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ABSTRACT The compact and robust high-impedance surface (HIS) integrated with the antenna is designed
to operate at a frequency of 2.45 GHz for wearable applications. They are made of highly flexible fabric
material. The overall size is 45× 45× 2.4 mm3 which equivalent to 0.37λo×0.37λo×0.02 mm3. The value
of using HIS lies in protecting the human body from harmful radiation and maintaining the performance of
the antenna, which may be affected by the high conductivity of the human body. Besides, setting the antenna
on the human body by itself detunes the frequency, but by adding HIS, it becomes robust and efficient for
body loading and deformation. Integrated antenna with HIS demonstrates excellent performance, such as a
gain of 7.47 dBi, efficiency of 71.8% and FBR of 10.8 dB. It also reduces the SAR below safety limits.
The reduction is more than 95%. Therefore, the presented design was considered suitable for wearable
applications. Further study was also performed to show the useful of placing antenna over HIS compared to
the use of perfect electric conductor (PEC). The integrated design was also investigated with the worst case of
varying the permittivity of body equivalent model which shows excellent performance in term of reflection
coefficient and SAR levels. Hence, the integrated antenna with HIS is mechanically robust to human body
tissue loading, and it is highly appropriate for body-worn applications.

INDEX TERMS HIS, AMC, EBG, warble antenna, SAR.

I. INTRODUCTION
Recently, a wireless body area network (WBAN) devices
have been used extensively in a variety of fields, such as
health care, emergency rescue services, remote monitor-
ing, military warfare, wearable computing, entertainment,
and sports. These applications allowed WBAN to receive
considerable attention from many academics, industrialists
and researchers [1]–[3]. Wearable antennas play an essential
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role in the WBAN and have received considerable research
attention. As wearable antennas operate close to the body,
their performance is degraded compared to free space, such
as efficiency, gain, and resonant frequency. This is due to
the strong coupling with the body, which are lossy and
non-homogeneous material [4]–[6]. Besides, the impact of
wearable antennas on tissues characterized by a specific
absorption rate (SAR) should be considered to ensure that
there is no effect on tissues and that their values are reduced to
meet the safety level [7]. The design of the wearable antenna
was, therefore considered a challenging task.
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FIGURE 1. Evolution of proposed design (a) CMPA, (b) Ground plane,
(c) U-shaped antenna, and (d) Proposed antenna.

Various types of flexible/wearable antenna configurations
have been proposed and studied in previous years, such
as fractal-based patch antennas [8], microstrip patch anten-
nas [9], flat F-shaped antenna [10], PIFA antenna [11], verti-
cal planar monopoles [12], and cavity-backed antennas [13].
These configurations suffer from several drawbacks: greater
size, thicker, narrow bandwidth, and high back radiation.
They also had limitations to be applied to flexible/wearable
devices. Thus, high impedance surface (HIS) structures are
introduced in the design of wearable antennas to provide
isolation between the body and the antenna and to allow the
SAR levels to comply with the safety limits set by the FCC.
On the other hand, these structures still have some disad-
vantages that remain unresolved, such as low front to back
ratio (FBR) [14]–[17], designed on semi-flexible substrate
that cannot stand for several degrees of bending [18], [19],
and electrically large or thick for wearable devices [20]–[32].

This research paper presents a low-profile, compact, con-
formal, wearable fabric antenna with HIS for wearable appli-
cations. The addition of HIS to the wearable antenna design
is worthy of its artificially unique feature, mimicking the
functionality of a perfect magnetic conductor (PMC) that
does not exist in nature [33]. Besides, they are capable of
controlling electromagnetic behaviors. As a result, the per-
formance of wearable antennas has significantly improved
efficiency, FBR, directivity and reduced SAR value.

II. ANTENNA PERFORMANCE IN FREE SPACE
AND ON BODY
A jeans substrate with a dielectric constant of 1.7 mm and a
thickness of 0.7 mm is used as an antenna support material.

FIGURE 2. Scattering parameter (a) Varying the length of the ground of
CMPA, and (b) Comparisons between CMPA, U-shaped antenna and
proposed antenna.

Whereas a ShielditTM with a thickness of 0.17 mm used as
a conductive layer. The evolution of the proposed design
is based on the Conventional Microstrip Patch Antenna
(CMPA), as shown in Fig.1 (a). The dielectric dimension is
chosen to be 30 × 20 × 0.7 mm3(0.25 λo×0.16λo×0.006
λo mm3), which can be adapted to the growth of wearable
devices. Fig.2 (a) shows the S11 of the CMPAwith full ground
(Lg = 30). The result demonstrate that the CMPA does not
operate with the full ground plane. We, therefore, conducted
a parametric study on the effect of the ground plane on the
CMPA. The length ranged from 30 mm to 2.7 mm, where a
resonant frequency was observed. However, the CMPA still
resonates at 3.7 GHz. To further shift the resonant frequency,
a slot is introduced in the CMPA to form U-shaped, as shown
in Fig.1(c). The slot helps to divert the current path; as a
result, the resonant frequency shifted to the lower band at
3.2 GHz, as shown in Fig.2 (b). The inverted L-shaped was
then added to the two arms of the U-shaped to form the final
design, as illustrated in Fig.1 (d). The proposed design shows
a resonant frequency of 2.45 GHz at the desired band. This
shaped combination helps to maintain the desired band with a
small antenna size. The optimal dimensions of the evaluation
process are shown in Table 1.

For better understanding, the surface current of the
evaluated designs is carried out, as shown in Fig.3.
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FIGURE 3. Surface current (a) CMPA, (b) U-shaped antenna, (c) Proposed design.

TABLE 1. Optimal values of the evolution antenna dimensions (mm).

The simulations are performed at the resonant frequency
2.45 GHz for the CMPA, U-shaped and proposed design. It is
observed that the current distribution is less for the case of
CMPA and U-shaped while highly concentrated for the case
of the proposed design. This indicates that the combination
of the U-shaped with inverted L-shaped divert the current
and increase its path which shift the resonant frequency from
higher to lower band.

Since the application of the design is for wearable use, its
output must be examined when mounted on the human body.
The presented antenna was placed directly on the phantom
models as shown in Fig.4 (a). The simulated S11 is shown
in Fig.4 (b) in free space and on the body. The loading of the
antenna on the body caused the frequency of the resonance
to detune compared to free space. This is due to the body
is hugely conductive in contrast with the antenna substrate.
Therefore, the HIS structure is presented in this paper to
overcome this problem. HIS helps to isolate the antenna
from the body, the SAR level to meet the specifications and
enhance the efficiency of the antenna.

III. HIS DESIGN
On the same supporting material as the antenna, the HIS
structure is printed. The HIS characteristics are analyzed
using a suspended line approach [34]. The HIS structures are
placed in between the ground plane and the suspended line
forming a sandwich-like shape as reveals Fig.5.

The arrangement includes 3 × 3 cells of the unit. In order
to cover the desired band, few steps had been carried
out. Firstly, the unit cell initially formed from a square
patch of 44.667 × 44.667 mm2 that formed an array of

FIGURE 4. (a) Antenna on phantoms model, and (b) Performance of the
proposed antenna in free space and on body.

134 × 134 mm2. Then, a horizontal square slot is inserted in
the middle of the square patch to minimize the size of the unit
cell to 30×30 mm2, resulting in an array size of 90×90 mm2

with a decrease of 54.89 % compared to the conventional
square patch. Finally, two vertical slots are inserted at the end
of the square slot to form an I-shaped slot that reduced the size
of the unit cell to 15×15 mm2 which formed an array of 45×
45 mm2 with a reduction of 88.72% compared to the conven-
tional square slot. Fig. 6 depicts the HIS evolution process.
The inclusion of slots on the radiating element modifies the
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FIGURE 5. Suspended line method (a) top view, (b) Side view.

FIGURE 6. Evolution process of 3 × 3 HIS with the percentage size
reduction (a) square patch, (b) square patch with horizontal square slot,
and (c) square patch with I-shaped slot.

current distribution and increases the sufficient current path
length. The resonance frequency is also decreased, which
leads to a reduction in the size of the HIS. The bandwidth was
also improved compared to the traditional square patch due to
the lower Q factor [35]. The total size of the final design is
45 × 45 × 0.7 mm3 (0.37λo×0.37λo×0.006 mm3), which
is compact compared to the structures previously described
in [7], [13], [14]– [32].

Fig. 7 presents the S-parameters of the evolution process of
HIS. By adding the slot, the bandwidth is improved because
of a lower Q factor [35]. The final presented design shows
a bandwidth of −10 dB between 1.38 GHz and 2.73 GHz.
The HIS also can suppress the antenna’s surface wave in
its frequency band to enhance efficiency and effectiveness.
Table 2 indicates the optimal dimensions of HIS.

FIGURE 7. Characteristics of HIS.

TABLE 2. Optimal values of the HIS dimensions (mm).

FIGURE 8. Prototype of the integrated antenna with HIS.

IV. ANTENNA WITH HIS PERFORMANCE IN FREE SPACE
AND ON BODY
A. FREE SPACE
The presented antenna was placed over a 3 × 3 array of
HIS structures. The configuration of integration is revealed
in Fig.8. To avoid short circuits, a foam with a thickness of
1mm is inserted between them. It is worthmentioning that the
addition of an antenna to HIS caused mutual impedance cou-
pling between them [7] which can cause resonant frequency
detuning. Therefore, to obtain the desired band of 2.45 GHz,
the antenna ground was modified when incorporated with
the HIS structures. The length of the ground plane (Lg) was
modified from 2.7 mm to 15 mm. The prototypes are shown
in Fig.9.

Fig.10 discloses the simulated and measured results of the
combining presented antenna with HIS. The results show that
both of them maintained reflection coefficient below−10 dB
in the broad agreement. There is a slight shift in the measured
result, which could result from manufacturing errors. The
results also show that the integrated design reveals a better
reflective coefficient than the antenna alone in Fig.4.

The radiation patterns of antenna alone and antenna with
HIS is shown in Fig.11. It shows that the HIS-free antenna has
themaximum back radiation that could be considered a health
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FIGURE 9. Prototype of the integrated antenna with HIS (a) with foam,
(b) without foam, (c) back view HIS, and (d) back view antenna.

FIGURE 10. S11 of the antenna with HIS.

risk [7, 36]. However, the addition of HIS to the antenna
reduced the back radiation by 10.8 dB. It also improved
the antenna gain from 1.96 dBi to 7.47 dBi and maintained
efficiency of 71.8%.

B. COMPARISON BETWEEN HIS AND PERFECT ELECTRIC
CONDUCTOR (PEC)
We perform a comparison between the use of HIS and PEC
as ground planes. In theoretical terms, the PEC has an infinite
conductivity, σ (S / m). However, there are products such as
copper with a finite conductivity that can be approximated
as PEC. Copper conductivity is 5.8 × 107 S / m. For a fair

FIGURE 11. Comparison normalized radiation pattern between the
antenna alone and with HIS (a) E-plane, and (b) H-plane.

FIGURE 12. Presented antenna over (a) PEC, and (a) HIS.

FIGURE 13. S11 of antenna over PEC and HIS.

comparison, the antenna was mounted above the PEC and
HIS with the same height and dimensions as shown in Fig.12.

Fig.13 presents the performance in both cases as a ground
plane below the antenna. The result shows that the coef-
ficient of reflection for the PEC case is detuned; in other
words, the frequency of resonance is not shown. According
to image theory [37], when an antenna is very close to the
PEC, the reverse image current is produced. The current
picture in the PEC cancels the current in the antenna, so the
output of the antenna drops and becomes very low. This
process is called destructive. In order to solve this problem,
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FIGURE 14. Normalized radiation pattern of presented antenna over PEC
and HIS (a) E-plane, and (b) H-plane.

it is necessary to detach the antenna from the PEC at least
λ/4 of the operating wavelength. However, the overall size
includes a minimum thickness of λ/4, limiting its applications
in low-profile antenna designs. A strong reflecting coeffi-
cient is realized on the desired band when the antenna is
positioned over HIS. This is due to HIS’s capability to cause
the image current to be in the same direction as the antenna
current [38].

The normalized pattern of radiation in both cases was also
compared, as shown in Fig.14. It can be shown that the HIS
antenna decreases the back radiation compared to the PEC
antenna. As a result, the harmful impacts due to the backward
radiation of the antenna would be very minimal in the case of
the integration of the antenna with HIS.

It should be noted that by integrating the HIS with the
wearable antenna, not only the physical properties of the
antenna can be enhanced in such a way that the geometry
of the antenna is smaller and low-profile, but the radiation
properties of the antenna can also be significantly improved
in terms of front to back ratio, gain, directivity and pattern of
radiation. The HIS will also minimize the back radiation to
the body, minimizing lossy’s body degradation on the wear-
able antenna’s output. The wearable antenna can therefore
work equally well, whether it is positioned off/on the body.
We also compared the efficiency of the antenna over PEC,
HIS in terms of gain and FBR. Fig.15 displays the findings.
It can be shown that the PEC antenna has low FBR suggest-
ing high back radiation to the body that can cause health
problems. Whereas, the antenna above HIS displays strong
FBR, suggesting low back radiation to the body. Besides,
the antenna HIS shows a much better gain of 7.48 dBi than
the antenna over PEC, which shows a gain of 3.48 dBi, as
shown in Fig.15.

C. BENDING
To evaluate the robustness of the integrated HIS with antenna,
bending sensitivity studies have been conducted to evalu-
ate the design performance. The investigation is conducted
numerically and experimentally along the y-axis and x-axis,
as shown in Fig.16 and Fig.17. Several diameters, including
60 mm, 80 mm, 100 mm and 140 mm, are selected for the

FIGURE 15. Performance of the antenna over PEC and HIS (a) FBR, and
(b) Gain.

FIGURE 16. Bending of the antenna with HIS (simulation) (a) y-axis, and
(b) x-axis.

design assessment. The selected diameters are based on the
typical size of human arms and legs.

Fig.18 and 19 illustrate the simulated and measured bend-
ing results along both the y-axis and the x-axis, respectively.
Generally, the desired resonant frequency of 2.45 GHz is
achieved in all variable diameters below – 10 dB, even at
extreme bending levels.

It can be seen that, in the two cases of y-axis and x-axis,
the effect of bending is that the resonance frequency is shifted
upwards by about 15 dB compared to the flat case. Also,
in the case of the y-axis, it can be seen that the resonance
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FIGURE 17. Bending of the antenna with HIS (measurement) (a) y-axis,
and (b) x-axis.

FIGURE 18. Evaluation of the design performance under bending along
y-axis (a) Simulation, and (b) measurement.

frequency has shifted slightly to higher frequencies as the
diameter drops to 60 mm. In the case of the x-axis, it can
be seen that the resonance frequency is slightly shifted to
lower frequencies as the diameter is reduced to 60 mm. The
effect is considered to be negligible, however, as the −10 dB
bandwidth still covers the required 2.45 GHz, frequency
band. The simulated result is seen to bemore stable compared
to the measured results; this could be due to the use of
plastic cylinders as well as manufacturing errors, cables and
connectors.

FIGURE 19. Evaluation of the design performance under bending along
x-axis (a) Simulation, and (b) measurement.

Furthermore, the radiation patterns along the four diam-
eters also studied during the simulation from 60 mm to
140 mm, while measured along 140 mm as presented
in Fig.20. It is seen that the normalized radiation pattern in
free space and along the four diameters are comparable. There
are slight increments in the back radiation compared to the
flat case. This could occur due to minor effects of bending
on conduction materials. The gain of the presented antenna
with the HIS in both cases is within the range of 4.67 dBi
and 7 dBi. Furthermore, the radiated efficiency at an extreme
degree of bending is maintained above 65.3 %. Hence,
the presented design is robust and suitable for wearable
applications.

D. ON BODY
Since the presented integrated HIS with antenna is used
for worn purposes, the effect of the body on the integrated
design performance was investigated. Two types of numerical
phantoms models are developed. They are chest and arm,
as depicted in Fig.21. Each model consists of four layers
they are bone, muscle, fat, and skin. Their data and thickness
have been taken from [7], [20], [39], [40]. The design was
investigated by placing it directly on the skin and assuming
that the worn clothes have a thickness of 1 mm, 2 mm and
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FIGURE 20. Bending evolution (a) y-axis (b) x-axis.

FIGURE 21. (a) Chest mode, and (b) Arm model.

3 mm. To show the HIS’s usefulness to the antenna design,
the antenna also investigated with the same positions.

Fig.22 depicts the results of the antenna with HIS loaded
on chest and arm. It is observed that when the antenna with
HIS, the desired band is achieved even when the integrated
design placed directly on the skin. The slight shift for the case
directly on the skin is negligible since the 2.45 GHz is still
within the −10 dB.
On the other hand, placing the antenna alone (without

HIS) on the body with the same positions as in Fig.22 is
affected, as shown in Fig.23. The S11 shifted to the lower
band, especially for the case when directly loaded on the
skin. This is due to the high conductivity of the model, which
acts as an additional ground for the antenna. Based on this
result, it can be concluded that with the introduction of HIS,

FIGURE 22. Performance of the antenna with HIS loading on (a) Chest
and (b) Arm.

the performance of the antenna is maintained as the case of
free space.

Fig.24and 25 show the radiation patterns of the antenna
alone and with HIS when loaded onto the body. It is
seen that when the antenna is alone and compared to free
space, the back radiation is reduced by 10 dB, indicat-
ing the amount of energy absorbed by the body, which
may pose a health risk [7], [36]. However, adding HIS
reveals comparable results with the case without the loading
body, indicating the benefits of HIS acting as an insulation
between the antenna and the body. As a result, it will pro-
tect the body from the harmful radiation that may pose a
health risk.

The proposed integrated antenna with HIS has also been
experimentally studied. The experiment was performed on a
male volunteer with a weight and height of 76 kg and 160 cm,
respectively, as shown in Fig.26. The design was loaded into
four parts: the chest, the back, the thigh, and the arm. The
S11 is shown in Fig.27. Overall, the bandwidth of −10 dB
applies to the desired resonant frequency of 2.45 GHz in all
cases. There is a slight shift on the S11 in the case of the arm.
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FIGURE 23. Performance of the antenna without HIS loading on (a)
Chest and (b) Arm.

FIGURE 24. Normalized radiation pattern of the antenna with HIS
loading on (a) Chest and (b) Arm.

It could be due to a bend along the arm, but it is negligible as
the bandwidth is still within −10 dB of 2.45 GHz.

E. SAR
Since the proposed antenna (with and without HIS) operates
close to the human body, SAR is an important parameter
for evaluation. Generally, the mass average SAR is calcu-
lated and compared to exposure limits established by reg-
ulatory standards to prevent human tissues from being at

FIGURE 25. Normalized radiation pattern of the antenna without HIS
loading on (a) Chest and (b) Arm.

FIGURE 26. Proposed integrated antenna with HIS on several parts of
the body (a) Chest, (b) Back, (c) Thigh, and (d) Arm.

TABLE 3. SAR values of the antenna alone and with HIS.

risk [7], [36]. Therefore, simulations have been conducted for
both cases with and without HIS to ensure the safety level of
SAR that meets the limit set by FCC, which should be less
than 1.6 W/ kg above 1 g on average [7], [19], [20], [21].

The SAR simulation performed based on IEEE C95.1
available in CST. The input power is set at 100 mW
as a benchmark. The same phantom models developed in
Section 4C are used for the SAR study. The SAR levels were
investigatedwhen the designwas placed directly on themodel
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FIGURE 27. Performance of the antenna with HIS loading on human
body.

FIGURE 28. SAR level of the antenna without HIS at 1 mm far from the
phantoms (a) Chest, and (b) Arm.

FIGURE 29. SAR level of the antenna with HIS at 1 mm far from the
phantoms (a) Chest, and (b) Arm.

and at varying distances between the model and the body.
The results are summarized in Table 3. It is seen that when
the antenna is alone, the level of SAR exceeds the safety
level event when the antenna is placed 3 mm away from the
models. However, the addition of HIS to the antenna shows
that the SAR level complies with the safety level. The level
is much lower than the safety level, even when the integrated
design is placed directly on the body. It proves the usefulness
of introducing HIS in the design of the wearable antenna.
Fig. 28 and Fig.29 present the 3D results at 1 mm away from
the phantom models.

F. WORST CASE STUDY
We have also carried out a study on the impact of varying
the body phantom’s permittivity to examine the performance,
functionality, and robustness of the presented antenna on its
own and add HIS in terms of reflective coefficient stability

FIGURE 30. SAR level of the antenna without HIS at 1 mm far from the
phantoms (a) Chest, and (b) Arm.

TABLE 4. SAR values with varying the permittivity values.

TABLE 5. Performance summary of the antennas with and without HIS.

and SAR levels. An equivalent body model with a scale of
150 × 150 ×40 mm3, an output of 52.7, and a conductivity
of 1.951 (S / m) at 2.45 GHz [41] are used. The permittivity
values selected were 20, 52.7, and 80,140,200. The antenna
with and without HIS was mounted at a distance of 1 mm
from the phantom model. Fig.30 displays the effects of the
coefficient of reflection. Variation of the permittivity values
has been found to have affected the reflection coefficient of
the antenna alone. This is because the model would serve as
an additional substrate to the antenna, allowing the reflection
coefficient to transfer to lower bands even at 20. In contrast,
HIS’s addition demonstrates an excellent stable reflection
coefficient even at a high permittivity of 200. It shows that
the HIS serves as isolation between the body and the antenna.
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TABLE 6. Comparison of the proposed antenna with the recent wearable antennas design in WBAN.

The SAR level was investigated with varying the per-
mittivity Body equivalent model. The results are tabulated
in Table 4 for both cases; it is realized that when the antenna
alone the SAR level does not comply with standard set by
FCC even at low permittivity of 20, while integrating antenna
with HIS, the SAR level comply with standards even at high
permittivity of 200. Hence, the integrated antenna with HIS
is mechanically robust to human body tissue loading, and it
is highly appropriate for body-worn applications.

V. CONCLUSION
The antenna for wearable medical applications is success-
fully presented with a full fabric high impedance surface.
The overall size of the HIS antenna is 45× 45 × 2.4 mm3

(0.37λo×0.37λo×0.02 mm3). The antenna alone was studied
in free space and on the body and showed that the S11 was
detuned when placed on the body due to the high conduc-
tivity of the body. HIS was therefore introduced because
it could isolate the antenna from the body and maintain
its performance compared to free space. Besides, the HIS
antenna showed a robust result when it was mounted on
the body and flexed. It has achieved a gain of 7.47, FBR
of 10.8, an efficiency of 71.8% per cent and reduces the
SAR below the safety limits. The reduction is more than
95%. Therefore, the design presented considers that it is
suitable for wearable applications. Finally, the performance
of the integrated design with the antenna alone and with
some other WBANwearable antennas is compared, as shown
in Tables V and VI, respectively. Further study was also
performed to show the useful of placing antenna over HIS
compared to the use of perfect electric conductor (PEC). The
integrated design was also investigated with the worst case
of varying the permittivity of body equivalent model which
shows excellent performance in term of reflection coefficient
and SAR levels. Hence, the integrated antenna with HIS
is mechanically robust to human body tissue loading, and
it is highly appropriate for body-worn applications. Gener-
ally, the proposed design shows better performance and can
be considered a promising candidate for human wearable
devices.
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