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Abstract—This study investigates the performance of a dipole
antenna above electromagnetic band gap (EBG) substrates with
different number of patches to realize a low specific absorption rate
(SAR) antenna for a 4G wireless communications system (3.5 GHz
band). A cubic head model is used for the initial analysis to
estimate the radiation characteristics and the SAR of the antenna.
Computational results have shown that the antenna above an EBG
substrate could provide a maximum reduction of 81% in the SAR
and a radiation efficiency improvement of 10% when compared with
the antenna above a perfect electric conductor (PEC) ground plane.
However, the antenna above an EBG substrate with a lower number
of patches results in a higher resonance frequency and cannot provide
sufficient SAR reduction In both the cubic and realistic head models, a
similar tendency was observed in the SAR reduction capability of the
antenna above the EBG substrates when compared with the antenna
above the PEC ground plane. For the realistic head model, the SARs
of the dipole above EBG substrates with 20 or 24 EBG patches can
be reduced by 16% when compared to the case with 12 or 16 EBG
patches. The variability of the SAR in the operating frequency band
(|S11 | > 10 dB) of the antenna is 5–35% for different EBG substrates.
1. INTRODUCTION
Much attention has been paid to the adverse health effects due to
electromagnetic (EM) wave exposure from mobile handsets used in
proximity to the human head. Hence, safety guidelines for EM
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wave exposures have been established by international standardization
bodies [1, 2]. The specific absorption rate (SAR) averaged over 10 g of
tissue is used as a metric for human safety against localized exposure
because it correlates to the temperature elevation in human body [3].
The SAR limit for the general public environment is 2.0 W/kg as
prescribed in the international guidelines and standards [1, 2].
A handset with a compact antenna having low SAR and high
radiation efficiency characteristics are the essential requirements for
mobile phone design in recent years. To satisfy these requirements,
several approaches [4, 5] have been proposed and experimented in
the last decade. Chan et al. [4, 5] found that the SAR value is
affected by various parameters such as the attachment positions of
conductive materials and the size and configuration of the antenna
ground plane. Some studies inserted a reflector between the radiator
and the head [6, 7] for SAR reduction. Other studies applied ferrite
sheets [8, 9] shielding materials [10], resistive sheets [11], and artificial
magnetic conductors [12] to reduce the EM field around the antenna.
Recently, metamaterials, including electromagnetic band-gap (EBG)
structures [13], have been proposed for handset antennas with low
SAR characteristics [14–16]. According to these studies, the overall
dimensions of the antennas with metamaterials were larger than
those of the wireless terminals; metamaterial-based antennas were
suggested to have dimensions of 45 mm ×45 mm × 6 mm for an SAR
reduction of 45% at maximum [15]. In fourth-generation (4G) wireless
communications systems, much attention is paid to the application of
EBG structures to handsets [17]. One of the rationales for this attempt
is that the size of the EBG structure is comparable to the wavelength,
and thus becomes suitable even for handsets, at the frequency band
assigned for 4G systems. Hence, the use of an EBG substrate for
antennas in 4G mobile handsets may be one of many possible solutions.
In particular, we have investigated the feasibility of using a dipole
antenna above the EBG substrate consisting of 24 (4 × 6) patches in
the 3.5 GHz band [18].
In most of the previous studies on EBG structures, a sufficient
number of EBG patches were considered [19–21] such that the EBG
structures behave as a periodic high-impedance structure. The sizes
of these structures may not be sufficiently small for some practical
applications such as mobile devices. Further investigation is needed to
reduce the size of the antenna above the EBG substrate for wireless
terminals. There is, however, no study that discusses the effect of
the number of patches on the antenna performance as far as the
authors know. In this paper, we present the effect of the number
of EBG patches on the radiation characteristics and SAR reduction
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capability of the dipole antenna placed above EBG substrate, with the
aim of implementing the EBG substrate for wireless terminals. On
the basis of the results obtained for the antenna resonance frequency
and bandwidth, accurate analysis of the SAR was performed using a
high resolution anatomical human head model consisting of 51 tissues.
We employed the SAR averaging scheme provided in the Annex E of
IEEE C95.3 standard [22]. Herein, we also discuss the peak SAR in
an anatomical human head model within the lower, center, and upper
operating frequency bands of the antenna, which has not been covered
in previous investigations.
2. MODEL AND METHOD
2.1. Antenna with EBG and Model Geometry
Figure 1 illustrates the geometry of the dipole antenna above the EBG
substrate used in our investigation. The dipole length is 43 mm and
its radius is 0.2 mm, so that the driven frequency in free space is
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Figure 1. Geometry of the dipole antenna on the EBG substrate.
a1 = 51 mm, a2 = 35 mm, a3 = 3 mm, D = 43 mm, W = 7 mm,
g = 1 mm, h1 = 4.5 mm.
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3.5 GHz. A mushroom type EBG [13] was considered because of its
simple structure. This structure introduces an inductor L, resulting
from the current flowing through the via, and a capacitor C, due to
the gap effect between adjacent patches. For the structure with patch
width W , gap width g, substrate thickness h, and dielectric constant
εr , the values of L and C can be approximated by the formulas given
below [10]:
L = µ0 h
(1)
µ
¶
W ε0 (1 + εr )
2W + g
C =
cosh−1
(2)
π
g
1
(3)
$ = √
LC
where µ0 and ε0 are the permeability and permittivity of free space.
From the equivalent inductance and capacitance obtained from Eqs. (1)
and (2), the approximate center frequency of the band gap $ can be
obtained from Eq. (3).
The dimensions of the ground plane are set at 35 mm × 51 mm,
so that the dimension is small enough to fit a handset. The relative
permittivity of the substrate εr is chosen to be 10.2, corresponding to
Rogers RT/Duroid 6010 laminates. As mentioned in Section 1, the
number of EBG patches is reduced in order to investigate its effect
on the antenna performance. Fig. 2 shows a diagram of five EBG
substrates with 24, 20, 16, 12 and 4 patches used in our analysis.
Figure 3 illustrates the geometry of the dipole antenna in close
proximity to a homogeneous cubic model. A cubic model comprised
of the muscle was considered here to investigate the radiation
characteristics of the proposed structure [23]. The dimensions of the
head model are 70 mm (x) × 200 mm (y) × 200 mm (z). The model
reduction in the x direction is due to the small penetration depth
EBG-1

EBG-2

EBG-3

EBG-4

EBG-5

24 Patches

20 Patches

16 Patches

12 Patches

4 Patches

Figure 2. Diagram of the dielectric substrates with different number
of patches.
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Figure 3. Geometry of the antenna and cubic head model. l = 10 mm,
b1 = b2 = 200 mm, b3 = 70 mm.
of electromagnetic waves at 3.5 GHz [24]. The electrical constants for
muscle were taken from a previous report [25].
After obtaining the initial results from the cubic model, we verified
the performance of the proposed antenna with an anatomical human
head model comprised of 51 tissues [26]. Fig. 4 shows the geometry
of the antenna in close proximity to the head model truncated from
the anatomical human head model. Only the head and neck were used
in the present study because the antenna has a small size and it was
located at the position near the human head where an earpiece would
be. The width, depth, and height of the anatomic head model are
198 mm, 212 mm, and 260 mm, respectively. The electrical constants
for the tissues were taken from a previous report [25]. In order to
keep the computational accuracy and reliability of the model as high
as possible, a high resolution of 0.5 mm × 0.5 mm × 0.5 mm for the
anatomical human head model was used in our investigation.
2.2. Computational Method
The finite-difference time-domain (FDTD) method was employed to
calculate the EM wave and lossy dielectric interaction. One of the
primary reasons for using the FDTD method is its stability for a finite
dielectric substrate as compared to that of the method of moments
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Figure 4. Geometry of the antenna in close proximity to an
anatomical human head mode (l = 10 mm).
(MoM). The resolution of the cell was 0.5 mm (x) × 0.5 mm (y) ×
0.5 mm (z). This resolution is chosen so that the gap width of the
structure has at least two cells in the model. To terminate the
computational region, a 12-layered perfectly matched layer absorbing
boundary was used. The SAR is calculated using the following formula:
SAR =

σE 2
ρ

(4)

where σ is the electrical conductivity, ρ is the mass density, and E
is the internal electric field strength. An algorithm suggested in the
IEEE standard [22] was used to compute the averaged SAR over 10 g
of tissue, which is a metric for human safety [1, 2]. Note that the pinna
was treated as an extremity and thus the pinna was excluded from the
averaging region. The radiated output power of the dipole antenna was
set to 1.0 W. For a lower radiated output power requirement in future
4G systems, the SAR value can be obtained using the proportional
relationship between the radiated power and the SAR value.
To validate our computational results for the SAR and antenna
performance analysis of the homogenous cubic model with the FDTD
method, a hybrid MoM/FEM method available in the commercial
software package FEKO was used [27]. Following this, the FDTD
method was used for investigating the SAR value for the homogeneous
and realistic anatomic head model.
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Figure 5. The FDTD simulation model consisting of an infinitesimal
dipole source surrounded by (a) mushroom-like EBG substrate, and
(b) PEC with substrate.
3. COMPUTATIONAL RESULTS AND DISCUSSION
3.1. Validation of the Surface Wave Suppression
Characteristics of an EBG
To identify the band gap region and demonstrate its properties
comprehensively, we constructed a FDTD simulation model consisting
of an infinitesimal dipole source surrounded by mushroom-like EBG
patches as shown in Fig. 5(a). A similar model without any mushroomlike EBG patches and pins was also constructed as illustrated in
Fig. 5(b) for comparison. In both cases, the dimensions and material
properties of the ground plane and substrate were identical and
consistent with those in Fig. 1.
The basic idea for constructing this model is to calculate and
compare the electric field at the reference point located outside the
region of EBG patches. Because the EBG structure can suppress
surface waves within a certain band gap, the electric field at the
reference point in the EBG must have a lower value than that in a
perfect electric conductor (PEC).
To determine the band-gap region, the criteria that the average
electric field magnitude at the reference point in the EBG case should
be less than half of that in the PEC case [12] was used:
20 log10

|EEBG |
≤ −6 dB
|EP EC |

(5)

where EEBG and EP EC are the average electric fields at the reference
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Figure 7. |S11 | of a dipole antenna above different EBG substrates.

Table 1. Bandwidth and center frequency for the dipole antenna
placed above the EBG substrate.
BW [%]
Center frequency [GHz]

FDTD
3.78
3.60

FEM/MoM
3.61
3.56

difference [%]
4.7
1.1

point for the EBG and PEC case, respectively. Using Eq. (5), a band
gap in the range 3.4–4.1 GHz can be identified as shown in Fig. 6.
3.2. Comparison on FDTD Method and FEM/MoM Method
To verify the computational results obtained from the in-house FDTD
code, we computed the return loss (|S11 |) under the same conditions
in FEKO [27]. Fig. 7 shows the return loss for the antenna computed
by both FDTD and FEM/MoM methods. The bandwidth and center
frequency of the antenna in the presence of a head are listed in Table 1.
The magnitude of S11 is 18 dB at 3.6 GHz computed by the FDTD
method, while it is 14 dB at 3.56 GHz computed using FEKO. The
difference in the center frequencies obtained by the two methods is
only 1.1%. The computed bandwidth in the two methods was almost
identical, with a deviation of 4.7%. This deviation is consistent
and much smaller than the differences of 30% observed in the intercomparisons using FDTD, MoM, and FEM methods of 30% [28]. This
tendency was confirmed in the antenna above other EBG substrates
with different number of patches, although not shown here to avoid
repetition.
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3.3. Radiation Characteristics
In this part, we focus on the radiation characteristics including the
return loss, radiation efficiency, and radiation pattern of the dipole
antenna above an EBG substrates with different number of EBG
patches.
Figure 8 shows the return loss |S11 | for the antenna above different
EBG substrates. For comparison, the dipole antennas over a PEC are
also considered. The |S11 | of the dipole antenna in free space is 20 dB
at 3.2 GHz, while the |S11 | values of the dipole antenna above different
finite EBG substrates are comparable, but the center frequencies are
shifted from 3.6 GHz to 4.2 GHz. In general, the center frequency of
the antenna is shifted to a higher frequency when the number of EBG
patches is decreased. This is because the reflection phases from the
EBG substrates are varied [19]. In addition, the EBG patches may not
be able to act as a periodic structure for wave suppression when the
number of EBG patches is insufficient (EBG-5).
Table 2 summarizes the center frequency and the bandwidth of
the dipole antenna above different EBG substrates. The results for the
antenna above a PEC are also included in the table for comparison. For
the dipole antenna in free space, the operating frequency range is from
3.0 to 3.4 GHz with an |S11 | of greater than 10 dB. The bandwidths
of the dipole antennas above the EBG-1, EBG-2, EBG-3, and EBG-4
substrates range from 3.8% to 4.5%, as shown in Table 2. This is a wellknown narrow bandwidth characteristic when implementing periodic
structures for antennas [9]. For the EBG-5 structure consisting of four
patches, the size of the antenna can be reduced significantly. However,
as shown in Fig. 8, the simulated results indicate that the antenna

Table 2. Radiation characteristics and peak 10-g averaged SAR of a
dipole antenna above different EBG substrates.

Substrate
EBG-1
EBG-2
EBG-3
EBG-4
PEC

Peak 10-g avg SAR [W/kg]
Radiation
CF BW
Efficiency Cubic Homogeneous Anatomical
[GHz] [%]
[%]
model human model human model
3.59 3.78
91
1.08
0.87
1.28
3.67 4.15
91
1.15
0.99
1.44
3.89 4.46
92
0.99
0.97
2.09
3.92 4.08
86
1.36
1.1
2.17
3.5
0
82
5.15
2.99
3.04
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Figure 8. |S11 | of a dipole antenna above different EBG substrates.
resonance frequency is shifted to 4.3 GHz with a narrow bandwidth of
only 1.6%. This reduced bandwidth was not improved if the dimension
of patch was adjusted such that the antenna resonance frequency is
well within the band gap. Thus, the poor antenna performance for the
EBG-5 structure is mainly due to the insufficient number of patches.
Hence, the SAR for the EBG-5 structure is not investigated in the
following discussion.
The radiation efficiency of the antennas was investigated in order
to evaluate the antenna performance. As shown in Table 2, the
efficiency of the antenna with the PEC ground plane is 82%. The
radiation efficiency can be improved to over 9% when the EBG-1, -2,
and -3 substrates are used.
Figure 9 illustrates the radiation patterns for the antenna above
the EBG-1 and EBG-4 substrates computed using FEKO. The results
indicate that the maximum gain of the antenna above EBG-1 is 6.6 dB,
which is located along the positive x-axis above the EBG substrate.
Similar radiation pattern characteristics have also been obtained for
the EBG-2 to EBG-4 substrates with antenna gains of more than 6 dB.
According to the results of the antenna patterns, the isolations have
more than 26.5 dB in the direction above the ground plane for all the
substrates considered here.
3.4. SAR in Cubic Model
The peak SAR averaged over 10 g was computed for different EBG
substrates in close proximity to the cubic model as shown in Fig. 3. The
computed results of the peak SAR averaged over 10 g are summarized
in Table 2. For proper comparison, the antenna above the PEC
was assumed to be connected with a matched load. The peak SARs
averaged over 10 g for the antennas with all of the EBG substrates
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Figure 9. Radiation patterns for the EBG-1 and EBG-4 substrates
in the (a) xy-plane and (b) xz-plane.
were lower than the SAR above the PEC. The SAR of the antenna
above the EBG-1 substrate was reduced by 81% when compared to
the antenna above the PEC ground plane. The main reason for this
reduction is caused by the suppression of surface waves by the EBG
structure, resulting in the suppression of diffracted waves from ground
plane.
Figure 10 shows the voxel SAR distribution in the head model
due to the antenna with the EBG-1, -2, -3 and -4 substrates and
PEC ground plane. As seen from Fig. 10(e), the SAR distribution
is concentrated behind the ground plane for the antenna above the
PEC. On the contrary, the SAR value becomes higher at both sides of
the substrate due to diffracted waves. This tendency was also shown
in the antenna above other EBG substrates.
3.5. SAR for the Anatomical Human Head Model and
Variability of SAR in the Operating Frequency Band
To investigate the variability of the SAR in human head models, the
peak SAR averaged over 10 g was computed for the anatomical human
head model. The resulting SAR caused by the antenna above the PEC
ground plane operating at the center frequency was also calculated
for comparison, and the computed results are summarized in Table 3.
The results show that the averaged SARs for the dipole above the
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Figure 10. SAR distributions for the cubic model with the antenna
above the (a) EBG-1, (b) EBG-2, (c) EBG-3, (d) EBG-4, and (e) PEC
structures.
EBG-1 and EBG-2 substrates are 16% lower than that of the EBG-3
or EBG-4 substrates. One of the primary reasons for this tendency
is due to the geometry of the EBGs. The number of cells located
on the edge and parallel to the dipole was reduced for the EBG-3
and EBG-4 substrates. Therefore, the number of patches used for the
EBG-3 and EBG-4 substrates may not be enough to suppress surface
wave propagation. However, the SAR for the dipole above the PEC
ground plane is still higher than the SAR above the EBG substrate at
all frequencies as indicated in Table 3. This is because surface waves
cannot be suppressed for the PEC case. Therefore, the reductions of
the SARs for the antenna above the EBG-3 and EBG-4 substrates are
sufficient when compared with reduction in the SAR above the PEC
ground plane.
As shown in Fig. 11, the SAR varies by 5–35% even in the
operating frequency band. The SAR of the antenna above the EBG
substrates at the lower, center, and upper operating frequency bands
of the antenna was reduced.
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Table 3. Calculated peak SAR averaged over 10 g in anatomical and
homogenous human models for different EBG substrates.
Anatomical human
model

Differences on
SAR between
two models
(Lower (Center (Upper (Lower (Center (Upper
[%]
Freq.) Freq.) Freq.) Freq.) Freq.) Freq.)

Substrate

EBG-1

EBG-2

EBG-3

EBG-4

PEC

Homogeneous human
model

Frequency [GHz]

3.45

3.59

3.73

3.45

3.59

3.73

Peak 10-g avg SAR
[W/kg]

1.18

1.28

1.64

0.82

0.87

1.16

Frequency [GHz]

3.52

3.67

3.82

3.52

3.67

3.82

Peak 10-g avg SAR
[W/kg]

1.29

1.44

1.84

0.88

0.99

1.38

Frequency [GHz]

3.72

3.89

4.06

3.72

3.89

4.06

Peak 10-g avg SAR
[W/kg]

2.20

2.09

2.10

0.87

0.97

1.31

Frequency [GHz]

3.76

3.92

4.08

3.76

3.92

4.08

Peak 10-g avg SAR
[W/kg]

2.20

2.17

2.01

1.06

1.1

1.41

29.3

25

40.5

48.2

Frequency [GHz]

3.5

3.5

Peak 10-g avg SAR
[W/kg]

3.04

2.99

1.6

Peak 10g avg SAR [W/kg]

3.5
3
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Figure 11. Peak 10-g averaged SAR for the dipole antenna above
different EBG substrates at relative frequencies satisfying the return
loss larger than 10 dB.
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3.6. Discussion of Differences in SARs for Various Head
Models
From the results in Table 2, we found that the estimated SAR values
in various head models were different. Specifically, the differences in
the SAR values between the cubic and homogenous human head were
less than 24% for the EBG-1 to EBG-4 substrates. Our results are
consistent with our previous studies [29] which found that the SAR
differences in different shapes of human head models are less than 30%
at 900 and 1800 MHz. As shown in Table 2, by comparing the SAR
values in the cubic and anatomical human models, the differences could
be up to 52%.
In order to further confirm the dominant factor affecting the
peak averaged SAR, the SAR value for the homogenous human model
was considered and listed in Table 3 for comparison. The results
illustrated that the differences in two models could be up to 48.2%.
The SAR distributions due to the antenna above EBG-1 and EBG4 substrates for the homogeneous and anatomical human models are
also shown in Fig. 12. The SAR distributions in the horizontal plane
include the antenna feeding point. The results show that the SAR

(a)

(b)

[W/kg]

(c)

(d)

Figure 12. SAR distributions due to the antenna above the EBG1 and EBG-4 substrates for the homogeneous and anatomical human
models. (a) EBG-1, homogeneous, (b) EBG-1, anatomical, (c) EBG-4,
homogeneous, (d) EBG-4, anatomical.
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distribution is different due to the heterogeneity of the model. The
SAR in the anatomical human model had a larger value than that in
the homogeneous human model. The anatomical composition model
could play an important role on the peak averaged SAR at 3.5 GHz.
For a SAR averaged over 10 g in a cube with a side length of about
22 mm the penetration depth of electromagnetic waves in human body
at 3.5 GHz is around 15 to 20 mm. Therefore, the power absorbed
in the model could be affected by the anatomical composition. The
reasons for the difference in the SAR value between the cubic and
anatomical head models are attributed to both shape and material
differences. However, all models indicated that the SAR could be
reduced by employing an EBG structure when the number of patches
was increased.
4. SUMMARY AND CONCLUDING REMARKS
In this paper, the SAR and the radiation characteristics of a 3.5 GHz
dipole antenna above a number of different EBG substrates has been
examined. The surface wave suppression characteristics and the
corresponding band gap region of the EBG structure used in our
studies have also been verified. The homogeneous cube along with
high resolution homogeneous human and anatomical human models
were included in the investigation. Results showed that the SAR for
the antenna above the EBG substrates was lower than the SAR for
the antenna above PEC ground plane. For the cubic model used in
our initial SAR and radiation characteristics analysis, results indicated
that the SAR for the antenna above an EBG substrate could be
reduced by 81% and the radiation efficiency could be increased by
10%, when compared with the case of an antenna above PEC ground
plane. It was also found that the center frequency of the dipole antenna
shifted to a higher frequency band and could not provide a good SAR
reduction when the number of EBG patches was insufficient. Our
results illustrated that the resonance frequency of the EBG structure
with four patches shifted to a higher frequency of 4.3 GHz and had a
narrow bandwidth of only 1.6%; this structure may not be appropriate
for practical purposes. For the anatomical human model we employed
the IEEE averaging scheme for the SAR. The induced SAR for the
EBG substrates consisting of 20 or 24 patches were 16% lower than
the SAR for the EBG substrates with 12 or 16 patches. It was found
that the maximum variation in the SAR values within the operating
frequency bands for the antenna above different EBG structures could
be as high as 35%, which was not investigated in the previous study
on the SAR reduction.
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Due to the limitations in the SAR analysis requiring a gap length
of least 0.5 mm, the thickness of 3 mm was used in this study. Even
though this dimension is much smaller than those in previous studies,
the antenna dimension can be adjusted on the basis of Eqs. (1), (2),
and (3) for an antenna made of a thinner substrate. For example,
when the thickness of the PCB is reduced by half, the antenna can
attain similar performance by decreasing the gap length to 0.1 mm
and increasing the width to 7.9 mm. A similar number of patches
for the substrate may be useful in order to increase the width of the
patch or to realize an EBG substrate for SAR reduction. Our future
work involves designing a more realistic antenna structure for wireless
terminals.
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