
Citation: Mutlu, M. Evaluation and

SAR Analysis of Low Frequency and

Broadband Electric Field Exposure

Measurement Values in the Home

Environment. Appl. Sci. 2024, 14, 4169.

https://doi.org/10.3390/

app14104169

Received: 23 April 2024

Revised: 6 May 2024

Accepted: 9 May 2024

Published: 14 May 2024

Copyright: © 2024 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Evaluation and SAR Analysis of Low Frequency and Broadband
Electric Field Exposure Measurement Values in the
Home Environment
Mustafa Mutlu

Vocational School of Technical Sciences, Ordu University, 52200 Ordu, Türkiye; mustafamutlu@odu.edu.tr;
Tel.: +90-0530-883-0471

Abstract: In this study, the effective value of low-frequency (50 Hz) and high-frequency
(700–2500 MHz) broadband electric field exposures was measured for 24 h in four different selected
environments in a house. All the statistical values of 1000 data points recorded with two measuring
devices for 24 h in each environment are calculated, the most appropriate curves are fitted to the
data, and the curves are plotted by expressing their changes with respect to time. All statistical and
parametric values of the density and cumulative probability functions of the curves are calculated
and plotted. In broadband measurements, the broadband is divided into fifteen sub-bands, but the
data are available in only six of these sub-bands. The six-layer human head model is created by using
the middle frequencies of the six sub-bands used, and taking the permittivity (εr) and conductivity (σ)
of each layer into consideration. The specific absorption rate (SAR) value in the brain is calculated by
using the total transmission coefficient of six layers. The SAR value surrounding the head is obtained.
These SAR values are interpreted by considering the Federal Communications Commission (FCC)
and the Community European (CE) occupational and general public SAR limits.

Keywords: SAR; broadband; cumulative probability; curve fitting; electromagnetic field; probability
density function

1. Introduction

The rapid development of technology brings with it the result of living in an intense
electromagnetic field. In our homes, there is low (50 Hz) frequency electromagnetic field
exposure from the mains, which is required by all electrical household appliances, and
from lighting. In addition, there is also broadband-induced electromagnetic field exposure.
Technology, which has an important role in shaping society, necessitates living in electro-
magnetic fields of varying amplitude, from the low-frequency (50 Hz) formed by network
and overhead lines to the high-frequency of the Ku (10–12 GHz) band of satellite broadcasts.
Especially with the advent of the 5G system, the frequency used in communication has
increased, and the damage it has caused on human tissue has increased even more since
they have greater energy. Electromagnetic exposure has become a destiny in modern
societies. Therefore, knowing both low and GSM-induced electromagnetic field exposure
in the environments we live in is very important for the health and mental relaxation
of the people in the environment. Based on this result, both low- and broadband-based
measurements were made in four places where people living in a home environment spend
a lot of time. The measurements were carried out in such a way that the devices saved
1000 data points in their memory for 24 h. In the measurements made, the effective value
of the electric field was recorded. The data in all measurements were compared with the
limit values determined by the International Radiation Protection Association (ICNIRP). In
broadband-based measurements, the band between 700 MHz and 2500 MHz were divided
into 15 bands, the band of the data was determined, and their statistical values were calcu-
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lated. At the same time, the data received from the memory of the devices were plotted in
MATLAB, depending on the time.

Some studies in this field are presented below. In addition to the low-frequency
electric field measurements made in six minutes at 30 different points in the city center
of Diyarbakir (Turkey), magnetic field measurements were made under the high voltage
line within a one-hour period, and these measurement values were shown graphically.
In the 50 Hz electric field measurements made at 30 points, it was noted that the limit
value of 5000 V/m determined by ICNIRP was exceeded at three points [1]. Internal
substations (TSs) commonly used in Spain are located inside residential buildings on the
ground floor. The electromagnetic field emitted by these transformers causes people living
in the surrounding buildings to be exposed to these fields. The Spanish municipality of
Silla (Valencia, Spain) made measurements to determine the electromagnetic field level that
people living in the buildings near these substations are exposed to, especially in places
where they spend most of their time, such as bedrooms and living rooms, and whether this
level is above the limit values determined in terms of health. In light of the measurements,
it is recommended that the rooms in the house where the exposure is low be used as a living
room or bedroom [2]. Measurements were made within six minutes in three micro-regions
(school, home, and office) where the electromagnetic field is concentrated, and the average
value of the field and its percentages in the GSM band are indicated (Belgium) [3]. In
this study, a 24-question questionnaire consisting of different variables was applied to
80 selected personnel in Corlu (Tekirdag, Turkey) state hospital to determine the level of
electromagnetic field exposure and to investigate its effects on the personnel working in
this hospital. In order to determine the electromagnetic field, measurements were made in
different parts of the hospital, and according to these measurements and the analysis results
of the questionnaire, a statistically significant relationship was found between headache,
weakness, irritability, fatigue, and forgetfulness and the electromagnetic field level in
the environment where the hospital staff were [4]. Some studies have shown that the
male reproductive system is one of the most sensitive organs to electromagnetic radiation.
A study was conducted to elucidate the relationship between epigenetics and radiation.
Studies on mice have shown that mice exposed to a certain magnetic field cause abnormal
deoxyribonucleic acid (DNA) methylation on their genes [5]. In this study, magnetic field
measurements were made around medium- and high-voltage transmission lines. In the re-
gions 75 m away from the transmission lines in Antalya (Turkey), there are home school, etc.
The electric fields and current densities induced by living people have been investigated [6].
There has been research on how electromagnetic fields affect multiple body functions
(India) [7]. In our world created by modern technology, low-frequency electromagnetic
field values created by the use of electrical devices have been measured and compared
with limit values (Italy) [8]. Low (50 Hz) frequency and broadband (700 MHz–2500 MHz)
high-frequency electric field effective values were measured at 32 points between the hours
of 10:00 am. and 03:00 pm. on the central campus of Ordu University (Turkey). The
measurements are set to save five values in the memory of the devices in six minutes at
each point. Measurement results were plotted with MATLAB, and curves were fitted to
the measurement values [9]. 50 Hz and broadband-sourced electric field effective value
measurements were made in the selected region, and it was observed that the measured
values were below the limit values (Turkey) [10]. In a study, it is aimed to evaluate the
suitability of the work areas in terms of occupational health and safety by comparing the
electromagnetic field levels in the work areas with national and international limit values,
to determine the possible health effects of electromagnetic fields on the employees, to con-
tribute to epidemiological and experimental research by determining the awareness levels
of the employees on this issue, and to contribute to the electromagnetic field (Turkey) [11].
Electromagnetic field values created by television (Tv), radio, mobile phone, and wireless
communication devices in closed environments (offices, public transportation vehicles)
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have been measured and evaluated in Italy [12]. An epidemiological study was conducted
in France to investigate the effects of radiofrequency electromagnetic fields (RF-EMF) on
humans. In that study, measurements were taken at a distance of 250 m from the base
station in 354 houses. The study is the first to assess the RF-EMF exposure of people
living near mobile phone base stations (MPBS) in urban areas in France. According to
that study, there were significant differences in measurements between day and night and
between weekdays and weekends [13]. The health effects of exposure to high voltage have
been investigated [14]. A study was conducted to review the findings of 50 Hz exposure
measurement studies conducted in European countries [15]. A study was carried out in
order to determine the electromagnetic field value to which health personnel working in
magnetic resonance imaging devices and diathermy devices are exposed in eleven different
institutions operating in the health sector [16]. Electromagnetic field values were measured
at 44 different points on Marmara University’s Goztepe (Istanbul, Turkey) campus, and it
was observed that all of these measured values were below the limit values [17]. In a study,
EMF values created by all wireless networks were measured five times on different days
and times in business, entertainment, and shopping centers in the city center of the USA,
Columbia, SC. Then, the statistics of these measurement values were made [18]. In addition
to the RF-EMF measurement results and methods made so far, a forward-looking study
has been conducted, asking which methods and parameters should be used to guide these
methods in future studies [19]. Nilufer municipality (Bursa, Turkey) has prepared and
presented these results in a report as a result of measurements and observations made at
74 points on 5–6 March 2007 to determine the level of electromagnetic pollution originating
from high-voltage lines, transformers, and base stations within the borders of Bursa [20].
Within the coverage area of the base station located in the Bahcelievler neighborhood in the
city center of Ordu (Turkey), the effective value measurement of the broadband-sourced
electric field was made at 49 points, starting from the point close to the base station and
moving away from the base station, provided that it remains within the coverage area.
Results are shown on the map using Google Earth [21]. Broadband-sourced electric field
effective value measurement was made at 500 points in the city center of Ordu (Turkey).
In addition, 24 h measurements were taken in the houses opposite the base stations in
the measurement areas, and the results of the measurements were evaluated [22]. For the
measurement of the exposure values of infants living in Turkey to the electromagnetic field
originating from GSM, the city of Izmir was selected as the pilot region, and the results
were evaluated by measuring the electromagnetic field in the environments where a total of
151 babies living in certain houses in this city lived [23]. The electromagnetic field created
by transformers and high-voltage lines in certain public areas in Konya (Turkey) city center
was measured, and the results were compared with the limit values [24]. To find the SAR
value of the electromagnetic field emitted by mobile phones in the human heart region, the
values obtained by electrically modeling the heart were analyzed using the finite difference
time domain method (FDTD) using MATLAB and compared with the limit values [25]. It
is known that exposure to a non-ionizing electromagnetic field increases the temperature
of cells in the human body, and its limits are determined in this way. In this study, it was
determined that the fact that exposure can go beyond temperature in 5G should be shared
with the public because the determined limits only take into account the thermal heating of
the cell [26]. An electrical voxel model was created to represent the SAR value of mobile
phones on the human head for a family of seven people. In this model, it is assumed that
the youngest individual is 8 months old and the two oldest individuals are 43 years old.
The distance between the hand holding the mobile phone and the head was modeled using
the CST program, starting from 10 mm in 10 mm increments up to 40 mm [27]. The studies
carried out in this field so far show that even if the electric field values are below the limit
values, they not only heat the cells but also pose health risks.
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2. Materials and Methods

In a home environment, there are low-frequency electromagnetic wave emitters origi-
nating from the mains voltage used by lighting and electronic devices and high-frequency
(broadband) electromagnetic wave emitters such as mobile phones and wireless modems.
Figure 1 shows the four environments (bedroom, living room, entrance, and kitchen) in
which measurements were made and the list of low- and high-frequency electromagnetic
emitters in these four environments. The height of the measured floor from the ground is
15 m. Both the interior and exterior walls of the floor consist of 13 cm of bricks and 1 cm of
concrete on top of the bricks.
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Figure 2 shows the building, floor, wireless modem, devices where the measurement
was made, and location and coordinate information via Google Earth.
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There are institutions and organizations that determine the impact of both low- and
high-frequency electromagnetic waves on human health, both the electric field and the
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limits of the SAR values created by these electric fields, especially on the human head, both
nationally and internationally, depending on the frequency. While there may be countries
that apply these international limit values as they are, there are countries that accept and
implement values smaller than these values.

While ICNIRP is the international organization that determines these limit values,
the Information Technologies and Communications Authority (ICTA) determines them
in Turkey. ICTA uses 70% of the value determined by ICNIRP [28]. Figure 3 shows
the variation of ICNIRP and ICTA’s general public exposure electric field limit values
with frequency.
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Figure 3. Electric field limit values determined by ICNIRP and ICTA for humans [29].

In this study, low and broadband electric field effective values were measured in
a house in four different environments for 24 h. 50 Hz source measurements were made
with the NF-3035 measuring device (Gewerbegebiet Aaronia AG II, DE-54597 Strickscheid,
Germany) (0–1 MHz), and broadband measurements were made with the HF-60105 de-
vice and the Omnilog 90200 antenna (Germany) (700 MHz–2500 MHz) connected to it.
1000 electric field effective values were recorded in every environment for 24 h.

Broadband is divided into 15 sub-bands, and the low and high-frequency values of
each sub-band and the middle-frequency (fr) of each sub-band are shown in Table 1. It can
be seen from the table that broadband electric field measurement values are distributed
only in six sub-bands (LTE 800, ETC 1, GSM 900, ETC 2, LTE 1800, and WLAN), and the
other nine sub-bands are empty.

fr = flower +
fupper − flower

2
(1)

By looking at the normalized root mean square error (NRMSE) values of all fitted
curves, the curve with the smallest NRMSE value (0 < R-squared ≤ 1) was selected as the
most suitable curve to determine whether the curves fitted to the density and cumulative
probability (CP) values of the measured electric field effective values were the most suitable.

NRMSE =

√
1
N ∑N

i=1(xi − x̂i)
2

max(x)− min(x)
(2)
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where N is the total number of measurements, i is the sample taken, xi is the measured
electric field value, and x̂i is the electric field value of the fitted curve.

Table 1. Division of broadband into 15 subbands and frequency range.

Subbands flower (MHz) fupper (MHz) fr

LTE 800 791 820.9 805.95

ETC 1 821 925 873

LTE 900 925.1 935 930.05

GSM 900 935.1 961 948.05

ETC 2 961.1 1805 1383.05

GSM 1800 1805.1 1820 1812.55

LTE 1800 1820 1879 1849.5

DECT 1880 1899 1889.5

ETC 3 1900 2010 1955

UMTS 2100 2011 2170 2090.5

ETC 4 2171 2399 2285

WLAN 2400 2483 2441.5

ETC 5 2484 2569 2526.5

LTE 2600 2570 2670 2620

ETC 6 2671 3000 2835.5

In order to calculate the SAR values caused by broadband measurement values on the
head and brain of people living in the measurement environments, the density values and
density values of the six-layer human head model created using the middle frequencies (fr)
of the six sub-bands are shown in Table 2.

Table 2. Electrical properties of the layers forming the head model according to the six sublayer
frequencies.

Subbands (fr (MHz)) Skin Fat Bone Dura CSF Brain

LTE 800 (805.95)
εr 41.66 5.47 12.51 44.55 68.85 46.04

σ 0.83 0.04 0.12 0.92 2.35 0.73

ETC1 (873)
εr 41.44 5.46 12.46 44.42 68.72 45.84

σ 0.84 0.04 0.12 0.93 2.36 0.73

GSM 900 (948.05)
εr 41.26 5.45 12.41 44.31 68.61 45.67

σ 0.88 0.05 0.14 0.97 2.43 0.79

ETC 2 (1383.05)
εr 40.05 5.39 12.10 43.59 67.89 44.56

σ 1.03 0.06 0.21 1.15 2.68 0.97

LTE 1800 (1849.5)
εr 38.83 5.33 11.76 42.83 67.12 43.42

σ 1.20 0.07 0.28 1.34 2.96 1.17

WLAN (2441.5)
εr 38.04 5.28 11.38 42.04 66.23 42.53

σ 1.45 0.10 0.39 1.66 3.44 1.50

ρ (density) (kg/m3) 1100 920 1850 1050 1060 1030

To calculate the SAR values of relative permittivity and electrical conductivity (S/m)
(εr, σ) in Table 2, the six-layer head model, which is given for each layer and density values
(εr, σ) and created by taking these into account, is shown in Figure 4.
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Figure 4. Head model created for SAR calculation [30].

Limits for SAR values are determined between 10 kHz and 10 GHz, taking as reference
the 1 g and 10 g tissues of the exposed organ or the whole body. In this regard, while 1 g
of tissue is taken as reference in the FCC, 10 g of tissue is taken as reference in the CE,
and limit values have been determined for the working environment and public areas, as
shown in Table 3.

Table 3. Electrical properties of the layers forming.

Whole-Body
Average SAR

(W/kg)

Localized SAR
(Head and Trunk)

(W/kg)

Localized SAR
(Limbs)
(W/kg)

FCC (1 g)

Occupational Exposure 0.4 8 20

General Public Exposure 0.08 1.6 4

CE (10 g)

Occupational Exposure 0.4 10 20

General Public Exposure 0.08 2 4

To calculate the SAR values in the brain, all electrical components of the six-layer head
model angular frequency (rad/s), permittivity (F/m), propagation constant, impedance of
the medium (Ω), reflection coefficient, and transmission coefficient (W, Ê, γ̂, η̂, Γ̂ and T̂) are
found using the following Equations (3)–(8).

W = 2π fr (3)
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Ê = E

(
1 − σ

ω × εr × ε0
i
)

(4)

γ̂ = i × ω
√

µ × ε̂ (5)

η̂ =

√
µ

ε̂
(6)

Γ̂2 =
η̂2 − η̂1

η̂1 + η̂2
=

Êr(0)
Êi(0)

(7)

T̂2 =
2 × η̂2

η̂2 + η̂1
=

Êt(0)
Êi(0)

(8)

Taking the head model, the total reflection coefficient Γ̂in seen from the entrance is
calculated as

Γ̂in = Γ̂air + Γ̂skin × e−2(γskind1) + Γ̂f at × e−2(γskind1+γ f atd2) + Γ̂bone ×
e−2(γskind1+γ f atd2+γboned3) + Γ̂dura × e−2(γskind1+γ f atd2+γboned3+γdurad4)+

Γ̂CSF × e−2(γskind1+γ f atd2+γboned3+γdurad4+γCSFd5)

(9)

Then, to find the electric field values reaching the brain, the total transmission coeffi-
cient is calculated using Equation (10) [31].

Γ̂in + 1 = T̂in (10)

The electric field values reaching the brain of the broadband electric field effective
values measured in four environments are obtained by

|
−−−→
Eibrain | = |T̂in||

→
Ei| (11)

The SAR value occurring in the brain is

SARbrain

(
W
kg

)
=

σbrain
ρbrain

∣∣∣∣−−−→Eibrain

∣∣∣∣2 (12)

The SAR value formed in the head part was calculated using the electric field effective
values measured in four environments.

SARskin

(
W
kg

)
=

σskin
ρskin

∣∣∣∣−−−→Eiskin

∣∣∣∣2 (13)

where
→
Ei: effective value of the measured electric field (V/m)
ρ: mass density of the tissue (kg/m3)

Note: While performing SAR analysis, it was considered that the incoming electric
field was perpendicular to the air–skin boundary.

3. Results

The variations of the low-frequency and broadband electric field effective values
recorded for 24 h and the best fit curves fitted to these values are shown in Figure 5 and
Figure 6, respectively. In Figure 5, since it is the entrance of the house and there is a single
lamp and wireless modem in this environment, it is seen that the average electric field in
this environment is the highest (157.55 V/m), but the change around this average (std) is
2.5 V/m. In other words, whether the lamp at the entrance is on or off does not have much
of an effect on the electric field. It can be seen that the highest measured electric field value
is 174 V/m and the lowest is 76 V/m. It is seen that all measured electric field values are
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well below the 5000 V/m limit value determined by ICNIRP for public environments; the
highest measured value is 174 V/m, which corresponds to 3.48% of the limit value.
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In Figure 6, it can be seen that the average and standard deviation (std) of the electric
field in the entrance environment where the wireless modem is located and the living room
environment located nearby are larger than the other two environments.
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As a result of using three LED lamps and a mobile phone in the bedroom environment
until going to bed and leaving it to charge without turning it off, the electric field value
was measured higher than in the kitchen environment. It can be seen that the electric field
values measured in the kitchen, which is far from the wireless modem and where there are
not many mobile phones, are quite low. Table 4 gives the statistical results of the 50 Hz and
broadband electric field effective values for four environments.

Table 4. Some statistical values of 50 Hz and broadband-sourced electric field measurement in a home
environment.

50 Hz/Broadband Bedroom Livingroom Break (Entrance) Kitchen

Emin (V/m) 144/4 76/2 153/9 84/4
Emax (V/m) 157/59 174/71 164/63 166/16

Eaverage (V/m) 149.11/7.75 112.22/18.31 157.55/35.78 156.03/4.66
Estd (V/m) 1.63/8 22.65/13.46 2.5/10.61 17.56/1.08

According to Table 4, the highest electric field value is 71 V/m, which corresponds
to 116.39% of the limit value (61 V/m) determined by ICNIRP. The lowest value is 2 V/m.
Again, it is seen that the electric field value is very high in the environments where the
wireless modem is located and near it (living room and entrance), above the limit value
of ICNIRP. According to the measurement results, ICNIRP’s limit value was exceeded
10 times, 7 times in the living room environment, and 3 times in the entrance environment.
Figure 7 shows the variations of low-frequency density values and the best fit curves fitted
to these values depending on the electric field values.
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Figure 7. Density changes of 50 Hz 7 (a) bedroom, 7 (b) livingroom, 7 (c) entrance and 7 (d) kitchen
source electric field measurements made in four different environments and curves fitted to
these changes.

For example, the density (probability of occurrence) of 149 V/m in the bedroom is
0.2. Figure 8 shows the variations of broadband density values and the best fit curves
fitted to these values. Figure 8 shows that the variations in the bedroom and kitchen have
a narrower band, while the variations in the other two environments where the wireless
modem is located have a wider band.
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Figure 9 shows the cumulative probability values (percentage of success) of 50 Hz
measurements and the changes in the best-fit curves fitted to them. It is seen that the
variations in the curves in the bedroom and entrance are smoother, and the variations in
the other two environments are more variable.
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to these changes.

Figure 10 shows the cumulative probability values (percentage of success) of broad-
band measurements and the changes in the best-fit curves fitted to them. It can be seen
from the figure that the data for all four environments shows a smooth change.
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50 Hz broadband-induced electric field measurements in four different environments and curves
fitted to these changes.

Figure 11 shows the change of 50 Hz (a) and broadband (b) electric field statistical
values depending on the measurement environment.
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Figure 11. Variation of the statistical values of the effective electric field values obtained in (a) low-
frequency, and (b) broadband electrical measurement according to the environments.

In Table 5, the number, percentage, average, and total of broadband electric field
measurements within 1000 data points in six sub-bands are given. In Table 5, of the
1000 electric field effective values measured for the 1st environment (bedroom), 960 (96%)
are ETC 2, 10 of them are GSM 900 (1%) and the remaining 30 electric field fields are
measured in the ETC 1 (30%) sub-band. In the second environment, it is seen that 959 electric
field values for the medium are in the ETC 2 (95.9%), 21 in the GSM 900 (2.1%), 19 in the
LTE 800 (1.9%), and 1 in the LTE 1800 (0.1%) sub-band. It can be seen from the table that
the measurements are concentrated in the ETC 2 sub-band (96%; 95.9%; 99.8%; and 48.1%).
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Table 5. Shows the distribution of measurements from broadband (700–2500 MHz) in fifteen subbands
according to the number of data points, total electric field, and average electric field.

Bands Number of Data/(%) Eaverage (V/m)/(%)

LTE 800 0 19/1.9 0 448/44.8 0 6.34/18.13

ETC 1 30/3 0 1/0.1 1/0.1 11.36/42.68

GSM900 10/1 21/2.1 0 1/0.1 7.62/28.63 5.26/15.02

ETC 2 960/96 959/95.9 998/99.8 481/48.1 7.64/28.68 18.84/53.81

LTE 1800 0 1/0.1 0 69/6.9 4.56/13.02

WLAN 0 0 1/0.1 0 0 0

1 2 3 4 1 2

Bands Etotal (V/m)/(%) Eaverage (V/m)/(%)

LTE 800 0 120.64/0.65 0 2229.75/47.85 0 4.97/19.45

ETC 1 341.03/4.39 0 26.34/0.073 6.96/0.15 26.34/34 6.96/27.24

GSM900 76.26/0.98 110.49/0.6 0 4.68/0.1 0 4.68/18.31

ETC 2 7335.23/94.61 18,070.33/98.71 35,733/99.88 2101.47/45.1 35.80/46 4.36/17.07

LTE 1800 0 4.56/0.02 0 316.04/6.78 0 4.58/17.9

WLAN 0 0 14.98/0.041 0 14.98/20 0

1 2 3 4 3 4

1—bedroom, 2—livingroom, 3—entrance, 4—kitchen.

The mathematical expressions of the curves applied to the measurement results are
given below (Density function).
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The mathematical expressions of the curves applied to the measurement results are
given below (CP).

F(x; m, Ω)nakagami = P
(

m,
m
Ω

x2
)
=

γ
(
m, m

Ω x2)
Γ(m)

(23)

F(x; c, k)burr = 1 − (1 + xc)−k, c > 0; k > 0 (24)

F(x)birnbaum−saunders = ∅

√
x −

√
1
x

γ

, x > 0; γ > 0 (25)

F(x; α, β)log−logistic =
xβ

xβ + αβ
, x > 0; α > 0; β > 0 (26)

In Figure 12, the SAR values created by the broadband electric field values in the
human head and brain in four environments are given, as well as the limit values recom-
mended by ICNIRP and accepted by FCC and CE for the general public, and their variations.
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(3.6 − 1.5i = 3.973 e−i24.15°) 

e−10 

(3.6 − 1.4i = 3.9 e−i24.5°) 

e−10 

(3.5 − 1.1i = 3.73 e−i25°) 

e−10 

(3.4 − 1.03i = 3.5 e−i24°) 

e−10 

(3.3 − 0.9i = 3.49 e−i24°) 

e−10 

fat  (0.4 − 0.09i = 4.52 e−i12.12°) e−10 
(0.4 − 0.08i = 0.4 e−i11.37°) 

e−10 

(0.4 − 0.08i = 0.4 e−i11°) 

e−10 

(0.4 − 0.07i = 0.44 e−i9°) 

e−10 

(0.4 − 0.06i = 0.44 e−i8°) 

e−10 

(0.4 − 0.06i = 0.44 e−i8°) 

e−10 

bone 
(1.10 − 0.24i = 1.1336 e−i12.59°) 

e−10 

(1.1 − 0.2i = 1.12 e−i11.99°) 

e−10 

(1 − 0.2i = 1.12 e−i12.69°) 

e−10 

(1 − 0.2i = 1.097 e−i13°) 

e−10 

(1 − 0.2i = 1.069 e−i13°) 

e−10 

(1 − 0.2i = 1.038 e−i14°) 

e−10 

dura 
(3.93 − 1.82i = 4.3385 e−i24.84°) 

e−10 
(3.9 − 1.6i = 4.27e−i23.32°) e−10 

(3.9 − 1.6i = 4.2 e−i22.7°) 

e−10 

(3.8 − 1.3i = 4.07 e−i18°) 

e−10 

(3.7 − 1.1i = 3.95e−i17°) 

e−10 

(3.7 − 1.08i = 3.8 e−i16°) 

e−10 

CSF 
(6.08 − 4.65i = 7.6593 e−i37.37°) 

e−10 

(6.07 − 4.3i = 7.4 e−i35.37°) 

e−10 

(6 − 4i = 7.315 e−i33.97°) 

e−10 

(6 − 3.08i = 6.74 e−i27°) 

e−10 

(5.9 − 2.5i = 6.45 e−i23°) 

e−10 

(5.8 − 2.2i = 6.26 e−i20°) 

e−10 

(a)  (b) 

(d) (c) 

Figure 12. Change of 12 (a) bedroom, 12 (b) livingroom, 12 (c) entrance and 12 (d) kitchen SAR values in
the head and brain in four environments over time, taking into account the limit values of FCC and EC.

As can be seen from Figure 12, SAR values in the other three environments, except
the kitchen environment, exceed both (FEC and CE) limit values. It is seen that the limit
values are exceeded greatly in the entrance and living room environments where the
wireless modem is located. Especially in the entrance environment, the highest SAR value
measured is 3.75 W/kg and its average is 1.74 W/kg, and this average is seen to be above
the FCC’s limit value. The highest SAR value measured was 4.69 W/kg in the living room
environment, and this value is 293.12% of the FCC and 234.5% of the CE. It can be seen that
most of the SAR value occurring in the head part of the entrance environment is above
the limit values of both CE and FCC. In Table 6, considering the middle frequencies of the
six sub-bands, all the electrical variations of each of the six layers are shown in the table by
finding the (εr, σ) at these frequencies.

Table 7 shows the comparison between the changes revealed in the studies carried out
in this field so far and my proposed study.
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Table 6. All electrical properties of the head model were created for SAR calculation.

Layer LTE 800 (805.95) MHz ETC 1 (873) MHz GSM 900 (948.05) MHz ETC 2 (1383.05) MHz LTE 1800 (1849.5) MHz WLAN (2441.5) MHz

Ê (permittivity) Ê Ê Ê Ê Ê

skin (3.68 − 1.6i = 4.0358
e−i24.15◦ ) e−10

(3.6 − 1.5i = 3.973
e−i24.15◦ ) e−10

(3.6 − 1.4i = 3.9 e−i24.5◦ )
e−10

(3.5 − 1.1i = 3.73 e−i25◦ )
e−10

(3.4 − 1.03i = 3.5 e−i24◦ )
e−10

(3.3 − 0.9i = 3.49 e−i24◦ )
e−10

fat (0.4 − 0.09i = 4.52
e−i12.12◦ ) e−10

(0.4 − 0.08i = 0.4
e−i11.37◦ ) e−10

(0.4 − 0.08i = 0.4 e−i11◦ )
e−10

(0.4 − 0.07i = 0.44 e−i9◦ )
e−10

(0.4 − 0.06i = 0.44 e−i8◦ )
e−10

(0.4 − 0.06i = 0.44 e−i8◦ )
e−10

bone (1.10 − 0.24i = 1.1336
e−i12.59◦ ) e−10

(1.1 − 0.2i = 1.12
e−i11.99◦ ) e−10

(1 − 0.2i = 1.12 e−i12.69◦ )
e−10

(1 − 0.2i = 1.097 e−i13◦ )
e−10

(1 − 0.2i = 1.069 e−i13◦ )
e−10

(1 − 0.2i = 1.038 e−i14◦ )
e−10

dura (3.93 − 1.82i = 4.3385
e−i24.84◦ ) e−10

(3.9 − 1.6i = 4.27e−i23.32◦ )
e−10

(3.9 − 1.6i = 4.2 e−i22.7◦ )
e−10

(3.8 − 1.3i = 4.07 e−i18◦ )
e−10

(3.7 − 1.1i = 3.95e−i17◦ )
e−10

(3.7 − 1.08i = 3.8 e−i16◦ )
e−10

CSF (6.08 − 4.65i = 7.6593
e−i37.37◦ ) e−10

(6.07 − 4.3i = 7.4
e−i35.37◦ ) e−10

(6 − 4i = 7.315 e−i33.97◦ )
e−10

(6 − 3.08i = 6.74 e−i27◦ )
e−10

(5.9 − 2.5i = 6.45 e−i23◦ )
e−10

(5.8 − 2.2i = 6.26 e−i20◦ )
e−10

brain (4.06 − 1.44i = 4.317
e−i19.5◦ ) e−10

(4.05 − 1.3i = 4.26
e−i18.3◦ ) e−10

(4 − 1.3i = 4.24 e−i18.17◦ )
e−10

(3.9 − 1.1i = 4.09 e−i15◦ )
e−10

(3.8 − 1i = 3.969 e−i14◦ )
e−10

(3.7 − 0.9i = 3.88 e−i14◦ )
e−10

γ̂ (Propagation constant) γ̂ γ̂ γ̂ γ̂ γ̂

skin 23.8 + 110i = 114.02
ei77.91◦ 24 + 120i = 122.64 ei78.6◦ 25 + 130i = 132 ei78.9◦ 30.4 + 185i = 188.39

ei80.69◦
35.9 + 244i = 246.78

ei81.62◦
44.1 + 318i = 321.64

ei82.11◦

fat 4.03 + 37.97i = 38.187
ei9.41◦

4.09 + 41.105i = 41.3
ei84.31◦

4.40 + 44.63i = 44.84
ei84.36◦

5.50 + 65.03i = 65.26
ei85.15◦

6.72 + 86.91i = 87.17
ei85.57◦ 8.71 + 11i = 115.05 ei85.65◦

bone 6.63 + 60.11i = 60.47
ei83.69◦

6.83 + 64.931i = 65.28
ei83.99◦

7.83 + 70.42i = 70.85
ei83.65◦

11.5 + 101i = 102.12
ei83.48◦

15.7 + 133i = 134.78
ei83.28◦

21.7 + 173i = 175.31
ei82.87◦

dura 25.4 + 115i = 118.31
ei77.59◦ 25 + 120i = 127.2 ei78.31◦ 27 + 130i = 137.69 ei78.64◦ 32.4 + 194i = 196.76

ei80.50◦
38.3 + 256i = 259.35

ei81.49◦
47.8 + 335i = 338.52

ei81.87◦

CSF 50.38 + 148i = 157.2
ei71.3◦ 51 + 160i = 167.9 ei72.30◦ 52.8 + 172i = 180.71 ei73◦ 59.5 + 246i = 253.21

ei76.38◦ 66.6 + 324i = 331.2 ei78.38◦ 78.4 + 423i = 430.85
ei79.51◦

brain 19.9 + 116i = 118.01
ei80.24◦ 20 + 120i = 127.13 ei80.80◦ 21.7 + 136i = 137.72

ei80.9◦
27.2 + 195i = 197.25

ei82.06◦
33.4 + 257 = 259.69

ei82.61◦ 43 + 336i = 339.15 ei82.7◦
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Table 6. Cont.

Layer LTE 800 (805.95) MHz ETC 1 (873) MHz GSM 900 (948.05) MHz ETC 2 (1383.05) MHz LTE 1800 (1849.5) MHz WLAN (2441.5) MHz

η̂ (impedance) (Ω) η̂ η̂ η̂ η̂ η̂

skin 54.57 + 11.68i = 55.811
ei12.07◦

55.13 + 11.11i = 56.247
ei12.07◦

55.43 + 10.87i = 56.49
ei12.08◦

57.24 + 9.37i = 58.009
ei12.07◦

58.58 + 8.62i = 59.22
ei12.07◦

59.41 + 8.23i = 59.98
ei12.07◦

fat 165 + 17.6i = 166.77
ei6.06◦ 160 + 16i = 166.99 ei5.68◦ 160 + 16i = 167 ei5.62◦ 166.8 + 14.1i = 167.45

ei4.83◦
167.1 + 12.9i = 167.65

ei4.42◦
167.2 + 12.6i = 167.69

ei4.34◦

bone 104 + 11.5i = 105.307
ei6.29◦ 100 + 11i = 105.658 ei6◦ 100 + 11i = 105.7 ei6.34◦ 106.3 + 12.1i = 107.01

ei6.51◦
107.6 + 12.6i = 108.428

ei6.7◦
109.2 + 13.6i = 110.04

ei7.12◦

dura 52.57 + 11.56i = 53.82
ei12.4◦

53.08 + 10.97i = 54.2126
ei11.67◦

53.3 + 10.73i = 54.40
ei11.37◦

54.78 + 9.16i = 55.542
ei9.49◦

55.73 + 8.33i = 56.3506
ei8.5◦

56.41 + 8.05i = 56.99
ei8.12◦

CSF 38.37 + 12.98i = 40.513
ei18.68◦

39.129 + 12.48i = 41.073
ei17.69◦

39.6 + 12.1i = 41.45
ei16.98◦

41.9 + 10.15i = 43.161
ei13.6◦

43.2 + 8.8i = 44.1268
ei11.61◦

44.03 + 8.1i = 44.77
ei10.48◦

brain 53.18 + 9.14i = 53.963
ei9.74◦

53.56 + 8.669i = 54.261
ei9.19◦ 53.7 + 8.5i = 54.391 ei9.08◦ 54.87 + 7.65i = 55.406

ei7.93◦
55.80 + 7.23i = 56.276

ei7.38◦
56.42 + 7.22i = 56.884

ei7.29◦

T̂ (transmission
coefficient) T̂ T̂ T̂ T̂ T̂

skin 0.2541 + 0.0472i = 0.2585
ei10.52◦

0.25 + 0.04i = 0.2601
ei10.15◦

0.25 + 0.04i = 0.2611
ei9.65◦

0.264 + 0.03i = 0.2670
ei8.07◦ 0.26 + 0.03i = 0.271 ei7.25◦ 0.27 + 0.03i = 0.2747

ei6.81◦

fat 1.4995 − 0.0395i = 1.5
e−i1.5◦

1.49 − 0.03i = 1.4975
e−i1.43◦

1.49 − 0.036i = 1.4958
ei1.38◦

1.486 − 0.029i = 1.48
e−i1.14◦

1.47 − 0.026i = 1.478
e−i1.03◦

1.47 − 0.02i = 1.4736
e−i0.93◦

bone 0.7741 + 0.0020i = 0.7741
ei0.14◦

0.77 + 0.0026 = 0.775
ei0.19◦

0.77 + 0.006i = 0.775
ei0.44◦

0.779 + 0.013i = 0.779
ei1.02◦

0.78 + 0.019i = 0.7856
ei1.38◦

0.79 + 0.02i = 0.7927
ei1.68◦

dura 0.6757 + 0.0477i = 0.6774
ei4.03◦

0.67 + 0.04i = 0.6789
ei3.75◦

0.679 + 0.03i = 0.6801
ei3.33◦

0.683 + 0.023i = 0.683
ei1.96◦

0.68 + 0.01i = 0.6840
ei1.81◦

0.68 + 0.007i = 0.682
ei0.65◦

CSF 0.8584 + 0.0538i = 0.8601
ei3.58◦

0.861 + 0.051i = 0.863
ei3.42◦

0.86 + 0.048i = 0.866
ei3.19◦

0.874 + 0.035i = 0.875
ei2.31◦

0.87 + 0.02i = 0.8787
ei1.74◦

0.88 + 0.02i = 0.8802
ei1.32◦

brain 1.1432 − 0.0766i = 1.1458
e−i3.81◦

1.1391 − 0.0729i = 1.1414
e−i3.64◦

1.13 − 0.06i = 1.1376
ei3.37◦

1.124 − 0.04i = 1.1256
e−i2.48◦

1.12 − 0.03i = 1.1218
e−i1.85◦

1.11 − 0.02i = 1.1195
e−i1.4◦



Appl. Sci. 2024, 14, 4169 17 of 20

Table 6. Cont.

Layer LTE 800 (805.95) MHz ETC 1 (873) MHz GSM 900 (948.05) MHz ETC 2 (1383.05) MHz LTE 1800 (1849.5) MHz WLAN (2441.5) MHz

Γ̂ (reflection coefficient) Γ̂ Γ̂ Γ̂ Γ̂ Γ̂

skin −0.74 + 0.047i = 0.7474
ei176.37◦

−0.74 + 0.04i = 0.7451
ei176.54◦

−0.74 + 0.04i = 0.743
ei176.61◦

−0.73 + 0.03i = 0.7366
ei177◦

−0.73 + 0.03i = 0.731
ei177.31◦

−0.72 + 0.03i = 0.727
ei177.43◦

fat 0.49 − 0.0395i = 0.5
e−i4.52◦

0.49 − 0.037i = 0.4984
e−i4.32◦ 0.49 − 0.03i = 0.49 ei4.2◦ 0.48 − 0.02i = 0.4869

e−i13.5◦
0.47 − 0.02i = 0.479

e−i3.18◦
0.47 − 0.02i = 0.474

e−i2.9◦

bone −0.22 + 0.002i = 0.2259
ei179.49◦

−0.22 + 0.0026i = 0.225
ei179.33◦

−0.2 + 0.006i = 0.22
ei178.43◦

−0.22 + 0.01i = 0.220
ei176.38◦

−0.21 + 0.01i = 0.215
ei174.94◦

−0.2 + 0.02i = 0.209
ei173.59◦

dura −0.32 + 0.047i = 0.3278
ei171.63◦

−0.322 + 0.044i = 0.3256
ei172.17◦

−0.3 + 0.03i = 0.32
ei173.05◦

−0.31 + 0.02i = 0.317
ei175.77◦

−0.31 + 0.01i = 0.316
ei177.44◦

−0.31 + 0.007i = 0.31
ei178.59◦

CSF −0.14 + 0.05i = 0.1515
ei159.59◦

−0.138 + 0.051i = 0.1476
ei158.57◦

−0.13 + 0.04i = 0.14
ei159.73◦

−0.12 + 0.03i = 0.1305
ei164.3◦

−0.12 + 0.02i = 0.124
ei167.62◦

−0.12 + 0.02i = 0.121
ei170.39◦

brain 0.14 − 0.076i = 0.1624
e−i28.49◦

0.139 − 0.072i = 0.1570
e−i28.97◦

0.13 − 0.067i = 0.151
e−i27.26◦

0.12 − 0.04i = 0.1337
e−i21.4◦

0.12 − 0.03i = 0.1265
e−i16.67◦

0.11 − 0.02i = 0.1223
e−i12.94◦

Table 7. Comparison of my work with existing studies.

Reference Measured Frequency
Range Measurement Time Measured Quantity Measured Area Calculated and Plotted Values and

Tables

[1] 50 Hz One hour E, H, GPS Measurements were taken at 30 points outside
Diyarbakir (Turkey). E and H

[2] 50 Hz H H at 31 points in houses close to transformer
stations in municipality of Silla (València, Spain)

H Location Age Mean Number
Max Min Std Median

[8] 60 Hz 6 min H Magnetic field exposure measurement H, table

[9] 50 Hz, broadband
(700–2500 MHz), GPS 6 min E, Pr (W/m2), measurement

coordinate (GPS)
32 points Ordu university main

campus (Turkey)
E, Pr, Google earth, Emean Pdf,

curve fitting

[10] 1.5 Tesla 63 MHz MR 6 min E, H, S (W/m2)

The strongest electromagnetic source that
people working in the healthcare sector are

exposed to is; It has been proven by
measurements made in 3 hospitals, 4 medical

imaging centers and 3 physical therapy centers
that it is caused by MRI and diathermy (Turkey).

E, H, S
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Table 7. Cont.

Reference Measured Frequency
Range Measurement Time Measured Quantity Measured Area Calculated and Plotted Values and

Tables

[18] 4G, 5G LTE 6 min E Columbia, SC, In the city center in USA Histogram of spatial field
distribution measurements

[20] 50 Hz, broadband
(700–2500 MHz) 6 min E

Low-frequency electric field measurement of
broadband and high voltage was carried out in

Bursa Nilufer municipality (Turkey).
E

[21] broadband
(700–2500 MHz), 6 min E A 6 min measurement was made at 213 points at

6 base stations in Ordu (Turkey). E, pdf

[22] broadband
(700–2500 MHz), 6 min E In Ordu (Turkey) 500 points broadband electric

field in 6 min E, cdf, pdf

[32] 100 kHz–3 GHz 24 h E Outdoor at 5 points in Samsun city cross base
stations (Turkey)

E, E density curve fitting, Emax,
Emean, Estd table

[33] 100 kHz–3 GHz 24 h E In house two locations in Samsun (Turkey) E, E density curve fitting, Emax,
Emean, Estd table

[34] 100 kHz–3 GHz one week E In shopping mall in Samsun city (Turkey)
E, E density curve fitting, Emax,

Emean, Estd table Ecdf and
Curve fitting

[35] 100 kHz–3 GHz 24 h E In Samsun in 40 different home
environments (Turkey)

E, Edensity curve fitting, Emax,
Emean, Estd table Ecdf and

Curve fitting

[My study] 50 Hz, broadband
(700–2500 MHz), 24 h E

In the entrance, living room, bedroom and
kitchen on the 4th floor of an apartment

building in Ordu kugukent (Turkey).

E, Edensity curve fitting, Emax,
Emean, Estd table Ecdf and Curve

fitting, SAR, head model
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4. Conclusions

In this study, the effective value of low-frequency and broadband electric fields that
people are exposed to was measured and interpreted for an apartment in four different
environments where people spend most of their time in 24 h. Statistical (min, max, average,
and std.) values of 1000 electric field effective values measured for all four environments
were obtained. The changes in the electric field values obtained from both low and broad-
band measurements and the most suitable curves fitted to these values were plotted with
respect to time using Matlab. The most appropriate curves are fitted to the density and CP
functions of the same electric field values, and their changes with respect to the electric
field are plotted on the same figure. Density and CP functions were expressed mathemat-
ically. To find the SAR value created by the electric field values recorded in broadband
measurement on the heads and brains of people in the measurement environment, first,
six sub-bands where these measurement values were concentrated were identified, the
middle frequencies of these sub-bands were determined, and the statistical values of field
changes within this sub-band were extracted. For the head model, assuming that the
human head consists of six layers, starting from the skin to the brain, for the electrical
modeling of each layer, εr and σ values corresponding to the middle frequencies of the
subbands were determined, SAR values occurring in the head and brain were calculated,
and their changes over time were plotted. It was observed that the values obtained from the
50 Hz measurement were far below the limit values determined by ICNIRP. In broadband
measurements, it was observed that the values recorded, especially in the entrance and
living room areas near the wireless modem, were quite high, and the highest value recorded
in these environments was 293.12% of the FCC’s limit value and 234.5% of the CE limit
value. It has been observed that these high SAR values will cause serious health problems
for people living in environments where they are recorded, and it has been determined
how serious a source of electromagnetic exposure the wireless modem is.
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