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Application of a Compact Electromagnetic Bandgap
Array in a Phone Case for Suppression of

Mobile Phone Radiation Exposure
Rupam Das and Hyoungsuk Yoo

Abstract— In this paper, a mobile phone case incorporating
electromagnetic bandgap (EBG) material is studied to intercept
electromagnetic (EM) waves from the phone and reduce the spe-
cific absorption rate (SAR). A loop antenna for the personal com-
munications service 1900-MHz band is considered. In addition,
three different mobile phone cases associating EBG structures
with optimized positions are used to improve SAR reduction.
Furthermore, antenna performance with an EBG structure is
investigated with a full-body EM simulation program, SEMCAD
X, and an individual performance analysis of each EBG structure
was carried out by using Ansoft HFSS. A human head phantom
to replicate the specific anthropomorphic mannequin model was
used for measurements. From simulation and measurement, it is
found that placing an EBG structure in a phone case can improve
antenna gain and reduce SAR. Moreover, a maximum gain
increment of 19% and an SAR reduction of 24% were found.
This paper reveals the future applications of EBG structures for
SAR reduction in mobile phones.

Index Terms— Electromagnetic bandgap (EBG), electromag-
netic (EM) exposure, gain, phone antenna, specific absorption
rate (SAR).

I. INTRODUCTION

IN RAPIDLY developing contemporary societies, the use of
electronic devices is, nowadays, a global need. Electronic

devices are recognized as an essential element of daily life,
and interest in mobile phones has significantly increased.
Different techniques and ideas are used in mobile phone
antennas for 4G applications in order to increase antenna
bandwidth and efficiency [1]–[4]. In addition, more antennas
installed in a phone cause thermal heating, which can be
a challenging problem for safety. Moreover, the usage of
mobile phones close to the body makes it more dangerous than
other electromagnetic (EM) devices, due to EM exposure and
thermal effects at specific frequencies. However, it is difficult
to measure the calorific value of these thermal effects [5].
Therefore, specific absorption rate (SAR), which measures

Manuscript received July 24, 2017; revised October 4, 2017 and
November 9, 2017; accepted December 5, 2017. Date of publication
January 5, 2018; date of current version May 4, 2018. This work was sup-
ported by the Basic Science Research Program through the National Research
Foundation of Korea, Ministry of Education, Science and Technology, under
Grant 2016R1D1A1A09918140. (Corresponding author: Hyoungsuk Yoo.)

R. Das is with the Department of Biomedical Engineering, University of
Ulsan, Ulsan 680-749, South Korea (e-mail: rupamgump@gmail.com).

H. Yoo is with the Department of Biomedical Engineering, Hanyang
University, Seoul 04763, South Korea (e-mail: hsyoo@hanyang.ac.kr).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMTT.2017.2786287

the EM energy absorbed per mass of tissue, is used in
limiting mobile phone radio-frequency exposure. The SAR
limit of 1.6 W/kg averaged over 1 g of head tissue from
ANSI/IEEE C95.1-2005 was recommended by the Federal
Communications Commission [6].

There are many studies to address the EM exposure caused
by a smartphone [7]–[9]. Takei et al. investigated the variation
of SAR when a smartphone is held at different positions near
the torso [7]. The conclusion of that study is that SAR values
largely depend on the tilt angle of the smartphone, and all
SAR values were lower than the regulation value. However,
Rodriguez et al. [8] reported that exposure to radiation from
mobile phones results in different SAR doses to specific tissues
in children, compared with adults. They found that the peak-
spatial SAR estimated for the five-years-old female brain is
approximately twice that of individual adults. Therefore, it is
misleading to assume that compliance with the recommended
exposure limits guarantees the absence of health risks. As a
consequence, it is highly important to reduce the EM exposure
from smartphones to avoid adverse health effects, especially
for young children.

The electromagnetic bandgap (EBG) structure [10]–[13] and
metamaterial [14], which have notable application potential,
can stop EM radiation over a wide frequency range due to their
periodicity. An EBG structure has high EM surface impedance,
which is capable of suppressing the propagation of surface
current, and it acts as a perfect magnetic conductor (PMC) in
a specified frequency range. In addition, the EBG structure has
stopband characteristics and can control the radiation pattern
of the antenna. The EBG can also reduce the surface waves
that generate EM waves which travel toward the human head.
Kwak et al. [10] placed a square and interdigitated patch EBG
structure in front of the phone antenna beside the head to
reduce the SAR. In [5], they furthered the study by incorporat-
ing their design in a mobile set. However, modern smartphones
contain several antennas (4G/3G, Wi-Fi, and Bluetooth), and
these antennas can interfere with the EBG structure if placed
inside the smartphone’s circuitry. In addition, designing an
EBG to obtain the desired characteristics may require a thicker
substrate, which can increase the size of the smartphone. Since
the vast majority of people nowadays use a mobile phone case
to protect or decorate their valuable smartphones [15], we pro-
pose placing an EBG structure within the mobile phone case.

In this paper, a phone case with an EBG structure for SAR
reduction is proposed. For this purpose, three EBG structures
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with edge-loacted vias also proposed and discussed. This paper
is organized as follows. Section II describes the characteristics
of the proposed antenna and three different EBG structures.
The optimum position of an EBG structure in a phone case
is discussed in this section, too. In Section III, a comparison
of various case materials is presented to inspect the varia-
tions in SAR distribution. For simulation, the commercially
available HFSS as well as an SEMCAD program were used,
and a specific anthropomorphic mannequin (SAM) phantom
was included for measurements. In addition, proposed EBG
structures were fabricated, and simulation results are presented
with measurement results.

II. METHODOLOGY

A. Antenna Design and Characteristics

Current smartphone antennas generally use signal frequency
bands, such as 850, 900, 1800, 1900, and 2600 MHz, for both
transmission and reception. The higher frequency bands (such
as 2600 MHz) have a greater data capacity than lower fre-
quency bands, so they can deal with many people connecting
at once but do not fare so well over long distances, making
them ideal for cities and other compact, densely populated
areas but not as good for rural locations. On the other hand,
lower frequency bands (such as 800 MHz) can easily travel
over long distances but do not provide the same data capacity
as higher frequency bands. Being low frequency, they are also
better at penetrating walls, and so provide an improved signal
when indoors. The 1800- or 1900-MHz bands strike a balance
between coverage and capacity (falling between the extremes
of the 2600- and 800-MHz bands), which makes them a good
“middle-ground” for getting 4G around the country. Therefore,
personal communication service 1900-MHz band is considered
for this paper.

The proposed antenna was designed based on a study by
Pascolini et al. [16]. This antenna patent was proposed by
Apple and implemented in IPhone 4 and later versions. This
patent describes antenna assemblies that can function as part
of a wireless device’s bezel to reduce the overall size of
the product. As this is a commercially available product,
we did not include the elaborate design details. Fig. 1(a) shows
the antenna geometry, with detailed dimensions in Fig. 1(b).
This antenna consists of a main radiator, a parallel-fed loop
antenna, and a ground plane. The antenna is printed on
a 1-mm-thick flame retardant (FR4) substrate (εr = 4.4,
tanδ = 0.02), which is considered the system circuit board
of the phone. The dimensions of the radiator with feed
point are 13 mm × 50 mm × 1 mm, whereas the overall
dimensions of the antenna, including the ground plane, are
111 mm × 50 mm × 1 mm. The antenna is typically placed
at the bottom of a smartphone body. The resonant modes at
1900 MHz can be generated by using a loop line, adjusting the
length “ab.” In addition, positions for points “b” and “c” are
adjusted to efficiently tune the resonant frequency. To calculate
SAR level and antenna characteristics, the finite-difference
time-domain (FDTD) numerical method (SEMCAD X 14.8,
SPEAG, Zurich [17]) was used at 1900 MHz.

Fig. 1. Proposed antenna. (a) Basic antenna with ground. (b) Dimensions of
the antenna (units are in millimeters and figures are not drawn to scale).

B. EBG Structure

EBGs are periodic arrangements of dielectric or metallic
elements in a 1-D, 2-D, or 3-D manner. A periodic structure
can give rise to multiple bandgaps, since the bandgap is not
only due to the periodicity of the structure but is also due
to the individual resonance of one element. The periodicity
governs the macroscopic resonance or the Bragg resonance,
and the lattice resonance, whereas the microscopic resonance
is due to the element characteristics and is called the Mie res-
onance [18]. When the two resonances coincide, the structure
possesses a bandgap having a maximum width.

The bandgap property of any EBG structure is dependent on
the dielectric constant, the thickness of the substrate, as well
as on the EBG structure geometry. During the early phases
of research on EBG structures, studies mainly focused on the
3-D geometries; 3-D EBG structures are formed by stacking
different EBG layers to form a 3-D structure [19]. These 3-D
EBG structures are very complex in design and fabrication.
Later on, researchers found planar types of EBG structures.
One is the mushroomlike EBG surface [20], and another is
the uniplanar EBG surface [21], [22]. The essential difference
between mushroom and uniplanar EBGs is the presence or the
absence of shorting vias, which act as a shunt inductance.
In addition, a mushroom EBG can suppress both TE and TM
surface waves, whereas the uniplanar EBG can suppress only
TE waves [23].

Conventional mushroom-type EBG is consisting of a
solid patch with a cylindrical via connecting to the ground
plane. Mushroomlike EBG structures proposed by Sievenpiper
et al. [20] are compact in size, have low loss, and can be
easily integrated into a system. The resonant frequency ( f )
of the plain square mushroom EBG structure is given in [11]
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and [20]

f = 1/(2π
√

LC) (1)

L = μoh (2)

C = (aεo (εr + 1)/π) (cosh−1(1 + a/p)) (3)

where L, C , and εr are the inductance, capacitance, and sub-
strate relative permittivity of the EBG structure, respectively.
Based on these equations, it can be said that the transmission
response of the mushroom-type EBG depends upon the size of
the patch (a), the radius of the via (r ), the gap between the unit
elements or periodicity (p), and the substrate height or thick-
ness (h). Therefore, an optimum selection of these parameters
is required for the desired applications. An initial selection of
these parameters can be approximated based on the equations
derived in [22]

a = 0.12λs p = 0.02λs h = 0.04λs r = 0.005λs (4)

where λs is the wavelength in the dielectric substrate of the
EBG structure. An RT/duroid 6010.2 material with εr = 10.2
and tanδ = 0.02 was used as a substrate for the EBG design,
which is different than the antenna material. The substrate
thickness (h) should be smaller so that it can be easily
incorporated in a phone case. On the other hand, this thickness
also controls the inductance (L) of the EBG. According to the
approximation in (4), h = 2 mm, which is too large to be
placed inside a phone case. Hence, a commercially available
substrate thickness of 0.625 mm (0.0125λs) was chosen. Nev-
ertheless, lower h leads to lower L from (2) and consequently
a higher resonant frequency ( f ). As a result, to reduce the
resonant frequency, a high capacitance value (C) is required.
According to (3), C can be increased by increasing the patch
size (a) and/or by decreasing the gap (p). Therefore, to have a
higher capacitance, a larger value of a = 8 mm (0.16λs) and
a lower value of p = 0.5 mm (0.01λs) were elected. The via
radius (r ) was selected as 0.3 mm (0.006λs). These are the
initial parameter considered for each EBG structure discussed
in this paper. Based on these fixed parameters, EBG patch
geometry is optimized, as shown in Fig. 2. In this paper, three
different types of EBGs are proposed by modifying the mush-
room EBG (i.e., patch geometry) for in-phase reflection (i.e.,
improving the gain of the mobile phone antenna) and EM
wave suppression (i.e., blocking of EM wave which may travel
toward the human head).

The first EBG unit cell (EBG 1) considered for this paper is
based on the simplistic hairpin resonator [24], [25]. It consists
of two patch arms with a gap between them, as shown
in Fig. 2(a). The second EBG (EBG 2) structure is made
of a concentric rectangular patch ring as shown in Fig. 2(b).
The lattice-type EBG in Fig. 2(c) comprises numerous slots
in the patch, and the length or width of these slots can be
regulated to match the resonant frequency. The 3-D geometry
of the unit cell is included in Fig. 2(d), which reveals that
via (diameter = 0.6 mm) is connected to the ground and
p is the lattice constant or periodicity (i.e., gap between the
two adjacent unit cells = 0.5 mm). The volume of the three
different EBG structure unit cells is 8 mm×8 mm×0.625 mm.
For simplicity, the hairpin, the ring, and lattice types of the

Fig. 2. Different unit cell shapes of an EBG. (a) Hairpin. (b) Ring. (c) Lat-
tice. (d) 3-D view of a unit cell. (e) Comparison of reflection coefficient (S11)
between a circular- and a square-shaped EBG.

structure will be denoted as EBG 1, EBG 2, and EBG 3,
respectively, for the rest of this paper.

In general, the shape of the patch can be either
square/rectangular or circular/elliptical. For the same patch
geometry, a circular-shaped patch covers less area than a
rectangular patch, which results in a higher resonant fre-
quency ( f ) for a circular patch. Fig. 2(e) shows S11 for
the EBG 2 structure to demonstrate the comparison between
a circular-shaped EBG and a square-shaped EBG. From
Fig. 2(e), it is confirmed that when the square patches of
the EBG 2 are replaced by circular patches, then resonant
frequency shifts to a much higher frequency. Due to this,
square/rectangular patch/slot was elected over circular-shaped
patch to maintain a compact EBG design.
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Fig. 3. (a) Simulation setup for in-phase reflection coefficient of an EBG
unit cell. (b) Simulated phase of the reflection coefficient of the EBG unit
cell.

1) In-Phase Reflection: The reflection phase is defined as
the phase of the reflected electric field at the reflecting surface,
which is normalized to the phase of the incident electric field at
the same surface. In general, a perfect electric conductor (PEC)
has a reflection phase of 180° for a normally incident plane
wave, while the PMC, which does not exist in nature, has
a reflection phase of 0°. EBG materials offer the possibility
of creating a PMC because of their in-phase (0°) reflection
features in a certain band of frequencies. This feature enables
efficient radiation for antennas placed close to the EBG struc-
ture. To determine the frequency band, an Ansys HFSS model
is established based on Fig. 3(a). Using the finite-element
solver of HFSS, the reflection phase has been computed under
normal incidence. Taking advantage of the symmetry of the
problem, the unit cell of the EBG structure was analyzed by
applying two PMC and two PEC boundaries on the sides of
a unit cell, as indicated in Fig. 3(a). By deembedding the
wave port impedance up to the top of the cell, the phase
of the reflection coefficient can be obtained. Fig. 3(b) shows
the reflection phase of normally incident plane wave on the
EBG structures versus frequency. The 0° reflection phase for
each EBG was adjusted to 1.9 GHz, which is corresponding
to the mobile phone antenna frequency. The PMC operation
bandwidth is very narrow due to the thinner substrate of the
unit cell, and this narrow bandwidth also ensures that these
EBG structures will not interfere with other signal frequencies,
such as Bluetooth or Wi-Fi.

2) EBG Structure Array Characterization: The periodic
structure can be characterized as an EBG using the suspended
strip method [26] or the directive transmission method [27].
This paper applies the suspended strip line method, as this
method is much similar to the implementation of an EBG as
a filter. It is very simple, time saving, and used to find the
surface wave suppression characteristics of EBG structures.
Fig. 4(a) shows the HFSS setup for this method. A suspended
strip line over the 6 (m) × 2 (n) cell arrangement is used
to test the transmission response of the EM waves. The strip
height is 0.02λ. The structure will block the transmission of
power along the strip line for frequencies within the bandgap
region, and a noticeable reduction in S21 can be observed at

Fig. 4. (a) Suspended line above the EBG surface for simulating the
transmission characteristics. Transmission coefficient (S21) calculation with
a variation in (b) l for EBG 1, (c) w for EBG 2, (d) s for EBG 3, (e) EBG
array size, and (f) via position for EBG 2. (g) Normalized surface current
distribution for two different via locations.

a certain frequency band. For this paper, the frequency range
with attenuation losses of less than −10 dB is considered as
the bandgap. The bandgap of the EBG lattice was chose as
close to the frequency band of the 4G antenna, so that it can
block the transmission of an EM wave toward the human head
and reduce the exposure.

3) Parametric Study of EBG Structures: It is well known
that mushroom-type EBG structures can be tuned by changing
the short pin or via diameter (inductance) as well as by
changing the substrate thickness (capacitance). In addition,
the patch geometry also controls the resonant frequency and
the performance of an EBG structure. In this paper, three
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Fig. 5. (a) EBG structure in a phone case. (b) Details of antenna and EBG
position. (c) SEMCAD simulation setup with SAM phantom.

different types of mushroom EBGs are introduced. However,
the detailed parametric study of each EBG structure is beyond
the scope of this paper. Therefore, an important parameter
from each configuration is considered to check the variation
in transmission loss (S21).

The patch length “l” is an important variable in EBG 1.
This length acts as an inductor and affects the resonant
frequency significantly as shown in Fig. 4(b). Increment in
“l” causes that the resonance frequency shifts toward the
lower frequency side due to an increase in the inductance
value. For the ring-type EBG, a variation in patch width “w”
is shown in Fig. 4(c). It can be seen from Fig. 4(c) that
as “w” increases, the resonance frequency shifts toward the
higher frequency side due to the decrease in the inductance
value. Another important observation from Fig. 4(c) is the
attenuation (transmission loss, S21), which also increases with
an increment in “w” value. Fig. 4(d) shows the effect of slot
width “s” on the transmission response of the lattice-type
EBG (i.e., EBG 3). However, not much change in stopband
characteristic is observed except a little shift in frequency at
“s” = 1.5 mm. Furthermore, the variation in array size (m×n)
is represented in Fig. 4(e). Six unit cells of EBG structures
were used in order to fit into the width of the phone case
while reducing the radiated power from the antenna. Therefore,
the value of “m” was fixed at 6. Fig. 4(e) indicates that by
increasing the array size, more attenuation in stopband can
be obtained, and it introduces additional stopband as well.
The additional stopband is undesirable for mobile phones,
as this band may interfere with other signal frequencies, such
as Bluetooth or Wi-Fi. Hence, the EBG array size is chosen
as 2 × 6 for this paper.

The position of the via is an important factor for the
miniaturization of an EBG structure. In this paper, three
via positions, namely p1, p2, and p3, are considered. These
three positions are indicated in Fig. 2(d). By moving the via

Fig. 6. Antenna parameters for optimum EBG position. (a) Gain. (b) TRP.

position from the edge to the center of the EBG structure,
the stopband characteristics can be moved to a much higher
frequency, as shown in Fig. 4(f). A comparison of surface
current distribution between edge-located and center-located
via for EBG 2 is visualized in Fig. 4(g). The purpose of
moving the via position from the center to the edge is to
increase the electrical path of each element. This edged-
located configuration decreases the resonant frequency of the
traditional mushroomlike structure by 20% [28], [29].

4) Position of the EBG Structure With a Phone Case:
The EBG structures were placed at the back of an arbitrary
phone case (εr = 3), as shown in Fig. 5. By doing this,
the EBG structure can be moved easily, as there is a lot
of space available at the back of the phone case. Moving
various distances along the y-axis, the most effective results
for optimized distances for each EBG structure are derived.
The point at position d = 0 mm indicates the bottom of the
phone case. Fig. 5(b) represents the details of the phone frame
dimensions as well as the separation between the antenna and
the EBG structure. SEMCAD simulation setup by using the
SAM phantom with and without EBG structures is shown
in Fig. 5(c). The optimized position selection, gain, and total
radiated power (TRP) characteristics of a 4G antenna using
the proposed EBG structures were mainly studied, as shown
in Fig. 6. It is clear from Fig. 6 that EBG 1 shows low gain and
TRP, compared with a phone case without the EBG. As the
EBG 1 structure moves to d = 10 mm, the performance is
improved. However, EBG 2 and EBG 3 structures increased
the antenna gain for all considered distances, as shown
in Fig. 6(a). Furthermore, the TRP values slightly increased
for the EBG 2 and EBG 3 scenarios when d is greater than
10 mm, as shown in Fig. 6(b). Therefore, the optimal distance
d = 11 mm was chosen for all EBG structures. It should
be noted that for all cases, the antenna gain was defined in
the direction of maximum radiation, and this direction was
θ = 225° for a phone case with EBG structures located at
various distances.

III. RESULTS

Fig. 7(a)–(d) is the snapshots of the fabricated antenna
with EBG arrays based on the optimized design variables and
simulation results. The loop antenna was fabricated using an
FR4 substrate at a thickness of 1 mm, and EBG structures
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Fig. 7. Photographs of the fabricated antennas. (a) Antenna. (b) EBG
1 array. (c) EBG 2 array. (d) EBG 3 array. (e) Antenna measurement setup.
(f) Phone cases of different materials and EBG structures.

were fabricated using RT/Duroid 6010.2 with a thickness
of 0.625 mm. The experimental setup for the radiation pattern
measurement is shown in Fig. 7(e). During the measurement,
a phantom was used to replace the SAM model (εr = 40 and
tanδ = 1.4) at 1900 MHz. Furthermore, three phone cases
were designed to check the variation in SAR. Each phone
case had different dielectric constants: acrylonitrile butadiene
styrene (ABS) resin (εr = 2.6), which is similar to the
dielectric constant of plastic, polyurethane resin (εr = 6),
and silicone (εr = 11.2). ABS (black), urethane (black), and
silicone (red) cases are shown in Fig. 7(f).

Measured reflection coefficient (S11) for different scenarios
is shown in Fig. 8. EBG structures were fixed in optimized
locations for these phone covers. The S11 parameter of the
antenna changed according to the material of the phone

Fig. 8. Measured reflection coefficients (S11) of the proposed antenna for
different scenarios.

Fig. 9. Normalized surface current density distribution of phone case with
(a) εr = 3.6, (b) εr = 11, and (c) εr = 3.6 and EBG.

cases. However, the antenna still resonated at 1900 MHz,
regardless of the various EBG structures and phone covers.
This is a fundamental performance evaluation for a mobile
phone, which indicates that using a phone case with an EBG
structure does not hamper communication between the device
and the base station. The peak gain values of the antenna
at optimized locations for all EBGs and phone cases are
presented in Table I. The results of the measurement agreed
well with the simulation. Compared with the cases with no
EBG, peak gain improvements of 3–19% were observed.

We see in Table I that maximum and minimum improve-
ment in gain, respectively, were obtained for EBG 3 and
EBG 1 structures, respectively. It is also important to note
that high-dielectric (εr )-based phone cases also affects the



DAS AND YOO: APPLICATION OF COMPACT EBG ARRAY IN PHONE CASE FOR SUPPRESSION OF MOBILE PHONE RADIATION EXPOSURE 2369

TABLE I

PEAK GAIN VALUE OF THE ANTENNA WITH DIFFERENT
EBG STRUCTURES AND PHONE CASES

results. Fig. 9 shows the surface current overlay plot for
the phone case with and without EBG structure. As this
current induces in dielectric, it can be refer as a displacement
current (JD). According to Ampere’s law with Maxwell’s
correction, the field inside a material is agitated by conductive
current (JC ) and displacement current and is defined as

� × B = μJC + μJD = μσ E + iμεoεrωE (5)

where B is the magnetic field, E is the electric field, ω is
the angular frequency, εr is the relative permittivity, εo is the
permittivity in vacuum, σ is the conductivity, and μ is the
magnetic permeability. The term i is a complex unit, which
introduces a 90° phase shift between JC and JD . Conduction
current in a sample with nonzero conductivity (σ ) results in
the dissipation of EM energy as heat (or SAR). Displacement
current can be seen as a secondary field source supporting the
propagation of EM fields through the sample. The high-value
permittivity (εr ) of the dielectric material between the antenna
and the sample leads to a high intensity of displacement
current (JD) adjacent to the human body, which enhances the
field in the region near the material. In magnetic resonance
imaging, high dielectric pad is generally used to increase
the displacement current intensity and to increase the signal-
to-noise ratio as well as to reduce SAR [30]. In principle,
generation of high displacement current plays an important
role to enhance the antenna gain and to reduce SAR. A slight
improvement in surface current is observed when εr increased
from 3.6 to 11, as represented in Fig. 9(a) and (b). However,
a significant boost in JD is found when an EBG structure
is placed in the phone case even with a low εr , as shown
in Fig. 9(c). Therefore, by using a high-dielectric phone
case along with an EBG structure, the antenna gain can be
enhanced.

It is also important to note that the performance of EBG 3
is better than EBG 1 and EBG 2. This can be explained by
plotting the surface impedance for each EBG structure. For
the square lattice mushroomlike EBG structure discussed in
this paper, the capacitor (C) comes from the gap between

Fig. 10. (a) Calculated surface impedance plot for EBG 2. (b) Reflection
phase of EBG 2. (c) Reflection magnitude of EBG 2. (d) Magnitude of surface
impedance of three EBG structures.

the adjacent patches, and the conducting paths through the
vias and the ground plane provide a sheet inductance L.
Thus, the behavior of the EBG structure can be reduced to a
parallel resonant circuit [20], and the structure can be modeled
analytically by using the simple parallel LC resonant circuit.
The impedance of this circuit is the surface impedance (Zs)
and is given in [20]

Zs = ( jωL)/(1 − ω2 LC) ω = ωo = 1/
√

LC (6)

where ωo is the angular frequency at resonance. Inductance L
and capacitance C can be approximated by using (2) and (3).
Once Zs is known, the reflection coefficient 
 for the effective
medium model can be represented as follows:


 = (Zs − η)/(Zs + η) (7)

where η indicates the plane wave impedance in free space.
The surface impedance can be numerically calculated by
the simulation setup as shown in Fig. 3(a). The surface
impedance plot for EBG 2 is shown in Fig. 10(a), along
with the magnitude and phase of the reflection coefficient
in Fig. 10(b) and (c), respectively. Above the resonant fre-
quency, the surface is capacitive, and TE waves are supported,
and below the resonant frequency, TM waves are supported.
Note that the impedance is almost entirely imaginary except
in a narrow region near resonance. At the resonance, ω = ωo,
and Zs theoretically becomes infinite according to (6). The
above-mentioned phenomenon can also be confirmed from
Fig. 10(a)–(c). It is observed that at resonance [Fig. 10(c)],
the reflection phase crosses zero as shown in Fig. 10(b), and
the EBG structure gives large real impedance in accordance
with Fig. 10(a) and (6). Therefore, the EBG structure acts as
high impedance surface, where the electric field has an antin-
ode at the surface, while the magnetic field has a node [20].
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Fig. 11. Radiation patterns with |E|-plane (units are in dBi). (a) ABS case.
(b) Urethane case. (c) Silicon case.

Another term for such a surface is a “magnetic conductor,”
because the tangential magnetic field at the surface is zero.
A comparison of the magnitude of Zs among three EBGs
is represented in Fig. 10(d). It is obvious from Fig. 10 that
the surface impedance of EBG 3 unit cell is significantly
higher than other two EBGs. In other words, due to the higher
impedance, lattice-type EBG (i.e., EBG 3) provides more
surface wave suppression, thus improving the antenna gain
and reducing an SAR (will be discussed next) as compared
with EBG 1 and EBG 2.

5) Radiation Pattern and SAR Distribution: For simulation
and measurement, the position of the right ear was assumed
for the phone and the SAM phantom as shown in Fig. 5(c).
Before calculating the SAR value, the radiation patterns of the
antenna were simulated at 1900 MHz and measured. During
measurement, the phantom was used to replace the SAM
model, as shown in Fig. 7(e). The simulated and measured
values for radiation patterns were compared by using the E-
plane, as shown in Fig. 11. In the E-plane, the angle range
from 90° to 270° is the area that faces the human head.
Some sharp peaks were observed in the no EBG cases during
measurement as opposed to cases with EBGs. It is clear from

Fig. 12. SAR distributions in the xy plane. (a) No EBG. (b) EBG 1 with
an ABS case. (c) EBG 2 with a urethane case. (d) EBG 3 with a silicon
case. (e) For all scenarios.

the E-plane pattern that from 40° to 350°, the gain value is
reduced for different EBG cases, as compared with cases with
no EBG. Mathematically, SAR is defined by

SAR = σ E2/ρ (8)

where E is the electric field, σ is the conductivity of the
sample, and ρ is the mass density. Since, SAR is related to
the E-field, this result shows that the SAR in the head can be
reduced with the proposed EBG phone case.

The maximum 1-g peak SAR is limited to 1.6 W/kg for
mobile phone exposure in a human head. Therefore, for SAR
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TABLE II

SAR DISTRIBUTIONS OF THE ANTENNA

calculations, the input power to the antenna is normalized
to 1.6 W/kg. SAR distributions through the cross-sectional
areas are shown in Fig. 12. SAR intensity and distribution
are visualized in the xy plane, which is located at a distance
of 11 mm from the right ear edge. With “no EBG” case,
the hot spots of the xy plane are more intense, as shown
in Fig. 12(a). There is a little reduction in SAR for EBG 1,
whereas, for EBG 2 and EBG 3, SAR decreased significantly,
as shown in Fig. 12(b)–(d). Fig. 12(e) shows the SAR
distributions by considering all the EBG structures and phone
cases. Table II indicates the peak 1-g SAR for each scenario.
A closer examination of Table II reveals that without any EBG
structure, silicon and urethane phone cases produce higher
peak SAR (1.66 W/kg), compared with the ABS phone case.
However, a silicon phone case produces the least SAR when
associated with an EBG structure, and the lowest SAR was
produced by a combination of EBG 3 and a silicon phone case.
It is noteworthy that EBG 3 provides maximum antenna gain
as well as minimum SAR in this paper. Due to higher surface
impedance as shown in Fig. 10, most of the surface waves
propagating toward the head are reduced by EBG 3 (compared
with EBG 1 and EBG 2), and thus, less heat is dissipated into
the head tissue, which results in a lower SAR while improving
the antenna gain. In addition, when solving for peak SAR on
the SAM phantom, a peak SAR reduction of 4.8%–24% was
observed with the proposed EBG structures.

IV. CONCLUSION

EM exposure associated with mobile phones still remains
an issue to be addressed for human safety, especially for
children. In this paper, a method using EBG structures in
three different phone cases was studied for reducing EM
radiation generated by a mobile phone placed next to the
human head. The proposed antenna and EBG structures were
tuned and analyzed by using Ansoft HFSS and SEMCAD

FDTD at 1900 MHz. These EBGs and antennas were fab-
ricated, and the performance of the structures was measured
by using a human head phantom. The 1-g peak SAR was
numerically calculated for different scenarios to determine the
EM exposure. We found that by using an EBG structure,
antenna gain can be increased, and these structures can help
to reduce radiated power around the head. The maximum
improvement in the antenna performance was found for the
EBG structure, which can provide more surface impedance
around the human head. This paper shows that hairpin- and
ring (simple structure)-type EBGs are easy to tune at different
frequencies, whereas lattice-type (complex structure) gives
higher surface impedance. In addition, the phone case material
also plays an important role, and finally, a 24% reduction
in 1-g peak SAR was achieved using a thin lattice-type EBG
structure in a silicon phone case.
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