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Abstract 12 
Because the position and direction of the human body is not fixed in an actual 13 
environment, the incidence direction of the electromagnetic field (EMF) from mobile 14 
communication base stations, WiFi access points, broadcasting towers, and other far-15 
field sources is arbitrary. To analyze the overall health effects of radio frequency EMF 16 
exposure, the dosimetric assessment for such environmental exposures created from 17 
an unspecified number of sources in daily life, along with exposures from specific 18 
EMF sources, must be quantified. This study is aimed at numerically evaluating the 19 
time-averaged specific absorption rate (SAR) of the human brain for environmental 20 
EMF exposure in the frequency range of 50–5800 MHz. Whole-body exposure to 21 
EMFs that are evenly incident spatially is considered. By comparing the results of 22 
several incidence directions and the number of polarizations, an optimal calculation 23 
condition has been derived. Finally, based on the results measured in Seoul at the end 24 
of 2021, the SAR and daily specific energy absorption (SA) in the brains of both a 25 
child and an adult for downlink exposures from 3G to 5G base stations are reported. 26 
Comparison results of the daily brain SA for exposure to DL EMF in all 3G to 5G 27 
mobile networks and exposure to a 10-min voice call (uplink EMF) using a mobile 28 
phone connected to a 4G network show that the SA from the downlinks is much 29 
higher than that from the uplinks.  30 
 31 
Keywords: EMF exposure, mobile communication, downlink, base stations, numerical 32 
analysis, SAR, SA, Seoul 33 
 34 

1. Introduction 35 

 36 

Numerous epidemiological studies have looked for an association between brain 37 

tumors and exposure to radio frequency (RF) electromagnetic fields (EMFs) (Cardis et 38 

al., 2007; Aydin et al., 2011; Castaño–Vinyals et al., 2022). In Interphone and MOBI-39 

Kids studies, the specific absorption rate (SAR) in the human brain was quantified for 40 

various types and frequencies of mobile phones, based upon which the EMF exposure 41 

of study subjects was evaluated. In other words, only an uplink (UL) EMF radiated 42 

from a mobile phone was considered in previous epidemiological studies.  43 
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In a mobile communication network, the term uplink refers to a transmission 44 

(access link) from user equipment such as a mobile phone (mobile station) to a base 45 

station (fixed station), whereas the term downlink indicates a transmission from a base 46 

station to user equipment. 47 

Owing to the continuous development and changes in mobile communication 48 

technologies, downlink (DL) EMF radiation from base stations is becoming 49 

increasingly complex as networks from different generations of communication 50 

technologies (e.g., 3G through 5G) coexist in a single space. Such radiation is not a 51 

matter of individual choice and can be present at any time. Not all exposures to DL 52 

EMF are of the same frequency and intensity, and depending on the country or region, 53 

the mobile communication technologies serviced differ as do the start and end times of 54 

a specific service. Therefore, the long-term cumulative exposure of individuals living 55 

in different regions may be different. Lifestyle, such as location (e.g., outdoors, at 56 

home, or in a school or vehicle) and duration of stay also affect one’s cumulative 57 

exposure.  58 

The final goal of our study is to evaluate EMF absorption in the detailed brain 59 

structures of both a child and an adult for DL EMF exposure in an arbitrary real 60 

environment, along with UL EMF exposure owing to mobile phone use within the RF 61 

range. To do so, the following two databases (DBs) must be implemented: (1) a DB 62 

consisting of the normalized SAR distributions for far- and near-field exposures at the 63 

frequencies of interest in the brain at different ages and (2) a DB of the DL and UL 64 

exposure levels through large-scale measurements in a real environment. The first DB 65 

consists of SAR distributions, normalized to an electric field (E-field) of 1 V/m, as 66 

well as spatially uniform and SAR distributions, normalized to the maximum power of 67 

the mobile phone when held against the ear. The former SAR distributions are used 68 

for DL exposure evaluations, and the latter SAR distributions are used for UL 69 

exposure evaluations. The DL and UL exposures can be treated as far- and near-field 70 

exposures, respectively. The second DB consists of DL EMF levels and UL power 71 

levels measured for each technology. In addition, network and global positioning 72 

system (GPS) data at the measurement points are also provided in the DB. Therefore, 73 

if these two types of DBs are given, it becomes possible to derive and integrate 74 

detailed doses of the brain for real exposure to DL and UL EMFs at various 75 

frequencies. 76 

The mobile phone types and SAR distributions related to UL exposure owing to 77 

the use of mobile phones, and the UL power level of mobile phones in a real 78 

environment have previously been reported (Lee et al., 2016; Lee et al., 2017; Lee et 79 

al., 2019; Lee et al., 2020; Lee et al., 2021). These previous studies generated the SAR 80 

distributions in the brain of 6- and 9- year-old children, a 15-year-old adolescent and a 81 

22-year-old adult for mobile phone exposure and the SAR distributions become part of 82 

the first DB. The SAR level of the distributions corresponds to the values when the 83 
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output power of the mobile phone is at maximum, which has been determined for each 84 

type of commercial mobile phone model based on a statistical analysis of more than 85 

1400 SAR test reports. Therefore, given the UL power level of a particular mobile 86 

phone in a real environment, the SAR of the detailed brain structure of the 87 

corresponding age can be obtained for the specific phone radiation (UL exposure). 88 

To develop the second DB, the authors carried out drive test measurements 89 

evaluating the DL and UL EMF levels within the residential areas of Seoul, South 90 

Korea (conducted for a limited biennial period and in limited locations, i.e., mostly on 91 

side streets) (Lee et al, 2020; Lee et al., 2021). Various methods have been used to 92 

measure and statistically analyze the EMF levels radiated from sources such as FM 93 

and TV broadcast towers, WiFi access points, and base stations (Birks et al., 2018; 94 

Choi et al., 2018; Calvente et al., 2016; Zeleke et al, 2018; Aerts et al, 2018; Sagar et 95 

al., 2016). In this paper, the far-field EMF radiated from sources in a real environment 96 

is referred to as “environmental EMF” and treated as spatially uniform far-field 97 

radiation. 98 

Because different frequencies generate different of dose levels in the human body, 99 

even when the same EMF levels at different frequencies outside the human body are 100 

given, it becomes necessary to provide them in a dose form for an exposure 101 

assessment, for instance, as an SAR value rather than as an EMF value. 102 

To simulate EMF exposure, the first DB includes brain SAR distributions for UL 103 

EMF (near-field) exposure through mobile phone use and for the incidence (far-field 104 

exposure) of a spatially uniform E-field of 1 V/m. This paper focuses on the brain 105 

SAR for a far-field exposure. The same human head models that were considered 106 

numerically for UL exposure in previous studies (Han et al., 2018; Lee et al., 2019) 107 

were used in this research, allowing the integration of mobile phone and base station 108 

exposures. To simulate a whole-body exposure, each head model was combined with a 109 

body part below the neck appropriate for the corresponding age, which is discussed in 110 

Section 2. 111 

The posture of a live human body continuously changes, and at the same time, 112 

various electromagnetic waves are present around the body. Therefore, a long-term 113 

averaged environmental EMF exposure can be regarded as exposure to multiple plane 114 

waves arriving from random directions at the corresponding frequency. Throughout 115 

this study, this is numerically considered by assuming plane waves uniformly incident 116 

to the human body. The number of incident directions and the number of E-field 117 

polarizations of plane waves incident from the outside surrounding the human body 118 

were analyzed (Section 3.1) to determine the most suitable combination of incident 119 

directions and polarizations for a dosimetric assessment of environmental EMF 120 

exposure.  121 

Using the incidence configuration determined in Section 3.1, as the first step, the 122 

dose in the brain of both a 6-year-old child and an adult is calculated as the SAR for 123 
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environmental EMF exposures with an E-field strength of 1 V/m within the frequency 124 

range of 50 MHz to 5.8 GHz, at which FM and TV broadcasting towers, WiFi access 125 

points, base stations for mobile communications, and other RF sources radiate EMF. 126 

The SAR normalized to 1 V/m can be applied to estimate a specific absorption energy 127 

(SA) for the far-field radiation of an individual source or frequency using the 128 

corresponding E-field strength and exposure duration in a real environment. As the 129 

next step, the SA in the brain in a real DL environment of 3G–5G networks in Seoul is 130 

evaluated and compared to the SA of the exposure to the UL EMF of a mobile phone 131 

in Voice over Long Term Evolution (VoLTE) mode. These series of results are 132 

addressed in Section 3. 133 

 134 

2. Material and methods 135 

2.1. Implementation of whole-body voxel models  136 

The anatomical morphology of the human head at different ages has been 137 

investigated using MRI data from hundreds of Koreans, including young children 138 

beginning their mobile phone use to adults (Han et al., 2018). Average head models 139 

with detailed brain structures based on the average morphology for the selected age 140 

groups of 6-, 9-, 15-, and 20–24-year-old Korean males have been implemented using 141 

a total of 70 head structures. The head models were labeled KR-6, KR-9, KR-15, and 142 

KR-22. Using these models, the age-dependency of brain exposure for mobile phone 143 

use was previously reported (Lee et al., 2020; Lee et al., 2019). 144 

Dosimetric exposure levels should be quantified in the same head model to 145 

integrate exposure to the human brain for various environmental EMFs as well as 146 

EMFs from local sources such as mobile phones. Therefore, the KR-6 and KR-22 147 

head models are employed in this study. The whole-body models for KR-6 and KR-22 148 

had to be implemented because the exposure of plane waves to only a head model may 149 

yield a different brain SAR from that exposed to its whole-body model. Much earlier, 150 

the authors developed a whole-body model in a standing posture using magnetic 151 

resonance imaging (MRI) data of a 7-year-old child volunteer (Lee et al., 2009), and 152 

the 7-year-old model was nonlinearly reformed to produce models at other ages based 153 

on external dimensions of the body obtained from the Korean Anthropomorphic 154 

Survey (Lee and Choi, 2012).  155 

To implement the whole-body models with KR-6 and KR-22, the following 156 

technique was employed in this study. First, the external dimensions of the body part 157 

below the neck of the 7-year-old model were non-linearly modified to fit the bodies of 158 

6- and 22-year-old individuals. The heads of the modified models were then replaced 159 

with KR-6 and KR-22, respectively. The 6- and 22-year-old whole-body models were 160 

implemented using a voxel size of 1 × 1 × 1 mm3 or 2 × 2 × 2 mm3, hereafter referred 161 

to as KR-6-WB and KR-22-WB, respectively. From the left, KR-6-WB, the internal 162 
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structures of KR-6 and KR-22-WB, and the internal structures of KR-22 are shown in 163 

Fig. 1, respectively. 164 

 165 
KR-6-WB                                                                       KR-22-WB 166 

Figure 1. Whole-body models KR-6-WB and KR-22-WB (2 × 2 × 2 mm3) implemented with head models 167 

KR-6 and KR-22. 168 

 169 

2.2. Numerical method 170 

The finite-difference time-domain (FDTD) method was used to calculate the SAR of 171 

the whole-body models KR-6-WB and KR-22-WB in the frequency range of 50 MHz 172 

to 5.8 GHz. In the frequency ranges of 50 MHz to 3 GHz and 3 GHz to 5.8 GHz, 173 

uniform cell sizes of 2 × 2 × 2 mm3 and 1 × 1 × 1 mm3, respectively, were employed 174 

in the computational domain. A perfectly matched layer condition (Berenger, 1994) 175 

was employed for the absorbing boundary condition. A human voxel model was 176 

located at the center of the computational space for an isolated condition. In the 177 

authors’ previous study (Lee and Choi, 2012), variations in the WBA SAR owing to 178 

changes in the dielectric properties based on age were checked for certain child 179 

models within the frequency range of the γ dispersion, and the differences were found 180 

to be marginal. Thus, in this study, the SAR was calculated using adult tissue 181 

properties according to a 4-Cole–Cole dispersion model (Gabriel, 1996). 182 

As has been reported by many researchers, it is well known that a vertically 183 

polarized E-field incidence to the anterior region of the body brings about the highest 184 

whole-body average SAR (SARwbody) at most frequencies in comparison with other 185 

polarizations and incident directions. This is despite the fact that a horizontal 186 

polarization produces a higher WBA SAR in the region above 2 GHz (Dimbylow et al, 187 

2010; Bakker et al., 2010; Hirata et al., 2010).  188 
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However, to evaluate the time-averaged SAR in the brain of a human body in 189 

unfixed postures and under exposure to a number of EMF sources surrounding it in a 190 

living environment, an infinite number of spatially uniform incident fields with 191 

different polarizations and incident directions should be considered at each frequency. 192 

Because it is impossible to conduct an infinite number of numerical simulations, an 193 

effective configuration with a finite number of plane wave incidences is required.  194 

 195 

Fig. 2. Propagation direction and polarization of an incident wave (Taflove and Hagness, 2005). 196 

 197 

Meanwhile, the method proposed in (Taflove and Hagness, 2005) was employed to 198 

define the propagation direction and polarization of an incident plane wave, as shown 199 

in Fig. 2. Using the spherical coordinates, the incident unit wave vector 
inck̂ is 200 

oriented with an angle  relative to the +z-axis of the space lattice, where 0 <  < 201 

180; in addition, with an angle  relative to the +x-axis of the space lattice, where 0 202 

  < 360 (Eq. (1)). To specify the incident-wave polarization, a reference direction 203 

inc
ˆ ˆk z  is defined in the plane of the wavefront. An orientation angle  for incE is 204 

specified relative to this direction, where 0 <  < 360. 205 

 206 

inc
ˆ ˆ ˆ ˆsin cos sin sin cos    = + +k x y z                         (1) 207 

For a spatially uniform field incidence, the distances between neighboring field 208 

incident points on a virtual spherical surface should be the same. Incidences from the 209 

vertices of regular polyhedrons, such as tetrahedron, octahedron, and icosahedron, 210 

meet this requirement. There can be a number of combinations of incident directions 211 

and polarizations for constructing a spatially uniform incidence of the plane waves. In 212 

this study, the vertices of regular octahedron and icosahedron structures are employed 213 

as incident directions. The SAR of KR-6-WB was calculated and compared for three 214 
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configurations of plane waves incident from the vertices. Details of the three 215 

configurations and a comparison of the results are described in Section 3, through 216 

which the optimal configuration was selected. 217 

Using the selected incident wave configuration, the SARwbody, whole-brain average 218 

SAR (SARwbrain), and SAR averaged over 1 g of a brain are calculated as the ratio of 219 

the power dissipated in all voxels consisting of tissues of the corresponding body part 220 

divided by its total mass. The psSAR is defined as the maximum SAR averaged within 221 

a local region based on a specific averaging mass, e.g., any 1 or 10 g of tissue (IEC 222 

2005). Hereafter, the psSAR averaged over a mass of 1 and 10 g is referred to as 223 

psSAR1g and psSAR10g, respectively. In this paper, the psSAR1g of the brain was 224 

calculated according to IEC/IEEE 662704-1 (IEC/IEEE, 2017).  225 

 226 

2.3. SAR and SA estimation for real exposure 227 

The total brain exposure to DL and UL EMFs is derived within mobile 228 

communication networks in this paper. Using the 1-V/m normalized SAR distribution 229 

of a brain calculated according to the method described Section 2.2, the SAR for each 230 

mobile communication technology and the integrated SAR are estimated for DL 231 

EMFs in real 3G, 4G, and 5G networks.  232 

The DL E-field strengths applied to the SAR estimation for real networks are from 233 

the results measured in 2021 using a previously reported method (Lee et al., 2020; Lee 234 

et al., 2021). Because this paper focuses on SAR and SA estimations for DL EMF, the 235 

measurement approach applied is only briefly summarized. As the measurement 236 

equipment used to evaluate the DL EMF for each individual network, an RF scanning 237 

receiver (PCTel Hbflex, 10 MHz to 6 GHz) was employed. The received E-field 238 

samples from a total of 18 frequency bands related to 3G through 5G networks were 239 

recorded along with the GPS data and time information. Meanwhile, an OPTis-M(II) 240 

system (Innowireless Co., Ltd.) consisting of a device and control software was used 241 

to collect UL power samples provided by the chipset of each mobile phone. Several 242 

mobile phones were connected to the measurement system, and UL power samples 243 

were recorded during voice calls using 3G and 4G networks and during the uploading 244 

and downloading of files in 5G NR networks. Power and field samples provided by 245 

the mobile phones and the scanning receiver, respectively, were collected every 246 

second while driving along the side streets in residential areas for a longer than 40-min 247 

period. The measurements were conducted over approximately a 3-month span, and 248 

0.7  106 to 1.0  106 samples were collected for each link of each network in Seoul, 249 

South Korea. 250 

The second database mentioned in Section 1 consists of the above measurement 251 

results for UL and DL exposures. The normalized SAR distributions for the UL 252 

exposure of various types of mobile phones were largely derived in previous studies, 253 

as mentioned in Section 1. Therefore, given the normalized SAR distributions for the 254 
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DL exposure covered in this paper, actual doses from UL and DL exposures in 255 

networks used in Seoul can be integrated. The daily accumulated energy or SA for 24-256 

h exposure to DL EMFs is compared with that of exposure to UL EMF, assuming a 257 

total of 10 min of voice calls on a mobile phone per day. The SAR and SA results 258 

estimated for real mobile networks are described in Section 3. 259 

 260 

3. Results 261 

3.1 Comparison of three incident wave configurations 262 

As mentioned in Section 2.2, to simulate a spatially uniform plane wave incidence, 263 

the SAR was calculated and compared for three configurations with different incident 264 

directions and polarizations. The three configurations shown in Fig. 3 (a), (b), and (c) 265 

are applied to KR-6-WB and compared at 900, 1850, 2650, and 3000 MHz, which are 266 

the main frequencies related to the mobile communication technologies. 267 

 268 

(A) With the Octa-2pol configuration, the incidence directions are from the origin 269 

toward six vertices of the octahedron (where the origin of the octahedron coincides 270 

with the origin of the coordinate system) surrounding the whole body and in each 271 

incidence direction, and two plane waves propagate respectively with mutually 272 

orthogonal polarizations (Fig. 3 (a)). The 12 SAR values obtained at each voxel of the 273 

body model for a total of 12 plane wave incidences (= 6 directions  2 polarizations) 274 

are averaged.  275 

(B) With the Icosa-2pol configuration, the incidence directions are toward 12 276 

vertices of the icosahedron (where the origin of the icosahedron coincides with the 277 

origin of the coordinate system), and in each incidence direction, two plane waves 278 

with mutually orthogonal polarizations are respectively considered (Fig. 3 (b)). The 24 279 

SAR values obtained for a total of 24 plane wave incidences (= 12 directions  2 280 

polarizations) are averaged at each voxel. 281 

(C) With the Icosa-5pol configuration, the incidence directions are from the origin 282 

toward 12 vertices of the icosahedron, and in each incidence direction, five plane 283 

waves with linear polarizations at 72° intervals are considered (Fig. 3 (c)). The 60 284 

SAR values obtained for a total of 60 plane wave incidences (= 12 directions  5 285 

polarizations) are averaged at each voxel. 286 

 287 
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 288 
(a) Octa-2-pol 289 

 290 
(b) Icosa-2-pol 291 

 292 
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 293 
(c) Icosa-5-pol 294 

Fig. 3. Three configurations used to numerically simulate spatially uniform EMF incidence. 295 

Configuration (A) has been used for an SAR evaluation of animals exposed to 296 

EMF in a reverberation chamber (Gong et al, 2017). It was also recently employed for 297 

a far-field exposure assessment of a human body (Liorni et al, 2020). However, the 298 

effects on the number of incidence directions and/or polarizations have yet to be 299 

reported. Table 1 compares the calculation results on the SARwbody and whole-brain 300 

average SAR (SARwbrain) of KR-6-WB for the three configurations. It can be seen that 301 

the difference in the SAR between the Octa-2pol and Icosa-2pol configurations clearly 302 

increases with an increase in frequency. The Icosa-2pol and Icosa-5pol configurations 303 

provide higher results than the Octa-2pol configuration in most cases, and the 304 

difference between the Icosa-2pol and Icosa-5pol configurations is insignificant (< 305 

0.2%). Based on these results, the SARs of a child and an adult (KR-6-WB and KR-306 

22-WB) in the 50 MHz to 5.8 GHz band were calculated using the Icosa-2pol 307 

configuration. 308 

3.2. Normalized SARwbody and SARwbrain (50 MHz to 5.8 GHz) 309 

This section reports the SARwbody and SARwbrain of child and adult models (KR-6-WB 310 

and KR-22-WB, respectively), normalized to 1 V/m within a wide frequency range of 311 

50 MHz to 5.8 GHz, and then compares them with those for a single wave incidence. 312 

The resonant frequency depends on the outer shape of the body viewed from the 313 

direction in which the plane wave travels. Figure 4 shows SARwbody values generated 314 

by 24 incident waves according to the Octa-2pol configuration. When the direction (or 315 

polarization) of an E-field vector is projected onto the body, the path of the plane 316 
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wave along k̂ coincides with the longitudinal direction of the body, and the 317 

corresponding plane wave yields the highest SARwbody within the frequency range of 318 

100−110 MHz, where the 1.144-m height of KR-6-WB corresponds to approximately 319 

0.4-times the wavelength, as reported in previous studies (Lee and Choi, 2012; 320 

Dimbylow, 2002). As shown in Fig. 4, this corresponds to the plane waves polarized 321 

at  = 90 for incident directions 
2k̂ through 

11k̂ . Because the electrical length of the 322 

body viewed from the incident direction is shortened and diversified, all waves with  323 

= 0, including those incidences from the soles of the body (
1k̂ ) and the top of the 324 

head (
12k̂ ), produced a relatively gentle resonance over a wider and higher frequency 325 

band. 326 

Figures 5 and 6 show the SARwbody and SARwbrain of KR-6-WB and KR-22-WB, 327 

respectively, exposed to environmental EMF. They were obtained by averaging the 328 

SAR values at each voxel for the 24 individual wave incidences, as stated in Section 2, 329 

and then calculating the SAR of the whole body and the entire brain. 330 

 331 
Figure 4. SARwbody of KR-6-WB for 24 single plane wave exposures. It was normalized to an incident E-332 

field strength of 1 V/m at each frequency.  333 Jo
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 334 
Figure 5. SARwbody of the child and adult models (KR-6-WB and KR-22-WB) for environmental EMF 335 

exposure. At 3.5 and 5.8 GHz, a voxel size of 1 × 1 × 1 mm3 was used for KR-6-WB, whereas a voxel 336 

size of 2 × 2 × 2 mm3 was used for KR-22-WB owing to an excessive computation time. 337 

 338 
Figure 6. SARwbrain of the child and adult models for environmental EMF exposure.  339 
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The whole-body resonance frequency of KR-6-WB (Fig. 5) is consistent with those 340 

of single waves polarized at  = 90 for incident directions 
2k̂ through 

11k̂ (Fig. 4);  341 

however, the resonance amplitude (Fig. 5) is much lower than that for the single plane 342 

wave, i.e., 39.7 W/kg/(V/m)2 at 110 MHz for KR-6-WB and 29.5 W/kg/(V/m)2 at 343 

70 MHz for KR-22-WB.  344 

Figure 6 shows the frequency characteristics of the SARwbrain of the child and adult 345 

models. As reported by Lee et al. (2019), KR-6 and KR-22 showed only a 4% 346 

difference in brain (white matter and gray matter) volume, i.e., 1219 mm3 (KR-6) and 347 

1270 mm3 (KR-22), respectively. Because the shape of the brain is not long in any 348 

particular direction, the brain resonance occurred in a relatively wider frequency range 349 

than that of the whole body, i.e., in the frequency range of 300−1000 MHz, with a 350 

mean of 27.8 and standard deviation (SD) of 0.86 dB for KR-6-WB and a mean of 351 

26.0 and SD of 0.64 dB for KR-22-WB. In addition, as the frequency exited this 352 

frequency band (lower and higher frequencies), a larger SAR difference in SARwbrain 353 

between the child and the adult was observed. For example, in the range of 300−1000 354 

MHz, the SARwbrain levels were similar to each other; however, at 2 GHz, SARwbrain of 355 

the child was approximately 50% higher than that of the adult. A similar tendency in 356 

the psSAR was reported for mobile phone exposure at 835 and 1850 MHz (Lee et al., 357 

2019). This similar tendency occurred because the distance from the head surface to 358 

the peripheral region of the child brain is closer compared to that of the adult brain, 359 

and the penetration becomes shallower than at a higher frequency. At low frequencies 360 

of less than 300 MHz, SARwbrain of the adult was higher than that of the child owing to 361 

the resonance of the adult body, and SARwbrain for both the child and adult models 362 

increases sharply over a relatively narrow frequency range. 363 

3.3. DL exposure dose in the brain within a real environment (Seoul, 2021) 364 

Figure 7 shows the SAR distributions on the surface of the whole brain and a cross-365 

section at the mid-height of the brain of KR-6-WB and KR-22-WB for the incidence 366 

of a 1-V/m E-field at the six representative frequencies related to a DL used for 367 

mobile communication. It is notable that the SAR distributions at low and high 368 

frequencies are extremely different. At 900 and 1000 MHz within the resonance 369 

frequency region, a high absorption of electromagnetic energy can be observed in 370 

deep areas of the brain, such as the midbrain and thalamus. When the frequency exits 371 

the resonant region, the absorbed energy is gradually attenuated from the surface of 372 

the brain to the inside, resulting in an extremely low absorption at the center. The 373 

higher the frequency, the faster the attenuation that is observed.  374 

Jo
urn

al 
Pre-

pro
of



-14- 

 375 
Figure 7. Brain SAR distributions of KR-6-WB and KR-22-WB at frequencies related with mobile 376 

communication systems. The E-field strength is 1 V/m at each frequency. 377 

As described in Section 2.3, the authors measured the power of DL channels 378 

radiated from base stations. In this section, based on the above SAR results, the SAR 379 

in the brain of the child and adult models is estimated and presented for a real DL 380 

EMF exposure. Table 2 shows the mean E-field strengths for all DL channels 381 

operating in 3G−5G networks in 2021. They were obtained by analyzing the channel 382 

power samples collected while driving along the side streets in residential areas of 383 

Seoul, as previously reported (Lee et al., 2020; Lee et al., 2021). The E-field strength 384 

for each frequency band is labeled as Ef,n, where the subscripts f and n represent the 385 

frequency (MHz) and its serial number, respectively, as shown in the second column 386 

from the right. Among the six frequencies (Fig. 7) where the SAR was calculated, the 387 

frequency is that closest to the channel frequency. 388 

The SAR distributions at the six frequencies shown in Fig. 7 were used for an 389 

integrative dosimetric evaluation in the brain of KR-6-WB and KR-22-WB for 3G−5G 390 

DL exposures, i.e., the SAR at 900 MHz for 4G B5 DL, the SAR at 1850 MHz for 4G 391 

B3 DL, the SAR at 2150 MHz for UMTS2100 and 4G B1 DL, the SAR at 2650 MHz 392 

for 4G B7 DL, and the SAR at 3550 MHz for 5G DL. The following integrative SAR 393 

distribution was obtained: 394 
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(2) 396 

where SÂRf (x, y, z) is a normalized value for an E-field strength of 1 V/m at a three-397 

dimensional point (x, y, z) in biological tissue, of which the present authors focused on 398 

brain tissue. The subscripts f and n represent the SAR-calculated frequency (MHz) 399 

and the serial number of the sub-frequency regions for the DL within a frequency f of 400 

5%, respectively. For instance, when f is 1850, there are total three sub-frequency 401 

bands (n = 1, 2, and 3) within 1850 MHz 5%, as shown in Table 2.  402 

Liorni et al. (2020) described the concept of integrative exposure for multiple RF 403 

sources based on normalized SAR results for various human body models. The 404 

evaluation method, which overlaps the SAR distributions at different frequencies, as 405 

shown in Eq. (2), was also reported in IEC/IEEE 62209-1528 (2020) to be the most 406 

accurate method for evaluating the combined SAR under situations in which the 407 

human body is simultaneously exposed to different sources.  408 

Figure 8 shows the SAR distributions of child and adult brains in the DL EMF 409 

environment of each technology and the environment where the DL EMFs for all 3G, 410 

4G, and 5G NR network technologies are integrated. The mean E-field strength in 411 

Table 2 was applied to Eq. (2). The integrative SAR distribution on the far-right side 412 

of Fig. 8 is extremely similar to the SAR distribution of only 4G networks. The DL 413 

exposure within the mobile communication environment of Seoul in 2021 was 414 

primarily contributed to by the LTE networks rather than the others. 415 Jo
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 416 

Figure 8. Brain SAR distributions for DL exposure in 3G, 4G, and 5G NR networks (Seoul, 2021). 417 

As can be observed visually in Fig. 8, the brain SAR of KR-6-WB was 418 

approximately 25% higher than that of KR-22-WB, i.e., the SARwbrain was 3.45 and 419 

2.69 W/kg for KR-6-WB and KR-22-WB, respectively. The head part of these 420 

models was segmented into a total of 69 structures, and in particular, the grey matter 421 

of the cerebral cortex was subdivided into 27 gyri (Han et al, 2018; Lee et al., 2019). 422 

Figure 9 compares the SAR values for detailed structures of the brain between KR-6-423 

WB and KR-22-WB for the above DL environment (integrated). Excluding the uncus 424 

of the limbic lobe, the brain structure-averaged SAR (SARstructure-avg) of KR-6-WB was 425 

27.4% higher on average compared to that of KR-22-WB in 40 of the 41 structures 426 

considered (see Fig. 9).  427 

Jo
urn

al 
Pre-

pro
of



-17- 

 428 
Figure 9. SAR averaged over each structure consisting of a brain for exposure to the mean E-field 429 

strengths (DL) measured in 3G, 4G, and 5G NR networks (Seoul, 2021). 430 

3.4. Dose comparison and integration of DL and UL exposures 431 

The SARwbrain and brain psSAR1g for UL and DL exposures are shown in Fig. 10. The 432 

SAR results for UL exposure are for voice calls when using a mobile phone connected 433 

to the 4G network of operator OA, which has the largest number of mobile subscribers 434 

in South Korea as of 2021. The SAR was evaluated using the same approach applied 435 

by Lee et al. (2020), where the brain SAR for EMF exposure was caused by user voice 436 

calls on mobile phones, i.e., UL EMF exposure was assessed under all available 437 

mobile communication networks of the corresponding operator in Seoul.  438 

As mentioned in Section 1, exposure to UL EMF alone has been considered in 439 

many previous epidemiological studies seeking out an association between brain 440 

tumors and RF EMF. It has been confirmed that DL exposure cannot be overlooked in 441 

the evaluation of EMF exposure in mobile communication networks through a 442 

comparison of the brain dose (SAR and SA) levels for UL and DL exposures, as 443 

shown in Fig. 10. The brain psSAR1g for UL exposure is much higher than that for DL 444 

exposure, whereas SARwbrain shows similar levels for both exposures. The considered 445 

UL exposure is the most probable case; that is, the transmitting antenna of the mobile 446 

phone was located at the bottom, and when calculating the SAR, the measured 447 

connection ratios among the LTE frequency bands of OA were applied as weights (Lee 448 

et al., 2020). The mean of the measured UL power samples of a mobile phone was 449 

used, which was within the range of approximately 0.1–0.25 mW for the LTE bands 450 

of B1, B3, and B5. The UL frequency bands allocated for B1, B3, and B5 are 1940–451 

1950, 1715–1735, and 829–839 MHz, respectively. In addition, it was assumed that 452 

the user makes a call by placing the mobile phone on the right side of the head. 453 
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Therefore, the SAR of the right temporal and frontal lobes of the brain was 454 

dominantly high, as shown in the SAR distribution of KR-6-WB in Fig. 10.  455 

 456 

Figure 10. Brain SAR of the child and adult models (KR-6-WB and KR-22-WB) in real networks (Seoul, 457 

2021). 458 

 459 
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Figure 11. Daily brain SA of the child and adult models (KR-6-WB and KR-22-WB) in real networks 460 

(Seoul, 2021). Differences of more than 10 fold are shown in the SA between the EMF exposures of UL 461 

and DL. 462 

The assessment of the health effects of RF EMF in many studies (Cardis et al., 463 

2011; Castaño–Vinyals et al., 2022; Calderón et al., 2022) has been tried on a 464 

cumulative dosimetric quantity over time, which is likely related to EMF exposure. 465 

The time-cumulative physical quantity of SAR (W/kg) is often expressed as SA (J/kg). 466 

The daily SA averaged over the whole brain (SAwbrain) and the peak spatial-averaged 467 

SA over 1 g of tissue (psSA1g) in the brain are shown in Fig. 11.  468 

The SA for DL exposure was obtained by multiplying the above DL SAR by 469 

86,400 s (3600 s/h  24 h) because the human body is in general continuously exposed 470 

to DL EMF regardless of the will of the person being exposed. However, for the SA of 471 

UL exposure, as an example comparison with the dose from DL EMF, the UL SAR 472 

was multiplied by 600 s for both KR-6-WB and KR-22-WB, assuming a total call time 473 

of 10 min per day. In Castaño-Vinyals et al. (2022), the median total call durations 474 

reported in age groups of 10–14 and 20–24 years were 53 and 655 h, respectively. It 475 

was estimated that the 20–24-year-old age group spent approximately 10.7 min on 476 

voice calls per day, assuming they have used a mobile phone during the past 10 years. 477 

In the case of a 6-year-old child, although the duration of the call might be much 478 

shorter than that of an adult, the 10-min call time was applied to both the child and 479 

adult models. Contrary to the SAR results shown in Fig. 10, it can be seen that the 480 

daily cumulative energy in the brain is much higher for DL than for UL. 481 

Although the mean E-field strengths for DL EMFs across the Seoul area were 482 

applied to the exposure assessment in this study, in the future, it will be necessary to 483 

differentiate the frequencies and E-field strengths when considering individual life 484 

patterns and small-scale differences in regional networks. 485 

4. Summary and discussion 486 

In this paper, evaluating the energy absorption of the human brain in an EMF 487 

environment radiated from the base stations, a spatially uniform exposure consisting 488 

of 24 incident plane waves was applied to numerically simulate environmental EMF 489 

exposure within the frequency range of 50 MHz to 5.8 GHz. This approach was 490 

determined by comparing the results of a few configurations of plane wave incidences 491 

(see Section 3.1). The SARs for whole-body models (KR-6-WB and KR-22-WB) of a 492 

6-year-old child and an adult were calculated, and SARwbody and SARwbrain normalized 493 

to 1 V/m were reported. The brain SAR was converted to that in a real exposure 494 

environment using the results of large-scale DL EMF measurements conducted in 495 

Seoul in 2021. Finally, the brain SA for 24-h exposure to the DL environment was 496 

obtained and the results were compared with those for a 10-min exposure to the UL 497 
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power level of a mobile phone. The UL data were collected for voice calls in an LTE 498 

network during the same time period as the DL EMF measurement.  499 

The main findings and issues obtained from these processes are as follows. 500 

 Frequency and SAR for environmental EMF exposure (see Section 3.2) 501 

For the evaluation of a long-term exposure to far-field EMFs in real life, the 502 

environmental exposure was assumed to be a spatially uniform plane wave 503 

exposure. The whole-body resonance frequency was consistent with those of 504 

single waves vertically polarized when the whole-body models of a child and an 505 

adult were exposed to spatially uniform plane waves. The resonance frequency 506 

was approximately 110 and 70 MHz for KR-6-WB and KR-22-WB, respectively. 507 

However, the resonance amplitude of SARwbody was much lower than that for a 508 

single plane wave because the SAR results were averaged for exposures to plane 509 

waves of all polarizations and incident directions. The whole-brain resonance 510 

occurred within a relatively wider frequency range than that of the whole body 511 

because the shape of the brain is not long in one particular direction. The standard 512 

deviation was less than 1 dB in SARwbrain for each brain was shown in the 513 

frequency range of 300−1000 MHz.  514 

 515 

 Age difference in brain SAR (see Sections 3.2 and 3.3) 516 

In the frequency range of 300−1000 MHz, the SARwbrain levels of the child and 517 

adult models were extremely similar to each other; in other words, the frequency 518 

did not affect their SARwbrain. However, at the higher frequencies outside this 519 

frequency range, the SARwbrain of the child model gradually increased compared to 520 

that of the adult model because the distance from the head surface to the 521 

peripheral region of the child brain is shorter in comparison to that of the adult 522 

brain, and the penetration becomes shallower at a higher frequency. At 523 

frequencies lower than 300 MHz, SARwbrain of the adult was higher, which seems 524 

to be influenced by the whole-body resonance of the adult. The SARstructure-avg of 525 

the child in most brain structures and the SARwbrain of the child were 526 

approximately 27% and 25% higher, respectively, compared to the adult in a real 527 

DL EMF environment of Seoul (2021), where WCDMA, LTE, and 5G NR were 528 

being serviced.  529 

 530 

 Difference in doses between UL and DL exposures (see Sections 3.4) 531 

Although this paper is mainly focused on DL exposure calculations, the brain 532 

dose (SAR and SA) levels for UL and DL exposures were compared. The brain 533 

psSAR1g for UL exposure is much higher than that for DL exposure at the mean 534 

Tx (UL) power of a mobile phone in VoLTE mode; however, the SARwbrain shows 535 

similar levels for both exposures. The energy in the brain from an UL signal from 536 
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a mobile phone when assuming a 10-min call time per day showed a much lower 537 

contribution to the integrated cumulative energy (SA) of all EMFs in the mobile 538 

communication networks, in comparison to that from DL signals (24-h exposure). 539 

Thus, it was confirmed that DL exposure cannot be ignored in the exposure 540 

evaluation for the studies seeking the association between chronic brain diseases 541 

and EMF exposure related to mobile communication services. 542 

5. Conclusion 543 

Many studies have investigated and reported the environmental EMF radiated from 544 

various far-field sources, such as broadcasting stations and mobile communication 545 

base stations. The authors previously implemented virtual head models with a 546 

statistically average structure for children, adolescents, and adults of various ages, and 547 

calculated and reported the brain SAR for various mobile phone exposures. In addition, 548 

to quantify the total exposure to UL and DL EMFs in real mobile communication 549 

networks, the UL and DL exposure levels in all networks operating in Seoul have been 550 

evaluated every other year since 2015. The relationship between an EMF outside the 551 

body and the corresponding dose of a specific organ inside the body is not simple.  552 

In this paper, the optimal configuration of the incident waves simulating human 553 

exposure to an environmental EMF, such as DL fields radiated from base stations was 554 

derived and applied to the SAR calculation for virtual whole-body models of both a 555 

child and an adult. By combining the calculated UL and DL SAR distributions with 556 

the UL and DL EMF levels measured in Seoul in 2021, it was shown that the 557 

cumulative dose for each detailed structure of the brain can be derived for the 558 

exposure of a specific person living in the corresponding environment. 559 

Comparison of the cumulative doses from UL and DL EMF exposures showed that 560 

the DL exposure must be included in the comprehensive evaluation of the RF 561 

exposure. With the recent emergence of 5G NR, the resulting EMF exposure 562 

environment is becoming more complex than in the past, and it is therefore necessary 563 

to evaluate the rapidly changing environmental EMF in more detail in terms of time 564 

and space. 565 
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Table 1. SAR comparison between the configurations for uniform EMF incidence (KR-6-WB). The 679 

incident E-field strength is 1 V/m. 680 

(a) SARwbody 681 

SAR unit: (W/kg) 682 

Frequency 

(MHz) 

Octa-2pol  

(A) 

Icosa-2pol  

(B) 

Icosa-5pol  

(C) 

Difference (%) 

(B) − (A)1) (B) − (C) 

900 22.137 22.053 22.021 −0.38 +0.18 

1850 18.941 19.867 19.862 +4.78 +0.06 

2650 16.684 17.982 17.967 +7.48 +0.08 

3000 15.683 17.063 17.043 +8.43 +0.12 

1) (B) (A)
Diff (%) = 100

(B) (A)

2

−


+ 
 
 

 683 

 684 

(b) SARwbrain 685 

SAR unit: (W/kg) 686 

Frequency 

(MHz) 

Octa-2pol  

(A) 

Icosa-2pol  

(B) 

Icosa-5pol  

(C) 

Difference (%) 

(B) − (A) (B) − (C) 

900 27.672 27.215 27.168 −1.67 +0.17 

1850 19.675 19.971 19.970 +1.49 0.00 

2650 10.908 11.255 11.255 +3.13 0.00 

3000 8.331 8.681 8.681 +4.12 0.00 

687 
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Table 2. Mean E-field levels for DL channels of 3G, 4G, and 5G networks (Seoul, 2021).  688 

Technology Operator 

Allocated 

freq. (DL) 

(MHz) 

Band name1) 
Channel 

no.1) 

E-field strength 

(linear mean) 

(mV/m) 

3G 

(WCDMA) 

OA 2145-2150 
UMTS 

2100 10737 E2150,1 105 

OB 2160-2170 
UMTS 

2100 

10812 E2150,2 52 

10836  E2150,3 99 

4G 

(LTE-FDD) 

OA 

2130-2145 B1 275 E2150,4 106 

1810-1830 B3 1350 E1850,1 130 

874-884 B5 2500 E900,1 116 

2620-2640 B7 2850 E2650,1 84 

2660-2670 B7 3200 E2650,2 52 

OB 

2150-2160 B1 450 E2150,5 70 

1830-1850 B3 1550 E1850,2 117 

1850-1860 B3 1694 E1850,3 99 

950-960 B8 3743 E1000,1 165 

OC 

2110-2130 B1 100 E2150,6 112 

884-894 B5 2600 E900,2 132 

2640-2660 B7 3050 E2650,3 76 

5G NR2) 

(TDD) 

OA 3600-3700 n78 
640001-

646666 E3550,1 23 

OB 3500-3600 n78 
633334-

640000 E3550,2 25 

OC 3420-3500 n78 
628000-

633333 E3550,3 68 

1) It indicates UARFCN for WCDMA, EARFCN for LTE, and NR-ARFCN for 5G NR. 689 
2) Time-averaged SSB radiation. The sum of the SS-RSRPs of all SSB beams of OC was used to calculate 690 

the time-average SSB power of OC. 691 
 UMTS Absolute radio-frequency channel number 692 
 EUTRA Absolute radio-frequency channel number 693 
 NR-Absolute radio-frequency channel number 694 

 695 
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Highlights  

 EMFs radiated from base stations of 3G through 5G coexist in a single space. 

 Dose in brain structures of a child and an adult for DL EMF exposure is evaluated. 

 Doses between typical DL and UL EMF exposures in Seoul are compared. 

 A daily SA from DL EMFs is much higher than that from UL EMF (a 10-min call time). 
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