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Reduction of the Peak SAR in the Human Head With
Metamaterials
Jiunn-Nan Hwang and Fu-Chiarng Chen

Abstract—The electromagnetic interaction between the antenna
and the human head is reduced with metamaterials. Preliminary
study of SAR reduction with metamaterials is performed by the
finite-difference time-domain method with lossy Drude model. It
is found that the specific absorption rate (SAR) in the head can
be reduced by placing the metamaterials between the antenna and
the head. The antenna performances and radiation pattern with
metamaterials are analyzed. A comparative study with other SAR
reduction techniques is also provided. The metamaterials can be
obtained by arranging split ring resonators (SRRs) periodically. In
this research, we design the SRRs operated at 900 and 1800 MHz
bands. The design procedure will be described. Numerical results
of the SAR values in a muscle cube with the presence of SRRs are
shown to validate the effect of SAR reduction. These results can
provide helpful information in designing the mobile communication equipments for safety compliance.
Index Terms—Metamaterials, lossy drude model, specific absorption rate (SAR), split ring resonators (SRRs).

I. INTRODUCTION

T

HE use of the cellular phones has been growing rapidly
in the global communities. The absorption of electromagnetic (EM) energy emitted from cellular phone has been discussed in recent years. Exposure guidelines for protecting the
human body from EM exposure have been issued in many countries. The specific absorption rate (SAR) is a defined parameter
for evaluating power deposition in human tissue. For the cellular
phone compliance, the SAR value must not exceed the exposure guidelines [1], [2]. Some numerical results have implied
may exceed
that the peak 1 g averaged SAR value
the exposure guidelines when a portable telephone is placed extremely close to the head [3], [4]. Therefore, many researchers
are working on reducing the SAR values. In [5], a ferrite sheet
was proposed to use as a protection attachment between the antenna and a head. It was found that a ferrite sheet can result in
SAR reduction and the radiation pattern of the antenna can be
less affected. In [6], a perfect electric conductor (PEC) reflector
was arranged between a human head and the driver of a folded
loop antenna. Numerical results showed that the radiation efficiency can be enhanced and the peak SAR value can be reduced.
In [7], a study on the effects of attaching conductive materials
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to cellular phone for SAR reduction has been presented. It indicated that the position of the shielding material is an important
factor for SAR reduction effectiveness.
Recently, metamaterials have inspired great interests due to
their unique physical properties and novel application [8], [9].
Metamaterials denote artificially constructed materials having
electromagnetic properties not generally found in nature. Two
important parameters, electric permittivity and magnetic permeability determine the response of the materials to the electromagnetic propagation. Mediums with negative permittivity
can be obtained by arranging the metallic thin wires periodically [10]. On the other hand, an array of split ring resonators
(SRRs) can exhibit negative effective permeability [11]. The
metallic thin wires and SRRs are narrow-banded and lossy materials. When one of the effective medium parameters is negative and the other is positive, the medium will display a stop
band. The metamaterials is on a scale less than the wavelength
of radiation and uses low density of metal. The structures are
resonant due to internal capacitance and inductance. The stop
band of metamaterials can be designed at operation bands of
cellular phone while the size of metamaterials is similar to that
of cellular phone. In [12], the designed SRRs operated at 1.8
GHz were used to reduce the SAR value in a lossy material. The
metamaterials are designed on circuit board so it may be easily
integrated to the cellular phone. Simulation of wave propagation
into metamaterials was proposed in [13]. The authors developed
the finite-difference time-domain (FDTD) method with lossy
Drude models for metamaterials simulation. This method is a
useful approach to study the wave propagation characteristics of
metamaterials [14] and has been further developed with the perfectly matched layer and extended to three-dimension problem
[15].
In this paper, the metamaterials are used for SAR reduction.
An anatomically based human head model and a dipole antenna
are assumed. The metamaterials are placed between the antenna
and a human head. Preliminary study of SAR reduction with
metamaterials is performed by 3-D FDTD method with lossy
Drude model. In order to study SAR reduction of antenna operated at the GSM 900 band, the effective medium parameter
of metamaterials is set to be negative at 900 MHz. Different
positions, sizes, and negative medium parameters of metamaterials for SAR reduction effectiveness are also analyzed. To
investigate the influence of metamaterials on the antenna, the
and antenna performances are demonstrated. The
peak
use of metamaterials is also compared with other SAR reduction techniques. We design the metamaterials from periodically
arrangement of SRRs. By properly designing structure parameters of SRRs, the effective medium parameter can be negative
around 900 and 1800 MHz bands. The SAR value in a simplified
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Fig. 1. Human head model for FDTD computation.

muscle cube with the presence of SRRs is studied. Numerical
results are demonstrated to validate the effect of SAR reduction
with metamaterials.
II. PRELIMINARY STUDIES OF SAR REDUCTION BY FDTD
METHOD WITH LOSSY DRUDE MODEL

TABLE I
COMPARISONS OF PEAK SAR

A. FDTD Method With Lossy Drude Model
Preliminary studies of SAR reduction with metamaterials
were performed by FDTD with lossy Drude model in this
section. The SAR reduction effectiveness and antenna performance with different positions, sizes, and negative medium
parameters of metamaterials will be analyzed. The head model
used in this study was obtained from MRI-based head model
through The Whole Brain Atlas1 website. Six types of tissues,
i.e., bone, brain, muscle, eyeball, fat, and skin, were involved
in this model. Fig. 1 shows a horizontal cross section through
the eyes of this head model. The electrical properties of tissues
were taken from [3], [4].
Numerical simulation of SAR value was performed by FDTD
method. The parameters for FDTD computation were as follows. The simulated domain were 128 128 128 cells. The
mm. The comcell sizes were set as
putational domain was terminated with 8 cells PML. A dipole
antenna was modeled by thin-wire approximation. The formu, where
and
lation of SAR is defined as
are the electric field, conductivity, and mass density in the head,
respectively.
Simulations of metamaterials are performed by FDTD
method with lossy Drude model. The method is a useful
method to understand the wave propagation characteristics of
metamaterials. In this method, let and be modeled by the
following expressions

(1)
(2)
where
and denote the corresponding plasma and damping
frequencies, respectively.
We can provide a slight variation of (1) as

(3)
1http://www.med.harvard.edu/AANLIB/home.html

Fig. 2. The head and antenna models for SAR calculation.

This model is actually Lorentz medium model, e.g.

(4)
where
and
.
With this method, we can treat the metamaterials as homogenous materials with frequency-dispersive material parameters.
B. SAR Calculation in the Head With Metamaterials
Fig. 2 shows the human head and antenna models in this
study. The antenna was arranged parallel to the head axis. The
distance between the antenna and head surface was 3.0 cm. The
SAR value was calculated for an antenna output power equal
without metamaterials
to 600 mW. The calculated peak
was 2.43 W/kg. The SAR simulation is compared with the results in [3], [4] for validation, as shown in Table I. Although
different head and antenna models were used, the simulated
is similar to their results.
The metamaterials were placed between the antenna and
human head. The distance between the antenna feeding point
and edge of metamaterials was 3 mm. The size of metamaterials
in xz plane was 45 mm 45 mm and thickness was 6 mm.
The SAR value and antenna performance with metamaterials
were analyzed. To evaluate the power radiated from the antenna,
was assumed equal to the comthe source impedance
plex conjugate of the free space radiation impedance
. The source voltage
was chosen to
obtain a radiated power in free space equal to 600 mW
. When analyzing the influence of the metamaterials and the human head on the antenna performance, the
and
source impedance and source voltage were fixed at the
values. The power radiated from the antenna was evaluated
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TABLE II
EFFECTS OF METAMATERIALS ON ANTENNA PERFORMANCES AND SAR
REDUCTION AT 900 MHZ

TABLE III
EFFECTS OF SIZES AND POSITIONS OF METAMATERIALS ON ANTENNA
PERFORMANCES AND SAR VALUES

by computing the radiation impedance in this situation
and used the following [16]:

(5)
The total power absorbed in the head was calculated by

(6)
Different negative medium parameters for SAR reduction
effectiveness were analyzed. We placed negative permittivity mediums between the antenna and the human head.
First, the plasma frequencies of the mediums were set to be
rad/s,
which give mediums with
and
at 900 MHz. The mediums with larger
and
were also studied. We
negative permittivity
rad/s, suggesting the mediums have losses.
set
Numerical results of SAR value and antenna performance are
becomes 1.73 W/kg with
given in Table II. The peak
and
mediums. Compared to the condition
without metamaterials, the radiated power is reduced for 8.78%
while the SAR is reduced for 28.8%. With the use of
and
mediums, the SAR reduction effectiveness is
decreased. However, the radiated power from the antenna is
less affected.
Comparisons of the SAR reduction effectiveness with different positions and sizes of metamaterials were analyzed. Simulation results are shown in Table III. In case A, the distance
between the antenna and metamaterials was changed from 3 mm
to 6 mm. In case B, the metamaterials thickness was reduced
and
from 6 mm to 3 mm. It is found that both the peak
power absorbed by the head increase with the increase of disor the decrease of thickness . In case C, the size of
tance
metamaterials was increased from 45 mm 45 to 48 mm 48
is reduced significantly
mm. It can be noted that the peak
while the degradation on the radiated power due to metamaterials is insignificant.
To further investigate whether the metamaterials less affected
the antenna performance or not, radiation pattern of the dipole
and
metamaterials were analyzed.
antenna with
The radiation patterns were obtained by the near- and far-field
transformation of the Kirchhoff surface integral representation
(KSIR) [17]. All the radiation patterns were normalized to the

Fig. 3. Calculated  plane radiation pattern at 900 MHz.

TABLE IV
COMPARISONS OF SAR REDUCTION TECHNIQUES WITH DIFFERENT MATERIALS

maximum gain obtained without materials. Fig. 3 shows the ra. In [5], the radiation patdiation patterns in plane for
tern close to the head is reduced about 6 dB and our simulation
result is similar to their result. With the use of metamaterials, it
can be seen that the maximum degradation of the far field does
not exceed 1.21 dB.
The use of metamaterials was also compared with other SAR
reduction techniques. The PEC reflector and ferrite material
were commonly used in SAR reduction. The PEC reflector and
ferrite sheet were analyzed with the same size and position as
metamaterials. The relative permittivity and permeability of
and
,
ferrite sheet were
respectively. Numerical results are shown in Table IV. A PEC
placed between human head and antenna is studied. It can be
is increased with the use of PEC
found that the peak
reflector. This is because the EM wave can be induced in the
neighbor of a PEC reflector due to scattering. When the size
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TABLE V
EFFECTS OF METAMATERIALS ON SAR REDUCTION (P
MHZ)
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= 0:6 W FOR 900

of PEC sheet is small compared to human head, the head will
absorb more EM energy. Similar results of peak SAR increase
with PEC placement was also reported in [5]. The use of ferrite
effectively. However, the
sheet can reduce the peak
degradation on radiated power from antenna is also significant.
In addition, compare to the use of ferrite sheet, the metamaterials can be designed at the desired operation frequency. The
metamaterials are designed on circuit board so it may be easily
integrated to the cellular phone. The design procedure will be
shown in Section III.
To study the effect of SAR reduction with the use of metamaterials, the radiated power from the dipole antenna with
and
mediums was fixed at 600 mW. Numerical results
are shown in Table V. It is found that the use of metamaterials
for 22.2%.
can reduce the peak
From simulation results, the metamaterials can reduce peak
SAR effectively and the antenna performances can be less affected. The metamaterials are resonant due to internal capacitance and inductance. The mediums will display a stop band
with single negative medium parameter. Besides, we need to
be more careful in taking the square root of negative and
of metamaterials. For example, instead of writing
, we
. When the mediums with
and
write
are studied, the propagation constant becomes

Fig. 4. The structures of SRRs.

Fig. 5. Top view of the FDTD setup for SRRs simulation (H ).

(7)
The propagation constant is imaginary and the fields inside the
metamaterials will fall off exponentially with the distance from
the surface.
III. SRRS DESIGN METHODOLOGY AND SAR REDUCTION
A. SRR Structure
From the FDTD analysis, we found that metamaterials can be
used to reduce the peak
in the head. In this section, the
metamaterials operated at 900 and 1800 MHz bands of the cellular phone were designed. The metamaterials can be obtained
by arranging SRRs periodically. The SRRs considered here consisted of two square rings, each with gaps appearing on the opposite sides. The configuration has a geometry that is similar to
the SRR structures in [18]. As shown in Fig. 4, the structure of
a single SRR is defined by the following structure parameters:
the square ring size , the ring thickness , the ring gap , and
the split gap . The resonant frequency of SRRs can be shifted
toward higher or lower frequency band by properly choosing
these structure parameters.
B. SRR Design and Simulation
Numerical simulation can predict the transmission properties of SRRs with various structure parameters. We used FDTD

Fig. 6. Modeled transmission spectra of SRRs placed in the yz plane.

method to simulate the SRRs structures. For all simulations, EM
wave propagated along the direction. The electric field polarization was kept along the axis and magnetic field polarization
was kept along axis. Periodic boundary condition was used
to reduce the computational domain and absorbing boundary
condition was used at the propagation region. The total-field/
scatter-field formulation was used to excite plane wave. The
region inside of the computational domain and outside of the
SRRs was assumed to be vacuum.
To verify our FDTD simulation, the structure parameters of
SRRs were chosen the same as [18]. The structure parameters
mm, and
mm. The thickness and
were
dielectric constant of the circuit board were 0.45 and 4.4 mm,
respectively. The SRRs were placed in the yz plane, as shown in
Fig. 5. The unit elements in the propagation direction were 25
elements. Periodic boundary conditions were applied normal to
the propagation direction. Fig. 6 shows the transmission spectra
of SRRs in this simulation. In [18], the measured results show
that the SRRs display a stop band extending from 8.1 to 9.5
GHz, which is similar to our simulation results.
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Fig. 9. Top view of FDTD simulation for SRRs with dielectric cube.

H

Fig. 7. Top view of FDTD simulation for SRRs placed in the xz plane (

).

Fig. 10. Modeled transmission spectra of SRRs placed in the xz plane with
dielectric cube.

Fig. 8. Modeled transmission spectra of SRRs placed in the xz plane.

The SRRs placed in the xz plane were considered, as shown
in Fig. 7. The structure parameters of SRRs were the same as
previous study in this section. The unit elements in the propagation direction were 20 elements. Periodic boundary conditions were applied normal to the propagation direction. Fig. 8
shows simulated transmission spectra of SRRs. The stop band
is shifted toward higher frequency band and extends from 18 to
24 GHz. From this study, it is found that both of the two incident polarizations can produce stop band. As shown in [19], the
stop band corresponds to a region where either permittivity or
permeability is negative. When the magnetic field is polarized
, it will produce a magnetic field
along the split ring axes
that may either oppose or enhance the incident field. A large capacitance in the region between the rings will be generated and
the electric field will be strongly concentrated. There is strong
field coupling between SRRs and the permeability medium will
be negative at stop band. On the other hand, the behavior of the
case.
stop band can be contrasted with that occurring for the
Because the magnetic field is parallel to the plane of SRRs, we
assume the magnetic effects are small, and that permeability is
condition, these
small, positive, and slowly varying. In the
structures can be viewed as arranging the metallic wires periodically. The continuous wires behave like high-pass filter, which

means the permittivity can be negative below the plasma frequency. For this metallic wire structures, there will be a stop
band around the resonance frequency. As shown in Fig. 8, a stop
poband occurs, but outside of the stop band region of the
larization. The contrast between the two stop bands in the
and
cases illustrates the difference between the magnetic
and electric responses of the SRRs. Theoretical investigations
band gap is due to negative perin [19] have shown that the
band gap is due to negative permittivity.
meability and the
We will investigate whether the performance of metamaterials is affected or not when placing closely to materials with
large dielectric constant and conductivity. The SRRs placed
and
was
closely to dielectric cube with
studied, as shown in Fig. 9. The simulation condition was the
same as above study except the presence of dielectric cube. The
is placed between the SRRs and dielecreceiving point of
tric cube. Fig. 10 shows the calculated transmission spectra of
SRRs. Compared to the condition without dielectric cube, the
magnitudes of transmission spectra are changed. However, the
frequency of stop band is not affected. The SRRs can still retain
their propagation properties if placed closely to large dielectric
materials.
From the numerical study by FDTD method with Drude
model, we find that the peak SAR value in the human head can
be reduced by using negative permittivity mediums. The SRRs
placed in the xz plane were considered. On the other hand, the
size of the metamaterials in the EM propagation direction will
not be too large with this placement. To construct the SRRs
for SAR reduction, we have changed the structure parameters
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Fig. 11. Modeled transmission spectra of the designed SRRs.

of SRRs that the stop band can be designed at 900 and 1800
MHz band, respectively. From FDTD simulation, we found that
the ring size is an important factor for operation frequency.
The stop band can be shifted toward lower frequency band by
increasing the ring size. To obtain a stop band at 900 MHz,
mm,
the structure parameters of SRR were chosen as
mm,
mm, and
mm. The periodicity
, axes were
mm,
mm, and
along
mm, respectively. On the other hand, to obtain a
stop band at 1800 MHz, the structure parameters of SRR were
mm,
mm,
mm, and
chosen as
mm. The periodicity along
, axes were
mm,
mm, and
mm, respectively. Both the thickness and dielectric constant of the circuit board for operating at
900 and 1800 MHz were 0.508 and 3.38 mm, respectively. The
size of the designed SRRs can also be reduced with the use of
high dielectric constant circuit board. As shown in Fig. 11, the
SRRs medium can display a stop band at 900 and 1800 MHz
after properly designing structure parameters.
It is known that a simple frequency selective surface (FSS)
can also be used to obtain a stop band. In [20]–[22], a number
of FSS are proposed for antenna application. In [22], the authors also proposed CLL structure which is similar to SRR for
antenna application. However, these structures display a stop
band at several GHz. We have tried to use high impedance surface structure [20] to reduce the peak SAR. However, we found
that when these structures are operated at 900 MHz, the sizes
of these structures are too large for cellular phone application.
A negative permittivity medium can also be constructed by arranging the metallic thin wires periodically [10]. However, we
found that when the thin wires are operated at 900 MHz, the
size is also too large for practical application. Because the SRR
structures are resonant due to internal capacitance and inductance, they are on a scale less than the wavelength of radiation.
In this study, it is found that the SRRs can be designed at 900
MHz while the size is similar to that of cellular phone.
C. SAR Calculation in a Muscle Cube
The designed SRRs were used to reduce the SAR value. Since
a 3-D model of the whole head with the presence of SRRs struc-

Fig. 12. Structure used in SAR calculation.

TABLE VI
EFFECTS OF SRRS ON THE ANTENNA PERFORMANCE AND SAR REDUCTION

ture requires a great amount of memory in FDTD computation,
a simplified muscle cube is studied to validate the effect of SAR
reduction. Fig. 12 shows the muscle cube used in SAR simula, and
tion. It was formed by muscle tissue with
at 900 MHz and
and
at 1800 MHz. The distance between the antenna and the muscle
cube was 25 mm. The designed SRRs were placed between
the antenna and the muscle cube. The finite sized SRRs with
, and
unit elements along each direction were considered. The radiated power from the antenna was
assumed to be 600 mW at 900 MHz and 125 mW at 1800 MHz,
respectively. The size of the muscle cube was chosen equal to
the length of the dipole antenna.
and antenna performance with SRRs were
The peak
studied. The results are given in Table VI. The radiated power
from the antenna operated at 900 MHz was changed from 600
became 5.59 W/kg, a reduction
to 528.8 mW. The peak
of 36.8% with respect to the condition without SRRs. The antenna operated at 1800 MHz with SRRs was also studied. The
beradiated power changed to 119.2 mW and the peak
came 0.54, a reduction of 44.3% with respect to the condition
without SRRs. It is found that the radiated power is less affected
is reduced significantly with the designed
while the peak
SRRs.
To study the effect of SAR reduction with the use of metamaterials, the radiated power from the dipole antenna with SRRs
were fixed at 600 and 125 mW at 900 and 1800 MHz operaare
tion bands, respectively. Numerical results of peak
values with SRRs are reshown in Table VII. The peak
duced for 27.57% and 37.62% at 900 and 1800 MHz, respectively. As a consequence, the designed SRRs can be used to re-
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TABLE VII
EFFECT OF SAR REDUCTION FOR 900 MHZ AND 1800 MHZ BANDS (P = 0:6
W FOR 900 MHZ AND P = 0:125 W FOR 1800 MHZ)

TABLE VIII
EFFECT OF SAR REDUCTION ON 5% FREQUENCY BANDWIDTH FOR 900 MHZ
AND 1800 MHZ

duce the EM interaction between the antenna and the muscle
cube.
In general situation, the bandwidth used for mobile communications is 5% or so. The effect of SAR reduction with the
designed SRRs on the 5% frequency bandwidth was studied.
Table VIII shows the numerical results.
Compared to the peak SAR values without SRRs at 900 and
1800 MHz, the performance of SAR reduction on the 5% frequency bandwidth is also significant.

IV. CONCLUSION
In this work, we have reduced the EM interaction between the
antenna and the human head with metamaterials. Based on the
3-D FDTD method with lossy Drude model, it is found that the
in the head can be reduced by placing the metapeak
materials between the antenna and the human head. The antenna performances can be less affected with the use of metamaterials. Comparisons with other SAR reduction techniques are
also demonstrated. We also designed metamaterials from periodically arrangement of SRRs. By properly designing structure
parameters, the stop band of SRRs can be designed at 900 and
in a
1800 MHz bands of the cellular phone. The peak
simplified muscle cube with the presence of the designed SRRs
is studied and a significant reduction can be obtained. The designed SRRs also have good performance of SAR reduction on
5% frequency bandwidth. Numerical results can provide useful
information in designing communication equipments for safety
compliance.
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