
Journal of Applied Science and Engineering, Vol. 23, No 2, Page 279-287 279

Study on SAR Distribution of Electromagnetic Exposure of 5G Mobile
Antenna in Human Brain

Yaqiong Li1 and Mai Lu1,*

1Key Laboratory of Opto-technology and Intelligent Control, Ministry of Education, Lanzhou Jiaotong University, Lanzhou 730070,
China
*Corresponding author. E-mail: mai.lu@hotmail.com

Received: Oct. 20, 2019, Accepted: Jan. 13, 2020

Firstly, this paper establishes 5G mobile phone antenna and human head model. The performance characteristics
of the two 5G mobile phone antennas were analyzed by HFSS (High Frequency Structure Simulator) software,
and the electric field strength and specific absorption rate (SAR) distribution in the human head model under
different antenna working frequency conditions were simulated. The simulation results show that: When
the antenna operating frequency is 2600 MHz, the average SAR of any adjacent tissue with a mass of 10 g in
the human head model is 0.217 W/kg, the peak of the electric field strength is 21.067 V/m, and the average
frequency is 3500 MHz, the peak of the specific absorption rate is 0.285 W/kg, and the peak of the electric field
strength is 22.844 V/m. Conclusion: Most of the electromagnetic field is absorbed by the scalp and skull near
the antenna side. The SAR value reaching the brain is about 0.25 times of the total SAR value. The electric field
strength is similar to the SAR value. As the distance between the brain region and the antenna increases, the
SAR value decreases, and the SAR value in the brain is about 0.125 times that of the scalp. Compared with the
limits set by the International Commission on Non-Ionizing Radiation Protection (ICNIRP), it is lower than the
public electromagnetic exposure limit value 2 W/kg, which is in line with international standards.
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1. Introduction

At present, the EU, the United States, South Korea, and
Japan are actively promoting 5G development and deploy-
ing a series of strategic plans. At the same time, China
also established the IMT-2020 (5G) promotion group in
2013. In 2016, the “13th Five-Year” National Informatiza-
tion Planning and National Informatization Development
Strategy listed 5G development as part of China’s strate-
gic planning. In November 2017, the Ministry of Industry
and Information Technology officially announced the plan:
3300-3600MHz and 4800-5000MHz frequency band as the
working frequency band of 5G system [1]. The Ministry
of Industry and Information Technology said that it is ex-
pected that 5G mobile phone will be launched in the second
half of 2019. According to the statistics of the Ministry of
Industry and Information Technology, as of June 2019, the
total number of mobile phone users in China reached 1.585

billion [2]. On May 31, 2011, the World Health Organiza-
tion’s International Agency for Research on Cancer (IARC)
issued a statement stating that the use of mobile phones
would increase the risk of cancer, and that cell phone radia-
tion may have a causal relationship with cancer users’ can-
cer [3]. Electromagnetic exposure for 2G/3G/4G(698–960
MHz, 1710–2690 MHz) mobile phones, many countries and
organizations have conducted in-depth research. Reference
[4] researched the phone at 900MHz, the influence of ra-
diation power and gap distance on the SAR distribution
of heads of different user’s age. The results show that the
mobile phone radiation SAR of the child’s head is always
higher than the adult head. Reference [5] studied the SAR
of the human head under standardized conditions of two
frequencies of 2G and 3G technologies of 897MHz and
1950MHz. Reference [6] studied the electromagnetic expo-
sure of GSM mobile phones to human heads at 900MHz.
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Internationally, the corresponding safety standards have
been established for electromagnetic exposure of mobile
phones. The International Non-Ionizing Radiation Pro-
tection Committee (ICNIRP) standard limit is 2W/kg [7].
China’s Local Exposure Limits for Electromagnetic Radia-
tion of Mobile Phones (GB21288-2007) is 2W/kg [8]. After
5G commercial, it will be a higher working frequency band
and more users, so the electromagnetic exposure of the
5G mobile phone antenna to the human body cannot be
ignored.

Therefore, based on the finite element method 3D elec-
tromagnetic simulation software HFSS (High Frequency
Structure Simulator), two 5G mobile phone antennas are
designed by coupling technology and parasitic patch tech-
nology, which are built-in Monopole folding antennas
and Monopole planar antennas to realize 5G communi-
cation frequency band [9] coverage 3300-3600MHz, 4800-
5000MHz. Firstly, the electromagnetic radiation character-
istics of the antenna are simulated on the HFSS software.
Then, the specific absorption rate value and electric field
strength of the antenna at 2600MHz and 3500MHz of the 5G
communication are calculated, and analyzes the spatial dis-
tribution, attenuation of SAR and electric field strength in
human brain exposed to electromagnetic fields. Finally, the
calculation results are compared with the public exposure
limits in the Guidelines for Limiting Time-Varying Elec-
tric Fields, Magnetic Fields and Electromagnetic Exposures
by the ICNIRP to analyze the safety of electromagnetic
exposure of 5G mobile phone antennas to human bodies.

2. Establishment of finite element model

2.1. 5G mobile phone antenna structure

In this paper, the T-shaped and L-shaped Monopole an-
tenna, which has been applied to 2G/3G/4G mobile
phones, is improved, wide-banded, and two 5G mobile
phone antennas are designed by using multi-branches, par-
asitic patches and coupling techniques [10].

The Monopole folded antenna structure is shown in Fig.
1(a). The antenna is printed on an FR4 dielectric substrate
with a relative dielectric constant εr = 4.4 and a dielectric
loss tangent tαnδ = 0.02.The size of the dielectric substrate
is 120mm×60mm×0.8mm. The reference ground struc-
ture size is 105mm×60mm. The multi-band miniaturized
Monopole folding antenna uses an asymmetric T-shaped
monopole to couple the radiation patch. The upper side of
the T-shaped monopole is a coupled rectangular radiation
patch, and the width of the lower right corner of the patch
leads to a width of the 0.5mm bent short-circuited branch
serves to match the impedance and shorten the length of
the resonant path, and can also generate a resonant mode at

high frequencies. The upper left corner and the upper right
corner of the rectangular patch respectively lead to a folded
L-shaped branch with a height of 3.2mm, which serves to
adjust the characteristic impedance of the antenna and
increase the resonance mode, thereby realizing the broad-
band multi-frequency of the antenna. The radiating patch
is coplanar with the reference ground. The feeding point
of the antenna is located at the lower end of the T-shaped
monopole and Feed with a 50-ohm microstrip line. The an-
tenna excitation source is a lumped port excitation. Finally,
band coverage of 0.765GHz-1.02GHz, 1.55GHz-3.85GHz,
and 4.4GHz-4.5GHz is achieved.

The Monopole planar antenna structure is shown in Fig.
1(b). The antenna is printed on a 0.8 mm FR4 dielectric
substrate with a relative dielectric constant εr = 4.4, a di-
electric loss tangent tαnδ = 0.02, a substrate size of 75 mm
× 140 mm × 0.8 mm, an antenna size of 41 mm × 8 mm, and
a ground structure size of 75 mm × 132 mm, 30.5 mm ×
5mm. The antenna consists of a planar L-shaped monopole
antenna and an asymmetric S-shaped branch. At high
frequencies, it acts as a resonance to excite multiple reso-
nant modes. The ground plane consists of a double-branch
structure and a rectangular structure. The double-branch
structure acts as a coupling to a planar monopole antenna
at low frequencies. The monopole antenna is printed on the
top layer of the substrate and the ground plane is printed
on the bottom layer. Feed with a 50-ohm microstrip line.
The antenna excitation source is a lumped port excitation.
The designed antennas have a return loss of less than -6dB
and good pattern characteristics. The coverage band and
size are suitable for current 5G smartphones. (Abbreviation:
“Antenna1”, “Antenna2”)

Fig. 1. Antenna 3D models.

2.2. Human head model

Refer to the model proportion of the international common
adult head. Establish a 3-layer head model [11]. The scalp
radius is 0.092m, the skull radius is 0.085m, and the brain
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Fig. 2. Antenna structure size (unit: mm).

radius is 0.08 m. The 3-layer human head model is shown
in Fig. 3.

Fig. 3. Three-layer head model.

For the extraction of human tissue electrical parameters,
the fourth-order Cole-Cole model [12] is generally used Ad-
ministrator to calculate the electrical parameters of human
tissue.

ε∗r = ε
′
r − jε”

r = εr∞ +
4

∑
n=0

∆εrn

1 + (jωτn)1−α
+

σi
jωε0

(1)

In the formula : ε∗r is the complex relative dielectric con-
stant; ε

′
r is the relative dielectric constant (is the real part of

ε∗r ); ε”
r is the loss factor (is the imaginary part of ε∗r ); εr∞is

the optical frequency relative dielectric constant value; ∆εrn

is the relative dielectric constant increment; τn is the cen-
tral relaxation time; α is the relaxation distribution time,
the value is 0 ≤ α ≤ 1; ε0 is the vacuum dielectric con-
stant; σi is the ion conductivity; ω is the angular frequency.

Calculate the electrical parameters of the human head in
different working frequencies by formula 1. The electrical
parameters of the brain were averaged from the three tis-
sues of cerebrospinal fluid, white matter and gray matter.
The electrical parameters of the tissues of the head model
are shown in Table 1. A method of taking the mean value
of the dielectric constant to obtain a tissue parameter has
been used in [13].

3. Simulation results and analysis

3.1. Antenna simulation results

3.1.1. Return loss S11

The simulation results of the S11 of the Monopole
folded antenna are shown in Fig. 4. The results
show that when S11<-6dB [14], the antenna can cover
GSM850//900//1800//1900//UMTS//LTE2300//2500//
Wi-MAX2300//2500//3500MHz band. The frequency
band: 3300MHz—3800MHz and 4400MHz—4500MHz
meet the 5G communication frequency band, provid-
ing more possibilities for 5G mobile communication.
The simulation results of the S11 of the Monopole
planar antenna are shown in Fig. 5. The results
show that when S11<-6dB, the antenna can cover
LTE700//GSM850//900//DCS//PCS//UMTS//LTE2300
//2500//3500MHz//Wi-MAX3.5GHz//WLAN5.2GHz//
5.8GHz band. Both high and low frequencies meet the
design specifications and the 5G communication standard.
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Table 1. Human head electrical parameters at different frequencies.

Tissue Tissue density/(kg/m3)
2600MHz 3500MHz

Relative Conductance Relative Conductance
permittivity (S/m) permittivity (S/m)

scalp 1100 42.645 1.684 41.473 2.308
skull 1850 11.293 0.424 10.793 0.614
brain 1030 42.330 1.603 41.154 2.223

Fig. 4. Antenna1 S11 results of simulation.

Fig. 5. Antenna2 S11 results of simulation.
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Fig. 6. Three-layer head model.

Fig. 7. Three-layer head model.

3.1.2. Antenna plane pattern

Fig. 6 and 7 show the E-H pattern characteristics of several
important frequency points of the antenna in the whole fre-
quency band. It can be seen from the figure that in the low
frequency band of 800 MHz, the pattern has good radiation
characteristics on the vertical plane, similar to the radiation
characteristics of the half-wave dipole. As the frequency in-
creases, the radiation characteristics of the antenna change.
High-order mode excitation occurs in the high frequency
bands of 1800MHz, 2600MHz and 3500MHz, so that the
radiation intensity in one direction of the antenna increases,
but the maximum radiation characteristics still exist in the
vertical direction. Therefore, the gain of the maximum ra-
diation direction of the high frequency band is increased
compared to the low frequency part. Overall, the antenna
radiation characteristics are better, meeting the require-
ments of mobile communications.

3.1.3. Current distribution

Fig. 8(a) is a surface current distribution diagram when the
antenna operates at 800 MHz, and its current is mainly dis-
tributed on the coupling ground branch and the T-shaped
monopole near the coupling branch. Fig. 8(b) shows
the surface current distribution of the antenna operates
at 1600MHz. The current on the coupled grounding branch
is mainly distributed on the folded L-branch. It shows that
the folding branch introduces a new resonance point, which

affects the resonance characteristics of the antenna. The
current distributions in Fig. 8(a) through 8(d) show that
as the frequency increases, the effects of folding branches
become more pronounced. The resonance of the antenna
on the grounded coupling branch occurs mainly on the
folded branches. The current zero present on the branches
in the elliptical region in Fig. 8(c) divides the resonance of
the entire antenna into two parts, namely the resonance of
the side branches on the elliptical region and the resonance
of the lower ground node and the monopole, both of which
belong to strong resonances, which are close to each other
and interfere with each other, affect the radiation charac-
teristics of the antenna. The S11 parameter of the antenna
in Fig. 4 produces a protrusion at 2700MHz, which also
confirms this point. Fig. 9(a) is a surface current distri-
bution diagram when the antenna works at 800MHz, and
the current is mainly distributed on the coupled ground
U-shaped branch and the L-shaped monopole. Fig. 9(c)
shows the surface current distribution diagram of the an-
tenna working at 2600MHz. The current on the coupled
grounding branch is mainly distributed on the folded L-
branch. It shows that the folded branch introduces a new
resonance, which affects the resonant characteristics of the
antenna. From the current distributions in Fig. 9(a) to 9(d),
it is known that as the frequency increases, the influence
of the S-shaped branch of the monopole antenna becomes
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Fig. 8. Current distribution at different frequencies Antenna1.

Fig. 9. Current distribution at different frequencies Antenna2.

more and more significant.

3.2. Distribution of electromagnetic dose in the head tis-
sue

Calculate the distribution of SAR and electric field strength
in the head model when the 5G mobile phone antenna
is working at 2600MHz and 3500MHz, the antenna input
power is 1W, and the head is 1.5 cm away, as shown in Fig.
10. Because the electromagnetic energy in biological tissues
differs in the divergence and absorption of different tissue
interfaces, the SAR value and electric field distribution of
each tissue are not uniform. The results of electromagnetic
dose in each tissue are shown in the table.

Table 2. Local SAR and average SAR Antenna1.

SAR(W/kg)
2600MHz 3500MHz

Tissue SARpeak SAR10g SARpeak SAR10g

scalp 3.237 0.991 5.399 1.760
skull 0.371 0.129 0.630 0.223
brain 0.975 0.305 1.299 0.341

From the SAR values in Table 2 and Table 3, when the
mobile phone head is 1.5cm away and the frequency is

Table 3. Local SAR and average SAR Antenna2.

SAR(W/kg)
2600MHz 3500MHz

Tissue SARpeak SAR10g SARpeak SAR10g

scalp 1.292 0.595 4.870 1.629
skull 0.190 0.087 0.822 0.268
brain 0.755 0.217 0.908 0.285

3500MHz. In the case of Antenna1, the average SAR of the
scalp is 1.760W/kg, the skull is 0.223 W/kg and the brain is
0.341W/kg. In the case of Antenna2, the average SAR of the
scalp is 1.629W/kg, the skull is 0.268W/kg, and the brain
is 0.285W/kg. The scalp tissue absorbs more SAR than
the brain and skull. The brain absorbs the least amount of
SAR. This shows that the closer to the head when using the
mobile phone, the greater the harm of the electromagnetic
exposure of the mobile phone to the scalp. The average
SAR in each of the above human head tissues is lower than
the ICNIRP guideline with a limit of 2W/kg of 10g mass
average, which meets safety standards. It can be seen
from Table 4 and Table 5 that as the working frequency
of the antenna increases, the electric field strength of each
tissue increases. The electric field strength of the scalp
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Fig. 10. 3D head tissue electromagnetic dose distribution.

Table 4. Local SAR and average SAR Antenna2.

Tissue E(V/m)
2600MHz 3500MHz

scalp 50.245 57.399
skull 46.540 45.199
brain 26.064 26.857

Table 5. Electric field strength value Antenna2.

Tissue E (V/m)
2600MHz 3500MHz

scalp 35.542 36.116
skull 35.257 31.787
brain 21.067 22.844

is greater than that of the brain and the skull, and the
electric field strength of the brain is the smallest. It shows
that as the distance from the antenna of the mobile phone
to the head increases, the electric field strength gradually
decreases. Compared with Antenna2, the ground clearance
under Antenna1, when at the same frequency and the same
distance, the average SAR and electric field strength of
Antenna2 to the human brain are smaller than Antenna1.
This shows that SAR may be significantly different as the
antenna design changes.

Since the brain is one of the most important human tis-
sues, it is composed of a large number of neurons, glial
cells, vascular networks, and extracellular spaces. There-
fore, the head model is taken as the starting point from the
center cross section, and 1 slice is made every 15mm along
the z-axis direction, the cut surface is made at 107 mm, 92
mm, 77 mm, 62 mm, 47 mm, 32 mm, and 17 mm. The
distribution of the electromagnetic dose of each section is
analyzed as shown in Fig. 11. Specifically, the SAR distribu-
tion and field strength distribution of the head tissues are
analyzed when the two antennas work at 2600 MHz and

Fig. 11. Head SAR multi-section.

3500 MHz. Three sections at 107 mm, 77mm and 47 mm
are selected to compare the SAR and electric field strength
distribution.

Fig. 12. Antenna1 Human head slice at 2600 MHz.

From Fig. 12(a) and 13(a), the closer the vertical distance
to the antenna is, the more the average SAR is absorbed
by the scalp and the brain. The average SAR of the head
is mainly concentrated in the portion close to the antenna.



286 Yaqiong Li and Mai Lu

Fig. 13. Antenna1 Human head slice at 3500MHz.

It can be seen from Fig. 12(b) and 13(b) that the electric
field strength decays very fast in the human head model,
but there is still a certain amount of electric field energy
penetrating into the brain. It shows that the external electric
field can penetrate other tissues to reach the brain, which
has a certain impact on the brain. The results show that:
due to the different dielectric constants of the scalp, skull
and brain, there are obvious mutations at the boundary of
the three different tissues. The average SAR distribution in
each tissue is quite different, and the average SAR of the
scalp is obviously higher than other tissues. The electric
field and SAR inside the brain are evenly distributed and
are the smallest compared to other tissues. It can be seen

Table 6. SAR and E of different sections Antenna1.

2600 MHz 3500 MHz
Diameter
section (mm)

SAR
(W/kg)

E
(V/m)

SAR
(W/kg)

E
(V/m)

(0, 0, 47) 6.115x10−2 23.27 1.174 34.35
(0, 0, 77) 5.525x10−2 9.30 1.534x10−1 13.01
(0, 0, 107) 1.630x10−2 3.77 3.570x10−2 7.61

Table 7. SAR and E of different sections Antenna 2.

2600 MHz 3500 MHz
Diameter
section (mm)

SAR
(W/kg)

E
(V/m)

SAR
(W/kg)

E
(V/m)

(0, 0, 47) 3.242x10−1 26.04 1.487 32.25
(0, 0, 77) 8.186x10−2 9.86 3.049x10−2 14.72
(0, 0, 107) 2.792x10−2 7.34 6.780x10−2 9.18

from the above two tables that the maximum values of
SAR and electric field strength are concentrated on the

scalp tissue in the (0, 0, 47) section. It shows that the closer
the human tissue is to the antenna of the mobile phone, the
more electromagnetic energy it absorbs.

Under the RF electromagnetic field exposure, the higher
the working frequency, the closer to the antenna feed, the
deeper the penetration depth of the average SAR and elec-
tric field strength in the brain.

Table 8. Comparison of SAR.

Reference Frequency (MHz) SAR (W/kg)
[15] 2600 0.425
[16] 2595 0.65
[17] 2700 0.48
[18] 3350 0.51

Proposed
2600 0.217
3500 0.285

Compared with SAR values in literature [15], [16], [17],
and [18] SAR values in this paper are the minimum at
2600MHz and 3500MHz, and far less than the electromag-
netic exposure limit of ICNIRP of 2W/kg.

The comparison results in table 8 show that the study of
SAR distribution of electromagnetic exposure of 5G mobile
phone antenna in human brain in this paper is reliable and
safe, which has reference value for the studying the high-
frequency electromagnetic exposure of 5G mobile phone.

4. Conclusion

In this paper, through the modeling and numerical simu-
lation of 5G mobile phone antenna, the SAR and electric
field strength distribution of the human head under dif-
ferent working frequencies are compared. The calculation
results show that when the input power of the two 5G
mobile phone antennas is 1W, the distance from the hu-
man head is 1.5 cm, and the working frequency is 2600
MHz, the average SAR of the brain is 0.305 W/kg and 0.217
W/kg, respectively. When the working frequency is 3500
MHz, The average SAR of the brain is 0.341 W/kg and
0.285 W/kg, respectively, which accounted for 15% of the
ICNIRP reference limit of 2 W/kg, which is much smaller
than the public electromagnetic exposure limit established
by ICNIRP. It shows that the 5G communication mobile
phone antenna works in this high frequency electromag-
netic environment is in compliance with safety standards,
and will not pose a threat to health.

This paper only studies the safety of the antenna of the
mobile phone to the human brain during parallel place-
ment. After that, we need to study the distribution of SAR
in the human brain when the antenna of the mobile phone
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is tilted at different angles. With the development of mobile
communication, the design of mobile phone structures and
the emergence of new materials are worthy of attention for
electromagnetic exposure of the human brain.
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