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ABSTRACT This paper presents a novel approach for designing low-SAR (specific absorption rate) terminal
antenna. First of all, the relationship between the magnetic field and the SAR value is deduced by using
the electric field formula of SAR and Maxwell’s equations. Then, by using the boundary conditions of the
medium, the interactionmechanism between the radiatedmagnetic field of the antenna and themagnetic field
inside human tissue is studied. Next, the relationship between the surface current and the radiated magnetic
field of antenna is constructed. The approach of reducing the antenna radiated magnetic field is proposed
by directly adjusting the antenna surface current, so that the SAR of human tissues is reduced. Finally,
two low-SAR antennas are designed according to the proposed approach. The simulation and measurement
results of the two low-SAR antennas show that the−6 dB bandwidth of both antennas is 2.4-2.49 GHz, which
can meet the 2.4 GWLAN frequency band. At the same time, compared with the reference antenna, the peak
values of 10 g average SAR of two antennas are reduced by more than 30%. In addition, the measured
efficiencies of the two low-SAR antennas are higher than 40% in the operating frequency range. The validity
of the proposed approach is proved by the simulation and measurement results of the antenna, which can be
used to guide the SAR reduction design of mobile terminal antennas.

INDEX TERMS Inverted-F antenna, low SAR value, metal rim, mobile terminal applications.

I. INTRODUCTION
After decades of vigorous development of mobile com-
munication technology, various wireless terminal devices
have been rapidly popularized, such as smart phones, smart
watches, and tablet computers. These terminal devices have
improved the quality and frequency of human informa-
tion communication and greatly facilitated human daily life.
When people use mobile phones for information exchange,
electromagnetic waves are continuously sent and received
between the mobile phone and the base station. Because
human skin, muscle, fat and other tissues are all lossy media,
human tissues can absorb and lose electromagnetic energy
when exposed to electromagnetic waves. Once the absorbed
electromagnetic energy exceeds a certain safety limit, human
health will be seriously affected, such as impaired organ func-
tion, abnormal endocrine system, etc. Therefore, the elec-
tromagnetic radiation safety problem caused by wireless
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terminal equipment has attracted more and more attention
from all walks of life.

In order to avoid excessive electromagnetic energy causing
harm to human health, the specific absorption rate (SAR) has
been introduced to characterize how electromagnetic radia-
tion affects the human body.Many countries and international
organizations have set their safety standards for SAR value.
There are two most widely used safety standards for SAR
value, one is known as the American standard [1], and the
other is known as the European standard [2].

To solve the potential electromagnetic radiation problem
when people use mobile terminal equipment, researchers in
the industry have done a lot of work. The most direct method
is to use wave-absorbing or shielding materials on the inner
or outer surface of the terminal equipment shell to avoid
emitting electromagnetic signals to the human body [3]–[5].
This method usually affects the radiation efficiency, gain
and bandwidth of the antenna. Some scholars proposed to
design auxiliary antennas [6]–[9]. Two identical antennas are
designed in the terminal equipment, according to different
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usage scenarios, one of two antennas is excited and the other
antenna is grounded to shield the electromagnetic radiation of
terminal equipment. Other scholars design the metamaterial
structure to reduce the radiation of terminal antenna to human
tissues, such as electromagnetic band gap (EBG) struc-
tures [10]–[12], High-impedance surfaces [13] and splitting
resonators (SRRs) [14], [15]. However, whether designing
auxiliary antennas or metamaterials, additional design space
is required, which requires a larger antenna system size, and it
is difficult to obtain practical applications for the full-screen
mobile terminals. In addition, metamaterials are generally
narrow-band resonant structures, which are also difficult to
meet the bandwidth requirements of terminal antennas. Fur-
thermore, some scholars have analyzed the mechanism of
the electromagnetic wave absorbing from the perspective of
the electric field [16], and they proposed to reduce electro-
magnetic radiation of mobile terminal equipment to users
by reducing the tangential component of electric field. But
under different usage scenarios, the above method is difficult
to achieve. In this paper, we will explore the approach of
SAR reduction design of mobile phone antenna from the
perspective of the magnetic field. Meanwhile, the reliability
of the method is verified by designing two low SAR terminal
antennas, which can be used to guide the SAR reduction
design of mobile terminal antennas.

II. THEORY FOR ANTENNA REDUCTION SAR DESIGN
A. THE RELATION BETWEEN MAGNETIC FIELD AND SAR
SAR can be interpreted as the electromagnetic energy con-
sumed by unit organization in a unit of time The local SAR is
related to the internal electric field of tissues, so the internal
electric field of tissues can be used to calculate the local SAR.
The electric field calculation formula of the local SAR is:

SAR =
σ |Ein|2

2ρm
(1)

whereEin represents the local electric field induced in human
tissue under electromagnetic radiation. σ represents the local
electrical conductivity of human tissues. ρm refers to the local
mass density of human tissues.

The electromagnetic field radiated by the antenna into
free space is a time-varying electromagnetic field. For
time-varying electromagnetic fields, the magnetic field and
electric field no longer maintain an independent relationship.
The magnetic field and the electric field excite and transform
each other to form a unified time-varying electromagnetic
field, so the electric and magnetic fields inside biological
tissues are constantly exciting and transforming each other.
According to Maxwell’s equations:

∇ ×Hin = jωεEin (2)

Incorporating the (2) into (1), the magnetic field calcula-
tion formula for calculating the SAR value is as follows:

SAR =
σ

2ρm

1
ω2ε2
|∇ ×Hin|

2 (3)

FIGURE 1. Boundary conditions.

whereHin is the induced magnetic field inside human tissues.
ε is the local dielectric constant of human tissues.

Therefore, the SAR value can be calculated using the
electric field in the tissues or the magnetic field in the tissues,
and the two calculation methods give the same result. So the
induced electric field or the induced magnetic field in tissues
will decide the SAR value. Here this paper will explore the
relationship between the radiated magnetic field of terminal
antenna and the induced magnetic field inside human tissues.

As shown in Figure 1, n is the unit vector perpendicular to
the interface between air and human tissue.H1 is the radiated
magnetic field of terminal antenna. H2 refer to the induced
magnetic field in human tissues. B1 is the magnetic flux of
antenna in the air. B2 is induced magnetic flux inside human
tissues. Based on the boundary conditions of the medium:

µ1H1n = µ2H2n

B1n = B2n
H1t = H2t

B1t/µ1 = B2t/µ2 (4)

where H1n is the normal components of the magnetic field
on air side of interface between air and human tissue. B1n
is the normal components of the corresponding magnetic
flux. B1tand H1t are the magnetic flux and the tangential
components of magnetic field on air side of the boundary. B2n
and H2n are the magnetic flux and the normal components of
magnetic field and on human tissues side of the boundary. B2t
and H2t are the magnetic flux and the tangential components
of the magnetic field on human tissues side of the boundary.
µ1 andµ2 refer to themagnetic permeability of air and human
tissues, respectively.

According to relevant research reports [17], the magnetic
materials are weakly magnetic in the human body and most
other animals, so the magnetic permeability of the human
body and most other animals is similar to the magnetic per-
meability of air, as follows:

µ1 = µ2 (5)

Putting the (5) into (4), the following formula can be
obtained:

H1n = H2n
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FIGURE 2. The Inverted-F antenna (IFA) antenna.

FIGURE 3. The structure and dimension of the reference antenna:
(a) Perspective view, (b) Partial view (antenna).

B1n = B2n
H1t = H2t

B1t = B2t (6)

Further finishing (6), the following formula can be
obtained:

H1 = H2

B1 = B2 (7)

It can be concluded that the tangential and normal compo-
nents of the magnetic flux and magnetic field are continuous
before and after entering the human tissues, and the magnetic
field and magnetic flux will not change basically. Therefore,
the SAR value of the antenna will be determined by the
radiated magnetic field of the mobile terminal antenna. If the
radiated magnetic field of the mobile terminal antenna is
weakened, the SAR value of the antenna can be decreased.
In the following, we will explore the direct factors that affect
the radiated magnetic field of antenna.

B. THE RELATION BETWEEN MAGNETIC FIELD AND
CURRENT
Here we take the Inverted-F antenna (IFA) antenna as an
example to explore the main factors affecting the magnetic

field in the near field of the mobile terminal antenna. IFA
antenna is composed of the ideal conductor. According to
the basic theory of the electromagnetic field, there is no elec-
tromagnetic field inside the ideal conductor, and the electro-
magnetic field is only distributed outside the ideal conductor.
As shown in Figure 2, n represents the outer normal vector of
the ideal conductor,H represents the surfacemagnetic field of
the ideal conductor, Js represents the surface current density
of ideal conductor. According to the boundary conditions of
ideal conductor surface:

n×H = Js (8)

It can be obtained from the (8) that the surface current
density of an ideal conductor determines the intensity of the
radiant magnetic field generated by it.

Therefore, the surface current distribution of the antenna is
the main factor that determines the amplitude of the antenna
radiated magnetic field. The larger the surface current on
the antenna, the greater the magnetic field radiated by the
antenna. The stronger the magnetic field radiated by the
antenna, the larger the induced magnetic field in the biologi-
cal tissue, and the greater the SAR value of the antenna. So as
long as the surface current density of the antenna radiator is
reduced, the antenna will have a lower SAR value.

III. LOW-SAR ANTENNA DESIGN AND
IMPLEMENTA-TION
A. REFERENCE ANTENNA
In order to verify the proposed design method can achieve
terminal antenna SAR reduction, a metal-rimmed termi-
nal antenna is proposed as a reference antenna. The struc-
ture and dimension of the reference antenna is given
in Figure 3. As shown in Figure 3 (a), the system circuit
board adopts the 0.8mm thick FR4 dielectric board com-
monly used in the industry. Four FR4 substrates with a thick-
ness of 1 mm are adopted to imitate the realistic metallic
bezels. The system circuit board is perpendicular to the four
metallic bezels. The dimension of the system circuit board
is 151 × 71 mm2 and four metallic bezels have a uniform
height of 4mm. The antenna is designed by adding a feed
port and a grounded metal strip on the long side of the metal
frame and the dimension of the metal frame antenna is given
in Figure 3 (b).

In the following of this paper, we will use two methods
to adjust the current of the reference antenna to weaken the
magnetic field radiated by the terminal antenna, and finally
achieve the SAR reduction design of the terminal antenna.
In the following, the reference antenna will be referred to as
Antenna 1 for the convenience of writing.

B. LOW-SAR DESIGN I
According to the approach in section II, the SAR value
is decided by the radiated magnetic field of the terminal
antenna. However, the surface current density on the antenna
directly affects the radiated magnetic field of the antenna.
In this paper, the parasitic branch is added to the strong
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FIGURE 4. Geometry and dimension of Antenna 1 and Antenna 2.

FIGURE 5. Simulated S11 of Antenna 1 and Antenna 2.

FIGURE 6. Simulated efficiency of Antenna 1 and Antenna 2.

current area, to make the current propagate through multiple
paths, which achieve uniform distribution of the antenna
current. To illustrate the effect of adding parasitic branch,
the characteristics of the Antenna 1 and the Antenna 2 in Fig-
ure 4 are compared. The simulated S11 curves of Antenna 1
and Antenna 2 are given in Figure 5. It can be seen from
Figure 5, the −6 dB operating band of Antenna2 is slightly
narrower than that of Antenna 1 and both antennas can meet
the required frequency band of 2.4GWLAN (2.4-2.49 GHz).

FIGURE 7. 10 g average SAR of both antennas at 2.45 GHz (accepted
power is 14 dBm): (a) Antenna 1, (b) Antenna 2.

FIGURE 8. The surface current distributions of Antenna 1 and Antenna 2
at 2.45GHz.

FIGURE 9. The magnetic field distributions on the reference plane of
Antenna 1 and Antenna 2 at 2.45 GHz.

The reason is that the loading parasitic branch affects the
impedance matching of Antenna 2. The simulated efficiency
curves of Antenna 1 and Antenna 2 are given in Figure 6.
Their efficiencies are basically the same and above 50%
in 2.4 G WLAN band.

The SAR distributions of both antennas at 2.45 GHz are
shown in Figure 7. A simplified human tissue model is
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FIGURE 10. The structure of (a) Antenna 1, (b) Antenna 3.

FIGURE 11. Simulated S11 of Antenna 1 and Antenna 3.

FIGURE 12. Simulated efficiency of Antenna 1 and Antenna 3.

established based on the IEEE Std 1528-2003 [18]. The two
antennas were placed 5mm above the human tissue model.
The accepted power of the two antennas is 14 dBm, the peak
values of 10 g average SAR of Antenna 1 at 2.45 GHz
is 0.276 W/kg while the peak SAR value of Antenna 2 is
0.184W/kg Therefore, compared with the Antenna 1, the 10g
average SAR peak value of the Antenna 2 is reduced by
33.3%, achieving a significant SAR reduction effect.

Figure 8 shows the current distribution of the two antennas
at 2.45GHz. It can be seen that the current distributions of
both antennas are the same basically, and which of them
have three zero points. It shows that both antennas work in

FIGURE 13. 10 g average SAR of both antennas at 2.45 GHz (accepted
power is 14 dBm): (a) Antenna 1, (b) Antenna 3.

FIGURE 14. The surface current distributions of Antenna 1 and Antenna 3
at 2.45GHz.

the3/4λ mode at the resonance frequency. The Antenna 2
is constructed by introducing parasitic branch based on
Antenna 1, and the Antenna 2 has strong current distribution
on and the parasitic branch and the metal frame, as shown
in Figure 8 (b).

In order to explain the mechanism of SAR reduction,
the magnetic field distribution of the two antennas at
2.45GHz is also analyzed. This paper selects the plane
directly below the antenna and 5mm away from the antenna
as the reference plane. The magnetic field distributions of
both antennas on the reference plane are given as shown
in Figure 9. It can be found that the magnetic field of
Antenna 2 (with the branch) at the position where the par-
asitic branch is added is significantly weaker than that of
Antenna 1 (without the branch). Therefore, according to
the SAR reduction design method proposed in this article,
the current density of the mobile terminal antenna will be
weakened by loading the parasitic branch, result in a lower
induced magnetic field and a lower SAR value.

C. LOW-SAR DESIGN II
In this part, another method will be used to control the surface
current of antenna. The rectangular slot is loaded in the strong
current area of the antenna, so that the surface current of the
antenna is far away from the human body tissues, and the
radiated magnetic field of the antenna to the human body
will be weakened. As shown in Figure 10, there are the
geometry and dimension of the Antenna 1 andAntenna 3. The
dimension of the rectangular slot is shown in Figure 10 (b).
To illustrate the effect of adding rectangular slot, properties of
the Antenna 1 without the rectangular slot and the Antenna 3
with the rectangular slot in Figure 10 are compared.
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FIGURE 15. The magnetic field distributions on the reference plane of
Antenna 1 and Antenna 3 at 2.45 GHz.

FIGURE 16. The photographs of the fabricated Antenna 1, Antenna 2 and
Antenna 3.

The simulated S11 curves of both antennas are given
in Figure 11. It can be seen from Figure 11, the −6 dB
operating band of Antenna 3 is slightly narrower than that of
Antenna 1 and both antennas can meet the required frequency
band of 2.4 G WLAN (2.4-2.49 GHz). The reason is that
the rectangular slot affects the impedance performance of the
Antenna 3. The simulated efficiency curves of both antennas
are given in Figure 12. Their efficiencies are basically the
same, and the efficiencies in the working frequency band are
more than 50% in 2.4 G WLAN band.

The SAR distributions of both antennas at 2.45 GHz are
shown in Figure 13. Also, the two antennas were placed 5mm
above the human tissue model. The accepted power of the
two antennas is 14 dBm, the peak values of 10 g average
SAR of Antenna 1 at 2.45 GHz is 0.276W/kg, while the SAR
peak value of Antenna 3 is 0.183 W/kg. Therefore, compared
with the Antenna 1, the 10g average SAR peak value of the
Antenna 3 is reduced by 33.7%, achieving a significant SAR
reduction effect.

FIGURE 17. Simulated and measured S11 of Antenna 1 (without the
branch) and Antenna 2 (with the branch).

FIGURE 18. Simulated and measured efficiency of Antenna 1 and
Antenna 2.

FIGURE 19. Simulated and measured S11 of Antenna 1 and Antenna 3.

TABLE 1. The simulation and measurement SAR peak values of the
proposed antennas.

The surface current distributions of both antennas
(Antenna 1 and Antenna 3) at 2.45GHz are shown
in Figure 14, and the surface current distributions on the meta
frame of the two antennas are basically the same. Compared
with the Antenna 1, the current distribution on the Antenna 3
is far away from the system circuit board by loading the
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TABLE 2. Comparison of the proposed work with other SAR reduction work.

FIGURE 20. Simulated and measured efficiency of Antenna 1 and
Antenna 3.

FIGURE 21. The photograph of SAR measurement setup.

rectangular slot structure as shown in Figure 14(b). The
human body is located under the system circuit board, so the
current distribution on the Antenna 3 can be far away from
the human body through the loading rectangular slot.

The magnetic field distributions of the two antennas at
2.45 GHz are also analyzed. Also, we select the plane directly

FIGURE 22. Measured 10 g average SAR of the proposed antennas (input
power is 14 dBm): (a) Antenna 1, (b) Antenna 2, (c) Antenna 3.

below the antenna and 5mm away from the antenna as
the reference plane. The magnetic field distributions of the
both antennas on the reference plane are given as shown
in Figure 15. It can be found that the magnetic field of
Antenna 3 at the position where the rectangular slot is added
is significantly weaker than that of Antenna 1 (without the
rectangular slot). Therefore, according to the SAR reduction
design method proposed in this paper, the current distribution
of the antenna will far away from the human body by loading
the rectangular slot, result in a lower induced magnetic field
and a lower SAR value.
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FIGURE 23. Measured radiation patterns at three frequency points:
(a) 2.4GHz, (b) 2.45GHz, (c) 2.48GHz.

D. PERFORMANCE OF THE PROPOSED ANTENNAS
Figure 16 shows photographs of the fabricated antennas.
The simulation and measurement S11 curves of Antenna 1
(without the branch) and Antenna 2 (with the branch) are
given in Figure 17. The measured S11 curves agree well with

the simulated results. From the measured S11 results, the S11
(<−6 dB) bandwidth of the Antenna 1 is from 2.39 GHz to
2.50 GHz, and which of the fabricated Antenna 2 is from
2.36 GHz to 2.53 GHz. Both of antennas can meet the desired
2.4 G WLAN band (2.4-2.49 GHz). According to Figure 18,
the efficiencies in simulation and measurement of both anten-
nas in the 2.4 GWLAN are above 40%. Due tomanufacturing
error and dielectric loss, the antenna simulation results and
test results are different. Figure 19 shows the simulation and
measurement S11 curves of Antenna 1 (without rectangular
slot) and Antenna 3 (with rectangular slot). The measured
reflection coefficient agrees with the simulated result basi-
cally. The −6 dB bandwidth of fabricated Antenna 3 is
2.36-2.55 GHz, which can meet the desired 2.4 G WLAN
band (from 2.4 GHz to 2.49 GHz). The simulation and mea-
surement total efficiencies of the Antenna 1 and Antenna 3
are given as shown in Figure 20, which are above 40% in
the operating frequency band. Reasons for the big difference
about measurement and the simulation of the Antenna 3 is
also due to the manufacturer errors and dielectric loss.

The photograph of SAR measurement setup is shown
in Figure 21. Figure 22 shows measured 10 g average SAR
of the fabricated antennas. The test power of the antennas is
14 dBm. Comparing Figure 7, Figure 13 and Figure 22, It can
be seen that the measured SAR distributions of the antennas
agrees well with the simulated results. The simulation and
measurement 10 g average SAR peak values of the antennas
at 2.45 GHz are recorded as shown in Table 1. It can be found
that the SAR peak values of both proposed low-SAR antennas
are decreased bymore than 30%, comparedwith the reference
antenna.

As shown in Figure 23, the measured and simulated radi-
ation patterns of proposed antennas at three frequencies in
the three principal planes are given. The measured radiation
patterns agree reasonably well with the simulated results.
As observed from the figure, adding the parasitic branch and
the rectangular slot do not change the radiation pattern of the
original antenna.

It is a comparison between the previous low SAR design
work and the proposed low SAR design work, as shown
in Table 2. In [5], absorbing materials are used to achieve the
low SAR design of the antenna, but adding wave-absorbing
material will deteriorate the efficiency of the antenna. The
rest of the reported work has designed various SAR reduction
structures to reduce the SAR value of the antennas, which
requires additional design space. The proposedwork achieves
a low SAR design without affecting the antenna efficiency,
which does not require an additional SAR reduction structure.

IV. CONCLUSION
The SAR reduction design method of mobile terminal anten-
nas is studied in the paper. According to the mutual exci-
tation and mutual transformation of the electric field and
the magnetic field in the time-varying electromagnetic field,
the magnetic field calculation formula of the antenna SAR
value is derived. Through using the boundary conditions of
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the medium, the relationship between the radiated magnetic
field of the terminal antenna and the magnetic field in human
tissue is analyzed. It can be concluded that the SAR distribu-
tions of the mobile terminal antenna is closely connected with
the radiated magnetic field strength and distribution of the
antenna. We further find that the current distribution on the
surface of the antenna is directly related to the magnetic field
distributions of the antenna. Furthermore, this paper proposes
two methods to adjust the surface current distribution of the
antenna to decrease the radiated magnetic field of the antenna
and achieve a lower SAR value. Finally, two low-SAR anten-
nas for mobile terminals are designed according to these two
methods. The results of Simulation and measurement show
that the SAR peak values of both low-SAR antennas are
weaken by over 30% compared with the original antenna. The
theories and methods presented in this paper can be used to
guide the SAR reduction design for terminal antennas.
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