type R52n) were evaluated nominally with 20−80 mW 

 
2 https://mikrotik.com/ 
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(13−19 dBm) and 20−200 mW (13−23 dBm) peak power, respectively. Both the R52 and 

R52n router board cards were operated only on b/g transfer mode. The WLAN system 

consisted of an access point (AP) and a client unit (CU). The AP consisted of a commercially 

available router motherboard MikroTik RB433AH, the CU consisted of a router 

motherboard MikroTik RB411AH. The system ran on RouterOs Level5 v4.10 with AP 

support. The motherboards were placed in custom-built indoor aluminum cases (RB433U, 

RB411) with AC/SWI 2 dBi Swivel omnidirectional antennas and operated with Power Over 

Ethernet (POE) power supply. The AP and the CU were both controlled by a personal 

computer (PC) applying WinBox v2.2.18 software (MikroTik Co, Riga, Latvia) running 

under MS Windows operating system (Microsoft Co, Redmond, US). 

The free-field measurements were performed in the National Institute of 

Environmental Health (NIEH) "Frédéric Joliot-Curie" National Research Institute for 

Radiobiology and Radiohygiene (NRIRR) laboratory in Budapest3. Both the AP and CU 

were placed in an anechoic chamber and the RF field near the client was measured with a 

Narda4 PMM 8053 field meter (Narda Safety Test Solutions, Savona, Italy) with a wide-

band E-field probe. The distance between the CU antennas and the field meter probe was 40 

cm, which is aimed at modelling the typical distance between the user and the personal 

computer (e.g., notebook) in which Wi-Fi antennas are often mounted in the frame of the 

screen. Two PCs were used for data acquisition were placed outside the anechoic chamber. 

The effects of various settings were then investigated: the electric field was measured with 

different protocols (TCP, UDP), channels (1–13, 2412–2472 MHz), modes (802.11b/g), and 

data rates. We generated the wireless connection between the AP and the CU and the 

continuous data transmission via bandwidth test. 

The absorption in the human body of the RF energy emitted by the Wi-Fi exposure 

system was foremost performed by computational modeling of SAR. The commercial 

simulation platform SEMCAD X5 was used to estimate the SAR levels in realistic 

anatomical human models. The results were presented in terms of 10 g averaged SAR over 

tissues. Originally, we used for the calculations 1W output power, 2.4 GHz and a duty cycle 

of 100% of the Wi-Fi signal, however data were needed to be normalized by considering a 

nominal input power of 100 mW and a duty cycle of 66.19%. Two whole body, realistic 

 
3 http://www.osski.hu/ 
4 http://narda-sts.it/narda/story_en.asp 
5 https://www.speag.com/products/semcad/EuCAPAnimation/ 
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human models were used, both from the Virtual Family (“Ella” female, “Duke” male) made 

available for research (Christ et al. 2010). The two models were formed through the “Poser” 

tool (IT’ IS Foundation6) available within the SEMCAD X package software to obtain 

various sitting postures. 

3.2. Possible effect of acute Wi-Fi exposure on spontaneous EEG 

Participants and procedures of the spontaneous EEG measurements. The sample 

comprised data from 25, healthy, right-handed, university student participants (15 females, 

mean age 23.3 years, SEM: 0.6) in the sEEG study. The participant’s head was exposed to 

either genuine Wi-Fi or sham irradiation in two separate sessions lasting 60 min each, with 

a minimum 1-week interval between sessions, were designed in a double-blind, crossover 

fashion. During the whole session, the participant’s task was to watch a documentary clip in 

a relaxed fashion with the sound turned off. Electroencephalographic brain potentials were 

recorded from three Ag/AgCl electrodes at midline Fz, Cz, and Pz sites according to the 

international 10–20 system. The nose served as reference and the forehead as ground. For 

artifact rejection purposes, horizontal and vertical eye movements were monitored by two 

electrooculogram (EOG) electrodes placed above the left and below the right outer canthi, 

respectively. The impedance at the start of each session was under 5 kOhm at all electrodes. 

First, we amplified the detected signal, then applied different filters (from 0.5 to 100–200 

Hz) to exclude the distortion components. Finally, we converted the analogue signal to 

digital information with an A/D converter (CED7 Power 1401, Cambridge, UK). The EEG 

was recorded continuously at a sampling rate of 1 kHz with an analog band-pass filter of 

0.16–150 Hz and a 50 Hz notch filter. Data were stored on a PC for off-line analysis. Each 

session (either genuine Wi-Fi or sham exposure) was comprised of three, 10 min recording 

blocks (directly before/Pre, in the middle/Mid and right after/Post exposure). 

Analysis of spontaneous EEG data. EEG data, recorded by CED Spike2 were analyzed 

off-line on a PC using built-in and self-developed functions, as well as the freeware 

EEGLAB toolbox8, in Matlab programming environment (MathWorks, Natick, MA). Data 

were analyzed at three recording sites (Fz, Cz and Pz). Continuous data were filtered between 

0.5 and 40 Hz, and then segmented into 2 s epochs. Trials exceeding ±100 microV were 

rejected from further analyses. The fast Fourier transform (FFT) algorithm was applied to 

 
6 https://www.itis.ethz.ch/ 
7 http://ced.co.uk/ 
8 http://sccn.ucsd.edu/eeglab/ 
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epoched data. Log-transformed power values were calculated for pre-defined frequency 

bands – identical to previous studies – for each block for statistical analyses (delta: 1–3 Hz, 

theta: 4–8 Hz, alpha1: 9–10 Hz, alpha2: 11–12 Hz, beta1: 13–18 Hz, and beta2: 19–32 Hz). 

Three separate analyses were performed to examine the difference between genuine Wi-Fi 

and sham exposure conditions. First, EEG spectral power was analyzed as follows: three-

way rANOVA of sessions (Genuine, Sham), blocks (Pre, Mid, Post) and electrodes (Fz, Cz, 

Pz) were separately performed for the six frequency bands. In the second analysis, the 10 

min Post exposure block was divided into 2 min time segments. The hypothesized transient 

after-effects of Wi-Fi exposure were analyzed by rANOVAs of sessions (Genuine, Sham), 

segments (Seg1–5) and electrodes (Fz, Cz, Pz) in the Post block. In the third analysis, gender 

specific effects of Wi-Fi exposure were tested on all frequency bands and all segments by 

repeating the previous analysis and including gender (Male, Female) as a between-subject 

factor. 

3.3. Possible effect of acute Wi-Fi exposure on cognitive performance in 

the psychomotor vigilance test 

Participants and procedures of the psychomotor vigilance test. PVT data were measured 

and analyzed in a final sample of 19 healthy, right-handed, university student participants 

(10 females, mean age 21.0 years, SEM 0.4). In a similar setting as sEEG measurements, the 

participant’s head was exposed to either genuine Wi-Fi or sham irradiation in two separate 

sessions lasting 60 min each, with a minimum 1-week interval between sessions, in a double-

blind, crossover design. The PVT test was implemented by the open-source Psychology 

Experiment Building Language (PEBL, Mueller and Piper, 2014) framework installed on a 

standard PC. In the two experimental sessions (genuine Wi-Fi or sham), the participants 

performed the PVT task in 4 blocks of trials lasting 15 min each. In each trial, the task 

required the participant to react as soon as possible to a red dot presented on the center of 

the screen. Participants responded by pressing the space bar on a keyboard and the stimuli 

were presented with a stimulus-onset asynchrony (SOA). In each 15 min block 106 RT were 

registered per person. The trials <100 ms or >2000 ms were rejected from the final analysis. 

In the first three blocks (Blocks I–III), the participants were exposed to 60 min of genuine 

Wi-Fi or sham, the blocks were separated by 5 min intervals. The total duration of Wi-Fi 

exposure lasted from the beginning of Block I till the end of Block III + 5 min break. After 

Block III and a following 5+20 min break, a last post exposure block (Block IV) was 

recorded. 
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During the PVT task, participants were asked to fill visual analog scales (VAS, 

Aitken, 1969) to inform the pre- and after-task subjective fatigue, attention and motivation 

ratings before and after Block I–III. 

Analysis of psychomotor vigilance test and visual analog scales data. The RT data were 

automatically saved to a file for later analysis. Six performance measures were subjected to 

repeated measures ANOVAs according to previous PVT studies: Mean reaction time (RT), 

Mean number of lapses (lapses of attention defined as reaction times greater than 500 ms), 

inverse RT (1/mean RT x 1000; henceforth 1/RT), the variability of responses (defined as 

the coefficient of variation, SD/mean for RTs), the fastest reaction times (10th percentile), 

and the slowest reaction times (90th percentile). To obtain a better insight into the potential 

temporal changes in performance, PVT data were divided into 3 equal intervals (approx. 5 

min each) in each experimental block. First, PVT data from the three exposure blocks were 

tested with rANOVA with the combination of factors as the sessions (Genuine, Sham), 

blocks (Block I–III), and intervals (Int 1–3). In the second analysis, gender specific effects 

of Wi-Fi exposure were tested by repeating the previous analysis including gender (Male, 

Female) as a between-subject factor. In the third analysis, we addressed the question of 

whether performance would be different between the exposure and post-exposure blocks in 

the two exposure conditions (Genuine, Sham). To analyze this, rANOVA was performed for 

two of the recording blocks only: Block III and Block IV with the factors of sessions and 

intervals. The fourth analysis addressed changes in the subjective fatigue, attentional and 

motivational state over the course of the experiment. These values were analyzed by 

rANOVA with the factors of sessions (Genuine, Sham) and blocks (Block I–III). 

4. Results 

4.1. Dosimetry outcomes and final settings of the Wi-Fi exposure 

system 

The currently investigated WLAN exposure system, according to the detailed dosimetry, we 

conclude that the exposure is more reliable and stable when both antennas are active and 

positioned vertically. The best signal quality and strength on IEEE 802.11 b/g were observed 

using channel 9 (2452 MHz), 20 dBm/100 mW output power, UDP mode, R52n mPCI card. 

In the computational modeling of SAR we evolved a setting which better mimics a 

realistic e.g. a notebook use scenario. To estimate the SAR levels of Wi-Fi emitted RF-EMF 
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realistic anatomical human models were used. As expected, the target tissues closer to the 

Wi-Fi source (forehead skin, grey matter, and white matter) were showing higher SAR 

values. 

4.2. Effects of Wi-Fi exposure on spontaneous EEG 

To test for possible effects of Wi-Fi exposure on sEEG measures, we analyzed mean 

amplitudes of power spectra separately in the delta, theta, alpha1, alpha2, beta1 and beta2 

EEG frequency bands. In the first analysis, rANOVA demonstrated no significant effects of 

genuine Wi-Fi exposure on sEEG spectral amplitudes. Significant main effect of time spent 

in the task was detected on the alpha1 amplitude [Block: F(2,48)=4.74, p<0.05, partial eta-

squared=0.16]. Mean differences were caused by the amplitude increase in the third block 

(mean: 1.33 µV, SEM: 0.09) when compared to the first (mean: 1.27 µV, SEM: 0.08) or 

second (mean: 1.26 µV, SEM 0.08) blocks. 

In the second analysis, to reveal the potential after-effect of exposure, the post-

exposure (Post) block was divided into 2 min long segments and we found a significant 

segment main effect [F(4,96)=4.77, p<0.001, partial eta-squared=0.16] in the alpha1 band. 

Tukey HSD post hoc test revealed that the fourth segment (Seg 4, mean: 1.25 µV, SEM: 

0.07) differed from the first (Seg 1, mean: 1.37 µV, SEM: 0.1), second (Seg 2, mean: 1.36 

µV, SEM: 0.09) and third (Seg 3, mean: 1.35 µV, SEM: 0.1) segments. A significant segment 

main effect was also found in the alpha2 band (F(4,96)=2.59, p<0.05, partial eta-

squared=0.09). Tukey HSD post hoc tests showed that the alpha2 amplitude in the fourth 

segment (Seg 4, mean: 0.92, SEM: 0.05) was significantly lower compared to the first 

segment (Seg 1, mean: 0.97, SEM: 0.06). Furthermore, we found a significant segment main 

effect in the beta2 band (F(4,96)=10.75, p<0.01, partial eta-squared=0.3). Post hoc tests 

showed that the amplitude in the fourth (Seg 4, mean: 0.46 µV, SEM: 0.02) and fifth (Seg 5, 

mean: 0.47, SEM: 0.03) segments differed from the amplitude in the first (Seg 1, mean: 0.44 

uV, SEM: 0.02) or second segments (Seg 2, mean: 0.44 µV, SEM: 0.02). However, we found 

no main effect of exposure or exposure and segments interaction on these frequency bands. 

In the third analysis, no effects of gender were found of Wi-Fi exposure in any of the 

tested frequency bands. However, amplitudes differed in the beta1 (F(1,23)=4.392, p<0.05, 

partial eta-squared=0.16) and beta2 (F(1,23)=8.607, p<0.01, partial eta-squared=0.27) 

independent from the RF-EMF exposure in every block. 
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4.3. Effects of Wi-Fi exposure on psychomotor vigilance task, subjective 

fatigue, attention and motivation 

Results of the first analysis of PVT generally suggest performance was compromised as a 

function of time spent on the task. More specifically, impaired performance with increasing 

time-on-task was indicated by the significant main effect of block (mean RT: F(2,36)=6.62, 

p<0.01, partial eta-squared=0.27; 1/RT: F(2,36)=7.85, p<0.01, partial eta-squared=0.30; 

fastest RT: F(2,36)=5.34, p<0.05, partial eta-squared=0.23) and the significant main effect 

of interval (mean RT: F(2,36)=18.99, p<0.001, partial eta-squared=0.51; 1/RT: 

F(2,36)=20.17, p<0.001, partial eta-squared=0.53; Lapses: F(2,36)=4.88, p<0.05, partial eta-

squared=0.21). Importantly, the type of exposure was not found to modulate the participants’ 

performance for any performance measures. 

In the second analysis, no effect of Wi-Fi exposure was found on gender as a 

between-subject factor. 

The third analysis, except for the slowest RTs, Variability and Lapses, revealed 

significantly improved performance in the post-exposure block (Block IV) when compared 

to the last exposure block (Block III) (mean RT: F(1,18)=5.04, p<0.05, partial eta-

squared=0.22; 1/RT: F(1,18)=10.69, p<0.05, partial eta-squared=0.37; fastest RT: 

F(1,18)=10.45, p<0.01, partial eta-squared=0.36). The change in performance from Block 

III to the Post-exposure block was not modulated by the type of exposure, and Exposure and 

Block interaction did not reach statistical significance for either of the performance 

measures. It is suggested that the improved performance in Block IV was caused by the 

longer (5+20 min) resting brake. 

Finally, the analysis of the subjective fatigue (VAS) ratings yielded a significant 

increase in the participants’ subjective fatigue over the course of the experiment (Block: 

F(3,54)=20.89, p<0.00, partial eta-squared=0.54). We found significantly decreased levels 

of motivation (Block: F(3,54)=9.42, p<0.00, partial eta-squared=0.34) and attention (Block: 

F(2,36)=7.55, p<0.00, partial eta-squared=0.3) during the process. However, participants 

reported similar fatigue, motivation and attention levels in the genuine Wi-Fi vs. sham 

exposure conditions as indicated by the non-significant main effect of the type of exposure. 
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5. Summary 

In addition to natural background radiation, exposure to the man-made environmental 

electromagnetic (EM) energy including microwaves and radio waves has dramatically 

increased in the recent decades. Most of the exposure is derived from mobile communication 

(MC) technology. Although all MC device operate at EM energy levels that cannot disrupt 

chemical bonds, the non-ionizing radiation emitted by them may interfere with 

neurocognitive processes in the human brain. As no attempts has been done before to analyze 

these effects prior to the recent rapid proliferation of MC technology, therefore revealing are 

urgent need for the fine dissection of any possible interactions of MC derived EM with the 

living organisms. Biological effects of EM energy emitted by GSM and UMTS systems are 

intensively studied, nevertheless, the research of EM radiation generated by WLAN devices 

with similar parameters has just begun. Therefore, we aimed to build an experimental 

system, which mimics the features of EM radiation emitted by commercially available 

WLAN devices and which enables us to probe a model under highly regulated and safe 

laboratory circumstances. As the first step, a unique WLAN device was designed with 

precise dosimetry on free-field measurements and computational estimation of SAR, 

substantially described with heuristic characterization method, with stable exposure, and 

with peak SAR values below the international guidelines. Next, the effects of a 60-min 

irradiation [2.4 GHz, channel 9 (2452 MHz), 100 mW Wi-Fi in standard IEEE 802.11 b/g 

mode] were investigated on spontaneous awake electroencephalographic (sEEG) or on 

sustained attention. The latter was measured using a computerized version of the 

psychomotor vigilance test (PVT). Although the method applied in our study was robust 

enough to evoke changes, our results consistent with earlier studies clearly showed that an 

acute, 60-min single dose Wi-Fi exposure with the usual output power affects neither the 

oscillatory brain activity (assessed by sEEG) nor the basic neurocognitive processes of the 

human brain (assessed by PVT). However, it is important to point out, that the current 

research related to cognitive effects of GSM, UMTS or Wi-Fi technologies provides 

controversial, sometimes opposing results which can be explained by the modulation-

specific effects of the different EM fields. Thus, to offer a conclusive result in respect of the 

neurocognitive effects of Wi-Fi radiation, the present results prompt further studies by using 

n and ac modes of IEEE 802.11 WLAN standard and by applying various signal-modulation 

scenarios. 
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