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Abstract—When developing a wireless communication system, a
designer should consider the associated radiated power density,
electromagnetic compatibility (EMC), and specific absorption rate
(SAR). In this paper, high-impedance surfaces (HISs) are designed
as an EM protection screen to reduce the interaction between an
antenna and the user behind the screen. The effects of an HIS screen
with a finite number of cells placed near a monopole antenna for the
application of the 2.4GHz WLAN band were thoroughly investigated.
The screen is first-ever proposed not only to reduce the backward
radiation from the antenna, but also to shift the impedance-matching
band of the antenna and to adjust the corresponding bandwidth.
As a result, the SAR behind the screen is noticeably lowered, and
the out-of-band spurious emission from the antenna can be reduced.
Two typical kinds of HIS structures, mushroom-shaped and Jerusalem
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Cross HISs (abbreviated as MSHIS and JCHIS, respectively), were
investigated by numerical simulations and measurements. Three
different measurement techniques were proposed for predicting the
operating frequency band of an HIS. Some HIS-added antenna
prototypes were constructed and studied. It was found that the MSHIS
and JCHIS can adjust the impedance-matching band of the antenna,
do not affect the radiation performance in the forward direction, and
can significantly reduce the backward radiated power. In addition,
the measured maximum SAR has been significantly reduced from
0.976W/kg for the monopole antenna without an HIS to 0.037 and
0.038W/kg, respectively, for the antenna with an MSHIS and a JCHIS.

1. INTRODUCTION

In recent years, many wireless communication systems have been
rapidly developed. They include universal mobile telecommunications
system (UMTS), wireless local area network (WLAN), Bluetooth,
and long-term evolution (LTE) of Third Generation Partnership
Project (3GPP), to name only a few. In all these systems, the
effects of electromagnetic (EM) radiation on human bodies have
become an important research topic in the area of electromagnetic
compatibility (EMC). In IEEE Std C95.1 [1], ICNIRP Guidelines [2],
FCC OET Bulletin 65C [3], IEC62209-1 [4], and IEEE Std 1528 [5],
recommendations (or restrictions) and measurement procedures have
been made available to ensure the EM radiation safety of wireless
communication devices and to protect human bodies against adverse
health effects resulting from EM exposure. In order to pass the
requirements of existing standards or regulations for the wireless
devices, a designer should consider the radiated power density,
electromagnetic compatibility (EMC), and specific absorption rate
(SAR) of these devices [6, 7]. In addition to EMC and radiation hazard
issues, the designer should also minimize the influence of any nearby
user’s body on the performance of the antennas mounted on theses
devices and promote the quality of communications [8–12].

The performance of wireless antennas is usually affected
significantly by the presence of nearby conductors or human bodies
because conductive surfaces will reverse the phase of the reflected
wave and support the propagation of surface waves. In contrast, an
HIS structure does not reverse the phase of a reflected wave and can
prohibit the propagation of surface waves in a forbidden frequency
band [13]. Therefore, if the operating frequency is within the resonant
band of the HIS structure, one can use the HIS structure to reduce the
interaction between the antenna of a wireless communication device
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and its user. In recent years, high-impedance surfaces (HISs) [13–15]
and frequency selective surfaces (FSSs) [16–18] have been introduced
in the design of antennas [19–25], EMC [10, 26–28], and microwave
circuits.

In this study, HISs were employed as an electromagnetic
protection screen. The screen is newly proposed not only to reduce
the interaction between the antenna of a communication device and
its user, and to reduce the SAR, but also to adjust the impedance-
matching band of the antenna and to lower the out-of-band spurious
emission from the device. For illustration, the mushroom-shaped
HIS (MSHIS) and the Jerusalem Cross HIS (JCHIS) structures were
designed in the 2.4GHz WLAN band. In addition, monopole antennas
are employed in this study, for they are easy to fabricate and widely
used.

First, the resonant band of each HIS for the TE and TM incidences
was investigated by numerical analysis. It was found that the resonant
frequency of the MSHIS (JCHIS) will increase (decrease) as the
incident angle increases. Three measurement methods, the electric
field probe method [14], microstrip line method [19], and GTEM
method [28], were proposed and compared to verify the performance
of each HIS having a finite number of cells (abbreviated as finite HIS).
Next, the effects of the cell number of each HIS on the performance of
the HIS-added monopole antenna were studied, and the scaling factors
of the MSHIS and JCHIS were obtained for rapidly fine tuning the HISs
as they are added to the antenna. Finally, the return loss and radiation
pattern of the HIS-added monopole antenna were investigated. The
effects of the HIS screens on the antenna were also illustrated by
radiation power and SAR values. Measured results indicate that these
two HIS structures can be used as an electromagnetic protection screen
to reduce the SAR without affecting the forward radiating power of the
antenna.

2. CONFIGURATION OF HIS-ADDED MONOPOLE
ANTENNA

Figure 1 shows the configuration of a cylindrical monopole antenna
with a high-impedance screen below. The monopole antenna designed
for the 2.4 GHz WLAN band consists of a cylindrical wire and a 50-Ω
microstrip feed line. The former has a length (LA) of 28 mm and a
diameter (WA) of 3.06mm; the latter is printed on a grounded FR4
substrate with a dielectric constant of 4.4, a loss tangent of 0.02, a
thickness (t1) of 1.6mm, a width (WB) of 60mm, and a length (LB) of
100mm. For convenience, refer to this grounded substrate as a PCB.



140 Lin, Huang, and Chiu

(a) (b)

Figure 1. Configuration of a monopole antenna with a high-
impedance screen: (a) top view, (b) side view.

Below the PCB is another grounded FR4 substrate on which the HIS
structure resides and for which the thickness (t2), width (GW ), and
length (GL) are 0.8, 150, and 300mm, respectively. In this study, the
PCB is stacked right on the top of the lower grounded substrate; in
other words, D = 0 mm in Fig. 1. When projected onto the same
plane, the PCB and the HIS have a gap (GA) of 0.2 mm in between.
Details of the MSHIS and JCHIS will be presented in the next section.

3. INVESTIGATION ON THE PERFORMANCE OF HIS

Figures 2(a) and 2(b) show the geometries of the 2 × 2 cells of the
MSHIS and JCHIS, respectively, designed for the 2.4 GHz band. In
each cell of the MSHIS, the rectangular patch with a side length (w)
of 27.7 mm is loaded at the center by a conducting via of diameter
d = 1mm and is separated from the patch in the adjacent cell by a
gap (g) of 0.8mm, leading the period (a) of the MSHIS to 28.5 mm.
The JCHIS, having the same period as that of the MSHIS, can
be regarded as a frequency-selective-surface-based structure. Other
structural dimensions of the JCHIS are I = 4.6, Ws = 2, LS = 10.85,
and g = 0.8, all in millimeter.
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(a) (b)

Figure 2. Geometry of high impedance surfaces designed for 2.4-GHz
band: (a) MSHIS, (b) JCHIS.

3.1. Numerical Study of HIS Performance

In order to approximately and efficiently predict the complex
performance of the finite MSHIS and JCHIS placed very near an
antenna, the plane-wave reflections from the MSHIS and JCHIS with
infinitely many cells (called infinite MSHIS and JCHIS, respectively,
for short) were simulated and studied at first. These simulations were
conducted by using the software Ansoft HFSS incorporating with a
periodic boundary condition [29]. The simulation configuration of
either infinite HIS obliquely illuminated by a plane wave is shown in
Fig. 3. Both the TE and TM incidence are considered and the incident
angle (θ) was widely varied for clearly illustrating the HIS performance
as follows.

Figures 4(a) and 4(b) show the simulated phase of the reflection
coefficient (∠S11, called the reflection phase for short) of the MSHIS
and JCHIS for the TE polarizations, respectively. The structural
dimensions of these infinite HISs are the same as those of the finite
HISs in Fig. 2. Results simulated for the TM polarizations are similar
and hence will not be presented here for conciseness. In the results
of the normal incidence (θ = 0◦), it is found that the MSHIS has a
resonant frequency (defined as the frequency at which ∠S11 = 0◦)
at 2.44GHz and resonant band (defined as the frequency range in
which −90◦ ≤ ∠S11 ≤ 90◦) from 2.40 to 2.48 GHz. However, JCHIS
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Figure 3. Configuration of the infinite HIS obliquely illuminated by
a plane wave.

(a) (b)

Figure 4. Simulated reflection phase of the HIS for the TE incidences
at different incident angles: (a) MSHIS, (b) JCHIS.

has a resonant frequency at 2.44 GHz and resonant band from 2.43
to 2.45GHz. The simulated results show that the resonant band of
the MSHIS is wider than that of the JCHIS. In the results of oblique
incidences, one can also find that the resonant frequency of the MSHIS
(JCHIS) will increase (decrease) as the incident angle increases. The
slopes of the reflection phase of the MSHIS and JCHIS near the
resonance become steeper as the incident angle increases.

3.2. Test Methods for Verifying the Performance of HISs

The insertion loss (−20 log10 |S21|) of the wave transmission and the
reflection phase (∠S11) can be used to characterize the performance
of HIS structures. In this study, the electric field probe method [14],
microstrip line method [19] and GTEM method [28], are proposed
to determine the performance of finite HISs. Fig. 5 shows the test
configurations of three methods.
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(a) (b)

(c)

Figure 5. Test configuration of performance measurement for HISs:
(a) electric field probe method, (b) microstrip line method, (c) GTEM
method.

A photograph of the electric field probe method is shown in
Fig. 5(a). Two triangular parallel plate antennas that excite vertical
electric field are connected to a network analyzer, and the insertion
loss of the TM surface-wave transmission [14] across the HIS structure
is measured. The insertion loss of the wave transmission can be used
to determine the band gap of the HIS. Fig. 5(b) shows the photograph
of the microstrip line method. A 50-Ω microstrip transmission line is
printed on the top of the ungrounded FR4 substrate. The substrate is
placed on an HIS structure; the two ports of the transmission line are
connected to the network analyzer. The insertion loss of the microstrip
line can be used to determine the band gap of HIS [19]. Shown in
Fig. 5(c) is the test configuration of the reflection phase method. This
method uses a GTEM cell to measure reflection phase of the HIS plate.
First, the reflection phase of a finite-thickness metal sheet with the
same dimension as the HIS plate is measured as the reference. Second,
the HIS plate is located such that the position of its front surface
is the same as that of the metal sheet’s surface facing the incident
wave. Next, the reflection phase so measured is normalized by the
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(a) (b)

(c)

Figure 6. Measured results of the metal ground plane, MSHIS and
JCHIS by the method of (a) electric field probe, (b) microstrip line,
(c) GTEM.

one obtained in the first step. This leads to ∠S11 − 180◦ of the HIS
plate with the plate’s front surface as the reference plane (i.e., the
propagation phase factor of the signal path between the vector network
analyzer and the HIS plate under investigation is cancelled). Last, the
reflection phase (∠S11) of the HIS plate can be obtained by adding
back 180◦.

Measured results of the metal ground plane, MSHIS and JCHIS
by three methods are shown in Fig. 6. From the results, the resonant
frequency of the MSHIS (or JCHIS) is estimated to be 2.58 GHz (or
2.55GHz) from the electric probe method, 2.57 GHz (or 2.27 GHz)
from the microstrip line method, and 2.52 GHz (or 2.48 GHz) for
GTEM method. Because GTEM can generate local plane wave for
the measurement, the results of GTEM measurement are close to the
simulation results (2.44GHz for both HISs) in the case of normal
plane-wave incidence. It was found that GTEM method has the best
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prediction for the resonant frequencies of HISs. However, microstrip
line method can provide better information for frequency bandwidth
of HISs. In addition, the later results will show that the microstrip line
method can especially predict the band shifting effect of an antenna
while these HISs are closely placed.

4. APPROACH TO DESIGNING HIS-ADDED
ANTENNAS

In reality, the number of cells in an HIS on the back of the monopole
antenna should be as small as possible for the HIS-added antenna to
be of practical value. However, the number of cells may affect the
performance of the HIS-added antenna [24]. We then have to determine
the number of cells needed first. On the other hand, the operating band
of the HIS-added antenna with a given number of cells may occur at
a band different from the resonant band of the infinite HIS. Since
the dimensions of the HIS are initially determined from the simulated
results for the infinite HIS, it is thus necessary that a scaling factor be
obtained after comparing the operating band of the HIS-added antenna
and the resonant band of the infinite HIS. With the scaling factor
available, the dimensions of the finite HIS are scaled accordingly so
that the operating band of the HIS-added antenna can be shifted to the
desired frequency location. Finally, the HIS-added antenna so designed
is evaluated in terms of return loss, radiation pattern, forward radiated
power (FRP), backward radiated power (BRP), and SAR.

4.1. Effect of Cell Numbers

Figure 7 shows the |S11| of the monopole antenna itself and the HIS-
added monopole antenna with several different numbers of cells. As
far as the operating band for the 2.4 GHz WLAN (determined by
|S11| ≤ −10 dB) is concerned, the optimal number of cells for both
the MSHIS-added antenna and the JCHIS-added one is 2× 2. Hence,
in what follows the MSHIS- and JCHIS-added monopole antennas are
meant to have 2 × 2 cells, unless otherwise specified. Before the
HIS is added, the designed monopole antenna itself is a wideband
antenna having a simulated |S11| ≤ −10 dB impedance band of 2.04–
2.77GHz that corresponds to a fractional bandwidth of 30.4% with
respect to the center frequency 2.405 GHz. Such a large bandwidth
is improper and may cause out-of-band spurious emissions. With the
MSHIS (JCHIS) of 2 × 2 cells added, the impedance band narrows
to 2.46–2.61 GHz (2.28–2.36 GHz) with a center frequency of higher
(lower) than 2.405 GHz. Clearly, the impedance bandwidths of both
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(a) (b)

Figure 7. Simulated |S11| of the HIS-added antenna with the number
of cells as a parameter: (a) MSHIS, (b) JCHIS.

Figure 8. Simulated |S11| of the HIS-less monopole antenna, the
ground-plane-backed antenna, the MSHIS-added antenna, and the
JCHIS-added antenna.

the MSHIS- and JCHIS-added antennas are significantly reduced and
more optimal as compared with that of the HIS-less monopole antenna.
Nevertheless, the MSHIS seems to have more stable influence on the
monopole antenna than the JCHIS as the number of cells is varied.

4.2. Scaling Factor of MSHIS and JCHIS Used for
Monopole Antenna

Figure 8 shows the simulated |S11| of the HIS-less monopole antenna,
the MSHIS-added antenna, the JCHIS-added antenna, and the antenna
with the top surface of the supporting substrate (GW ×GL in Fig. 1)
completely printed with a grounded metal plane (called ground-plane-
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backed antenna for short). For the case of the ground-plane-backed
antenna, since the monopole radiator is parallel to and very close
to the ground plane, the wave radiated into the upper half space by
the monopole radiator is almost cancelled by the wave radiated onto
and then reflected from the grounded plane. This in effect results in
little real power radiated by the monopole radiator, thus leading to a
small return loss in the displayed frequency range of 2.2–2.7GHz. On
the other hand, it is expected that if with infinitely many cells, the
HIS-added antenna should have the operating band near the resonant
band of the HIS since inside that resonant band the reflected from the
HIS will not cancel the wave directed into the half space. However,
for our MSHIS-added (JCHIS-added) antenna with a finite number of
cells, the operating band of 2.45–2.60 (2.28–2.36) GHz has a fractional
bandwidth of 5.9% (3.4%) with respect to the center frequency 2.525
(2.32)GHz. The center frequencies of the operating bands slightly
deviate from the resonant-band center frequencies of the infinite HISs.
For practical purpose and from the design point of view, the deviations
can be offset easily by scaling the structural dimensions of the finite
HISs. For that purpose, we can define a scaling factor as α = fa/fd,
where fa is simulated frequency at which the HIS-added monopole
antenna has a minimum |S11| (or a maximum return loss), and fd

is desired resonant-band center frequency of the infinite HIS under
normal plane-wave incidence. In this study, the fd = 2.45GHz for
WLAN band.

In the structural scaling process for the finite HIS, the structural
parameters obtained for the infinite HIS should be multiplied by
the scaling factor just computed. Because commercial microwave

(a) (b)

Figure 9. Simulated |S11| of the scaled. (a) MSHIS- and (b) JCHIS-
added antennas for several different scaling factors.
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substrates of the same substance that can be acquired have only a few
different thicknesses and available commercial cylindrical conductors
used as the vias in the MSHIS have only some discrete radii, the
parameters t2 and d (see Fig. 2) will be set unchanged in the scaling
process. For simplicity, GW × GL will neither be scaled. Hence,
such a scaling process using the scaling factor just computed may
not lead the HIS-added monopole antenna to having a satisfactory
new operating band. In that case, we should further fine tune the
structural dimensions of the finite HIS until a satisfactory operating
band is obtained. Alternatively, we can perform the simulations for a
set of scaling factors around the one computed above and then choose
the one that leads to a satisfactory new operating band for fabrication.

From Fig. 8, the smallest |S11| of −19.06 (−17.33) dB occurs at
2.53 (2.3) GHz for the MSHIS-added (JCHIS-added) antenna, leading
to a scaling factor (α) of 1.03 (0.94). Figs. 9(a) and 9(b) show the
simulated |S11| of the scaled MSHIS- and JCHIS-added antennas,
respectively, for several different scaling factors. For the MSHIS-
added antenna, the initially computed α = 1.03 has already provided
satisfactory results, with the new structural parameters and the
resulting operating band summarized in Table 1. In contrast, for the
JCHIS-added antenna, the initially computed α = 0.94 does not result
in desired operating band. Close scrutiny of Fig. 9(b) reveals that
with α changed to 0.955 satisfactory performance of the JCHIS-added
antenna can be obtained, with the new structural parameters and the
resulting operating band summarized in Table 2.

Table 1. New structural parameters and simulated operating band of
the scaled MSHIS-added monopole antenna.

α w (mm) g (mm) a (mm) Operating band

1.03 28.53 0.82 29.35 2.39–2.54GHz

Table 2. New structural parameters and simulated operating band of
the scaled JCHIS-added monopole antenna.

α Ws (mm) g (mm) Ls (mm) a (mm) Operating band

0.955 1.91 0.76 10.36 27.22 2.40–2.49GHz
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(a) (b)

Figure 10. (a) Measured and (b) simulated |S11| of the HIS-less
monopole antenna, the ground-plane-backed antenna, the MSHIS-
added antenna, and the JCHIS-added antenna.

4.3. Simulated and Measured Results of HIS-added
Monopole Antenna

Figure 10(a) shows the measured |S11| of the HIS-less monopole
antenna, the ground-plane-backed antenna, the scaled MSHIS-added
antenna, and the scaled JCHIS-added antenna. For comparison,
the simulated results of the same antennas are also shown beside
(Fig. 10(b)), and important parameters are also summarized in Table 1
and Table 2. The MSHIS-added antenna has the simulated return
loss of −21.64 dB (at 2.51 GHz) with a fractional bandwidth of 6.1%
from 2.39 to 2.54GHz, and has the measured return loss of −31.64 dB
(at 2.45 GHz), with a fractional of 4.5% from 2.38 to 2.49 GHz. The
JCHIS-added antenna has the simulated return loss of −31.59 dB (at
2.46GHz) with a fractional bandwidth of 3.7% from 2.4 to 2.49 GHz,
and has the measured return loss of −19.50 dB (at 2.43 GHz) with a
fractional bandwidth of 2.5% from 2.40 to 2.46 GHz. Because of the
narrow resonant bands of the HISs, the operating bands of the HIS-
added antennas have been narrowed from that of the HIS-less monopole
antenna. Since the resonant band of the infinite MSHIS is wider than
that of the infinite JCHIS (see Fig. 4), it is of no surprise that the
operating band of the scaled MSHIS-added antenna is also wider than
that of the scaled JCHIS-added antenna. Unfortunately, the measured
operating band of 2.40–2.46 GHz for the latter is not wide enough to
completely cover the desired WLAN band of 2.4–2.484 GHz [30].

The advantages of the embedded HIS in the HIS-added antenna
are twofold. First, the out-of-band emissions from the monopole
radiator can be reduced, thus lowering the annoyance pertaining to
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(a) (b)

Figure 11. Simulated normalized co-polarized radiation patterns of
the monopole antenna and the scaled HIS-added antennas at 2.45 GHz:
(a) xy-plane, (b) xz-plane.

EMC. Second, in the operating band, the presence of the HIS can
reduce the backward radiation and thus the SAR, without sacrificing
the forward radiation characteristics of the HIS-less monopole antenna,
as will be clear from the radiation patterns and powers to be presented
below.

Figure 11 plots the simulated normalized radiation patterns of
the scaled HIS-added antennas at 2.45 GHz. Clearly, the forward
radiations (i.e., the radiations paraxial to the +x direction) of the
scaled HIS-added remain similar to that of the HIS-less monopole
antenna itself. In contrast, the backward radiations (i.e., the radiations
paraxial to the −x direction) of the scaled HIS-added are significantly
reduced from that of the HIS-less monopole antenna alone, implying
that the SARs of the former can be greatly reduced from that of the
latter.

To further illustrate what is claimed above, the forward horizon
radiated power (FHRP), backward horizon radiated power (BHRP),
forward radiated power (FRP), and backward radiated power (BRP)
for the antennas under investigations are defined in this study.
These definitions follow the total radiated power (TRP) and near-
horizon radiated power (NHRP) that, for the purpose of evaluating
the radiation performance of a mobile wireless product, have been
introduced in CTIA Test Plan [31]. Note that the NHRP is used
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to determine the power radiated near the azimuth axis. In computing
these powers to be defined shortly, the effective isotropic radiation
power, EiRP(θ, φ), taken at discrete positions on a complete sphere is
needed.

Assume that the data of EiRP(θ, φ) are simulated or measured
with N angular intervals in theta (θ) from 0 to π and M angular
intervals in phi (φ) from 0 to 2π. Thus, EiRP(θi, φj) is referred to as
the sample evaluated at θi = (180◦/N) × i and φj = (360◦/M) × j,
where i = 0, 1, . . . , N − 1 and j = 0, 1, . . . , M − 1. In this study, the
elevation angular interval is specified as 15◦ (N = 12), and the azimuth
angular interval is specified as 1◦ (M = 360). Then, the FHRP±30,
BHRP±30, FRP, and BRP can be defined as follows:

FHRP±30
∼= π

2NM

(
FCut4 + FCut8

2
+

7∑

i=5

FCuti

)
(1)

BHRP±30
∼= π

2NM

(
BCut4 + BCut8

2
+

7∑

i=5

BCuti

)
(2)

FRP ∼= π

2NM

11∑

i=1

FCuti (3)

BRP ∼= π

2NM

11∑

i=1

BCuti (4)

where

FCuti =





89∑

j=0

+
359∑

j=270



 [EiRPθ(θi, φj) + EiRPφ(θi, φj)] sin θi

and

BCuti =
269∑

j=90

[EiRPθ(θi, φj) + EiRPφ(θi, φj)] sin θi

represent the weighted sum of each conical cut.
Among these four terms, FHRP±30 and FRP are related to the

maximum communication distance between the wireless device and
the base station, and BHRP±30 and BRP pertain to the SAR of the
wireless device. Ideally, the antenna should be designed to provide
enough forward radiated power with lower backward radiated power.
In these expressions, the effective isotropic radiation power is defined
by EiRP(θ, φ) = PT GT (θ, φ), where PT GT is the product of the
transmitting power and the antenna’s power gain. According to FCC
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Table 3. FRP, BRP, FHRP±30, and BHRP±30 of monopole antenna
and HIS-added antennas at 2.45GHz.

Monopole

ANT (dBm)

MSHIS-added

ANT (dBm)

JCHIS-added

ANT (dBm)

FRP 26.11 25.67 25.00

BRP 26.55 16.11 15.28

FHRP±30 22.28 22.32 22.69

BHRP±30 22.99 11.27 12.19

Part 15 regulations [32], the maximum allowed PT is 1W for the
2.4GHz WLAN band. With this PT and the simulated antenna
power gains (GT ), the FHRP±30, BHRP±30, FRP, and BRP of the
monopole antenna and HIS-added antennas can be readily computed
using Eqs. (1)–(4). The FRP, BRP, FHRP±30, and BHRP±30 at
2.45GHz are summarized in Table 3. Clearly, the FRP and FHRP±30

of the MSHIS- and JCHIS-added antennas are close to those of the
monopole antenna. On the other hand, the BRP and BHRP±30 of the
MSHIS- and JCHIS-added antennas are approximately 10 dB smaller
than those of the monopole antenna. This indicates that the HIS can
serve as an electromagnetic protection screen without affecting the
forward radiation power of the antenna.

The SAR is defined as the rate at which energy is absorbed per
unit mass in a biological body exposed to an RF field [5]. The basic
restrictions for whole body average SAR and localized SAR are given
in ICNIRP Guideline [2] and FCC OET Bulletin 65, Supplement C [3].
The SAR in a biological body exposed to an RF field depends on the
tissue geometry, dielectric properties, and the orientation of the body
relative to the wireless device. Under normal gesture that a human
body holding a wireless device, the BRP and BHRP±30 are the key
factors affect the SAR. Because the BRP and BHRP±30 of the HIS-
added antennas are reduced by approximately 10 dB as compared than
those of the monopole antenna, we expect that the HIS should also
effectively reduce the SAR of the monopole antenna without an HIS.

To verify that the HIS structure can be used as an electromagnetic
protection screen, the SARs of the HIS-added monopole antenna are
measured and compared with those of the HIS-less monopole antenna.
The SAR measurements were carried out using an Aprel ALSAS 10
SAR testing system [33] with the orientations of the antenna under
test and the phantom model shown in Fig. 12. With the input power
set at 20 mW at 2.45 GHz, the measured results are summarized in
Table 4. The SARs of the monopole antenna are 0.976W/kg in a 1-g
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(a) (b)

Figure 12. SAR test configuration: (a) Aprel ALSAS 10 SAR testing
system, (b) the orientation of antenna and phantom model.

Table 4. SAR values of monopole antenna and HIS-added monopole
antennas.

Product

Input

power

(mW)

Max. SAR

1-g Tissue

(W/kg)

Max. SAR

10-g Tissue

(W/kg)

Monopole ANT 20 0.976 0.578

Patch ANT 20 0.036 0.030

MSHIS-added ANT 20 0.037 0.031

JCHIS-added ANT 20 0.038 0.036

tissue and 0.578 W/kg in a 10-g tissue. The corresponding SARs for the
MSHIS-added (JCHIS-added) antenna are 0.037W/kg (0.038 W/kg)
and 0.031 W/kg (0.036 W/kg), respectively. The reduction due to the
HISs is significant, further supporting that the MSHIS and JCHIS can
be used as an electromagnetic protection screen.

For further comparison, the measured SARs of a 2.45-GHz coax-
fed microstrip patch antenna are also listed in Table 4. The 30-mm-
long and 7.5-mm-wide radiating patch was printed on a 1.6-mm-thick
grounded square FR4 substrate with a side length of 75 mm. The SARs
of the patch antenna are 0.036 W/kg in a 1-g tissue and 0.030 W/kg
in a 10-g tissue. It was found that a well-designed patch antenna,
because of its large ground plane, can also very effectively reduce the
SAR [34]. However, many practical antennas (e.g., monopole, whip,
meander, and helical antennas) of modern portable devices do not have
the properties of low BRP and SAR. Therefore, the EM protection
screens are particularly useful for these antennas.
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5. CONCLUSION

In this study, the characteristics of the MSHIS and JCHIS have been
numerically analyzed and verified by measurement. It was found that
the GTEM method can best predict the resonant frequency of the HISs
and the microstrip line method can best provide the resonant bands of
the HISs.

The effects of adding a finite high-impedance screen to a monopole
antenna have been thoroughly studied for the application of 2.4GHz
WLAN band. The study results revealed the HISs can narrow and shift
the operating band of the monopole antenna. Hence, with the HISs
appropriately designed, the bandwidths of the HIS-added antennas can
be adjusted, and the out-of-band spurious emissions from the wireless
device can be reduced. Both the MSHIS and JCHIS can achieve the
declared influence on the monopole antenna with the same number of
HIS cells, but the influence of the MSHIS seems to be more stable
as the number of cells is varied. In addition, the study results also
indicated that the HISs can reduce the backward radiation power
of the monopole antenna by approximately 10 dB without affecting
the forward radiation power. The measured SARs have been greatly
reduced from 0.976 W/kg in a 1-g tissue and 0.578 W/kg in a 10-g tissue
for the monopole antenna to 0.037 W/kg (0.038 W/kg) and 0.031W/kg
(0.036W/kg), respectively, if an MSHIS (JCHIS) is employed as the
electromagnetic protection screen.
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