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Abstract

The increasing demand for wireless communication has emphasized the need for multiband
antennas. This study presents a novel design for a multiband antenna with reduced specific
absorption rate (SAR), high gain, and improved front-to-back ratio (FBR) achieved through
the integration with a 4 x 4 artificial magnetic conductor (AMC) surface. The proposed antenna
covers a wide range of wireless frequency bands, including Industrial, Scientific, and Medical,
Wireless Local Area Network, Worldwide Interoperability for Microwave Access, Wi-Fi 6E,
and 7, with resonating frequencies at 2.4, 3.2, 5.5, 7.5, and 10 GHz. The AMC unit cell creates
four zero-degree reflection phases with double negative properties at 2.5, 3.8, 5.5, and 7.5 GHz.
The compact design measures 0.23); x 0.296), x 0.0128)\, and placed 0.104\, above an AMC
surface of size 0.512X X 0.512X, x 0.1296),. This structure enhances the gain by up to 8.55dBi
at 6.01 GHz. The proposed antenna has —10 dB impedance bandwidth for these corresponding
frequencies viz 2.34-2.43 GHz (3.77%), 2.81-3.83 GHz (30.72%), 4.82-6.21 GHz (25.20%),
7-7.65 GHz (8.87%), and 8.06-10.31 GHz (24.5%). An overall average percentage reduction
value of SAR taken at these frequencies has been found to be 96.11% with AMC structure. The
antenna sample was successfully fabricated, and the experimental results have been found to
match well with the simulation results. This integrated design offers a promising solution for
wearable off-body communication devices.

Introduction

The growth in new wireless services and the emergence of novel technology uses will propel the
development of advanced wireless communication systems that can effectively and efficiently
handle various tasks. The wireless body area network (WBAN) has recently garnered significant
attention in academic research for its potential to revolutionize wireless communication tech-
nologies. The health-care industry, military and emergency rescue operations, sports, and other
sectors are expected to be significant adopters of WBAN due to its low-cost and high-quality
wireless network services. The communication links in WBAN rely on multiband antennas to
perform various functions [1]. Hence, multiband, low-profile, high-gain antennas will be essen-
tial for WBAN and the upcoming 6G networks. The design of microstrip antennas has shifted
toward structural simplification, which is becoming a key trend while still maintaining the
desired features of multiband capability, impedance bandwidth, realized gain, and outstand-
ing performance. The mortality rates related to COVID-19 continue to increase worldwide,
particularly among the elderly and individuals with pre-existing medical conditions. Health-
care professionals must exercise additional caution while treating patients with COVID-19 due
to the contagious nature of the virus, making it imperative to adopt a non-invasive approach.
WBAN communication, specifically wearable technology, has emerged as a promising solution.
Researchers are currently focusing on the antennas utilized in WBAN communication, as they
play a crucial role in its success. Microstrip patch antennas, with their versatility and efficiency,
have been a popular choice for wireless communication systems for the past three decades. Their
use in the medical field has recently seen tremendous growth due to their numerous advantages.

Wearable electronics require compact, flexible antennas and offer high gain while ensur-
ing low specific absorption rate (SAR) levels. In addition, a WBAN allows data transmission
between nearby wearables (known as “on-body communication”) or to wearables that are
more distant (referred to as “off-body communication”). Antennas embedded in or wrapped
around the user enable these communications. When designing WBAN antennas, factors
such as SAR and polarization mismatch must be considered, making the design process dis-
tinct from conventional antennas. Antennas used in WBAN applications, particularly for
oft-body communication, must be able to transmit signals across several frequency bands in
specific directions. A single antenna configuration may be necessary to meet the demands of
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Figure 1. The design and response of the proposed unit cell (a) geometry and (b) reflection phase and magnitude.

multiband communication. Methods for creating multiband
antennas include radiation patch slots and fractal technology [2].
The radiation performance of these antennas can be improved
through artificial magnetic conductor (AMC), which has in-phase
reflections and can be considered as a super material. AMC pro-
duces a plane-wave reflection with the same electromagnetic char-
acteristics as the incident wave, leading to a low-profile design with
a unidirectional radiation pattern, superior performance, and low
back radiation.

A wide range of advanced techniques and models have been
proposed recently for designing antennas and AMCs [3-7].
Different shaped and sized antennas, such as wearable antennas
[8], planer inverted-F antennas [9], microstrip antennas [10, 11],
monopole antennas [12], and AMC-supported multiple-input
multiple-output (MIMO) antennas [13], have been suggested for
WBAN communications. However, these antennas are limited to
a single frequency range, making multilink transmission impos-
sible. In paper [14], an AMC reflector-backed dual-band, dual-
polarized antenna of 70.4 x 76.1 x 43.11 mm? size was designed
for Wireless Local Area Network (WLAN) usage. It showed a zero-
degree reflection coeflicient at two resonance frequencies with
strong gain enhancement performance. Yang et al. [15] proposed
a dual-band patch antenna with separate radiating elements to
achieve different radiation properties, with a maximum gain of
3.1 dBi at the lower frequency. The antennas in papers [16] and
[17] have gains more significant than 10 dB, but their complex
structures and large size hinder their application. Thus, the chal-
lenge remains to develop a compact, wideband microstrip antenna
with high gain, high efficiency, low cost, and lightweight. Yang
et al. [18] presented a dual-band antenna that is flexible and capa-
ble of dual circular polarization, high gain, and low backward
radiation, making it suitable for long-range connections. Antenna
operating in the 5.8 GHz Industrial, Scientific, and Medical (ISM)
and 3.5 GHz Worldwide Interoperability for Microwave Access
(WiMAX) bands are designed for wearable devices. Annavarapu
et al. [19] developed a planar antenna based on dielectric AMC
for Internet of Things applications in the P band, with a small
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Table 1. Summary of optimized AMC unit cell parameters
Value Value Value
Parameters (mm) Parameters (mm) Parameters (mm)
Wame & Lame 16 Ly 425 Re 7.25
G, 1 Ay 46 Ry 1.5
e 15 Lg 5 Ry, Wp, &W; 0.5
L 3.1 R, 3.55 Wy & W, 0.6
™ 36 R, 4.15 R, 5.5
Ly 3.75 Ry 49 Rs 6.75

patch size of 0.16%; x 0.20%, x 0.01 X\, and a gain of 3.1 dBi.
Gupta et al. [20] showed a fractal H-shaped antenna with a
flawed ground structure, with circular polarization that makes
it suitable for use with Bluetooth, LTE, GNSS, S-, and C-band
devices.

The previous studies in the field mainly concentrated on
improving the performance of single- or dual-band antennas by
incorporating AMCs with limited frequency coverage. A triband
microstrip antenna with a tricyclic stacked structure was proposed
in paper [21], featuring good gain across three frequency ranges
and an elliptic-shaped defected ground structure to enhance band-
width and radiation efficiency. Another research [22] explored a
patch antenna that met the criteria of being triband, had improved
bandwidth, high gain, and a diverse radiation pattern, with a gain
of 6.35 dBi at 1.79-1.81 GHz, 6.1 5dBi at 3.74-4.0 GHz, and
9.42 dBi at 4.93-5.44 GHz. However, designing triband AMC-
backed antennas is challenging since it requires a complex design
of an AMC with three or more zero-degree phases in its reflec-
tion coeflicient, and few triband AMC-based antennas have been
reported so far. Despite these challenges, researchers have been
making significant efforts to develop AMC-supported multiband
antennas.

The use of AMCs in microstrip antennas has been well docu-
mented in the literature to enhance the radiation performance of
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Figure 3. The reflection phase response of the AMC unit cell at various
evolutionary stages.

the antenna. In paper [23], a slotted dipole antenna with a compact
profile and a broad operating frequency range is presented, uti-
lizing an AMC structure of 6 x 6 unit cells. This design achieved
gains of up to 9.9 dB in the C band. In paper [24], a blueprint is
developed for a bilayer AMC, where the dipole and patch hybrid
modes are activated using a single feeding and standard aperture,
resulting in an impressive 51.3% impedance bandwidth across the
frequency range of 1.68-2.8 GHz. The ultra-wideband meta surface
reported in paper [25] can switch from linear to circular polar-
ization with over 93% efficiency, covering a frequency span from
7.08 to 25.86 GHz. Reflector elements have been proposed for con-
struction on a reconfigurable AMC platform, with a return loss of
—15 dB and 12 different radiation patterns, as described in paper
[26]. El Atrash et al. [27] explain the CRLH (composite right/left-
handed) approach to the m-section and the strategic installation
of a 2 x 2 AMC array for better performance in WBAN and
medical settings. Saeed et al. [28] report a new flexible and recon-
figurable antenna for mobile remote patient monitoring systems,
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AMC-II1

Figure 2. The evolution of the AMC unit cell:
(a) AMC-I, (b) AMC-II, (c) AMC-II, (d) AMC-IV, and
(e) AMC-V.

emitting orthogonally polarized waves in the WBAN and WiMAX
spectrum and a polarization-dependent dual-band AMC surface
to enhance radiation performance and reduce SAR. In paper [29],
a quad-band coplanar waveguide antenna equipped with an AMC,
including four zero-phases of the reflection coefficient, is used to
achieve multiband and high-gain features. The present paper aims
at to design a novel multiband AMC-based antenna by overcoming
the aforementioned limitations.

This paper outlines a novel design for a low-profile, high-gain,
low-SAR multiband AMC patch antenna for off-body commu-
nication systems. The design incorporates a polygonal radiating
patch with different segment counts and an AMC surface of 4 x 4
unit cells placed at a distance of 0.104)\, from the bottom of the
antenna. The polygonal patch is constructed with three patches
of varying segment counts that are rotated concerning each other
to provide multiband responses. The AMC unit cell generates
four zero-degree reflection phase responses with double negative
(DNG) behavior at 2.5, 3.8, 5.5, and 7.5 GHz. The proposed patch
antenna and AMC surface combination generate five distinct reso-
nance points at 2.4, 3.2, 5.5, 7.5, and 10 GHz. The antenna reaches
its highest gain at 6.01 GHz, reaching 8.55 dBi, and boasts an
impressive 31.5 dB front-to-back ratio (FBR) at 4.5 GHz. The pro-
posed antenna has dimensions of 0.23%; x 0.296)%; x 0.0128X,,
not including the AMC surface. Human phantom simulations have
shown the combined design to have a SAR of 0.0627 W/kg at
2.4 GHz. The proposed antenna and AMC surface were tested
and verified in a vector network analyzer (VNA) and an anechoic
chamber.

Design and characterization of a quad-band AMC unit cell
Design and geometry of AMC unit cell

There has been significant research on thin-layer AMC structures
that act as perfect magnetic conductors at the resonance frequency
[30]. The 4 x 4 AMC surface is constructed by arranging periodic
unit cells with a gap of 0.1 mm (Gy). The unit cell comprises a
dielectric substrate and a metallic ground. The normal incidence
illumination of a plane wave is used as the standard benchmark
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for evaluating the properties of an ideal AMC. The operating
bandwidth of an AMC structure is defined by the phase range
[+90°, —90°], and the resonance frequency corresponds to phase
0° of the reflection coefficient. A zero-degree reflection coefficient
for the AMC plane in the operating frequency range signifies that
it will produce in-phase reflection concerning the incident wave.
However, designing a simple structure that can reflect various zero-
phase AMC frequencies in the required spectrum is challenging.
The AMC is designed to provide four zero-phase reflections to
enhance the radiation performance of the proposed multiband
antenna.

The proposed AMC unit cell design, as depicted in Fig. 1(a),
consists of a square patch and three polygonal patches with vary-
ing numbers of segments. The unit cell has a compact size of
16 x 16 x 1.6 mm? and is constructed using the FR4 material, which
has a relative permittivity of 4.4 and a loss tangent of 0.02. The sim-
ulation of the unit cell was performed using ANSYS HFSS with the
incorporation of the floquet port and master-slave boundary con-
ditions. In Fig. 1(b), the reflection phase and magnitude response
of the proposed AMC unit cell is illustrated, with zero-phase reflec-
tion observed at frequencies 0f 2.5, 3.8, 5.5, and 7.5 GHz. The width
of the nonagon, octagon, and heptagon metal strips is represented
as W,, W3, and W, respectively. A summary of the unit cell’s
optimal parameters is provided in Table 1.

Development of the AMC unit cell
The evolution of the AMC unit cell involved five stages of devel-

opment. Three fundamental components make up the final unit

Table 2. Bandwidth comparison of AMC unit cell development stages
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cell design. These are a square-shaped patch, a polygonal patch
composed of three metal segments, and an arrangement of eight
rectangular patches. The entire design process is illustrated in
Fig. 2, with each stage designated as AMC-I through AMC-V. The
initial stage, shown in Fig. 2(a), features a conventional square
patch that accommodates the wireless frequency spectrum and
exhibits zero-degree reflection at 2.5 GHz. The subsequent stages,
from AMC-II to AMC-1V, involve polygonal metallic patches cre-
ated by drawing a circle and labeling its circumference with the
desired number of segments using ANSYS HFSS. In the second
stage, AMC-II, a nonagon-shaped patch was implemented, consist-
ing of an outer and an inner nonagon with radii Rs and Rs, and side
lengths L and L, respectively. The inner nonagon was rotated rel-
ative to the outer nonagon so that its corners would fall precisely in
the middle of the sides of the outer nonagon. The reflection phase
response of AMC-II, which exhibits a second zero-degree reflec-
tion at 3.85 GHz, is depicted in Fig. 2(b). Figure 3 presents the
reflection phase response.

The development of the AMC-III and AMC-IV followed the
success of Step 2. Figure 2(c) and (d) shows the AMC-IIIand AMC-
IV, respectively, created with an octagon and heptagon shape. In
Step 4, the proposed unit cell had four frequencies (2.52, 3.84,
5.48, and 7.44 GHz) identified with a zero-degree reflection phase.
Although a quad-band AMC was produced, the bandwidth and
material properties were not optimal, and the third- and fourth-
band responses needed to be improved. Therefore, the AMC-V
design in Fig. 2(e) was created by adding eight additional rectan-
gular patches of size R, x R, to AMC-IV in Step 5. With these
modifications, AMC-V showcased the desired DNG characteristics

First Band Second Band Third Band Fourth Band
AMC Design Step Resonant Frequency (GHz) BW (GHz) BW (%) BW (GHz) BW (%) BW (GHz) BW (%) BW (GHz) BW (%)
1 2.53 2.52-2.54 0.791 - - - - - -
2 2.52,3.84 2.5-2.53 0.396 3.83-3.85 0.521 = = = =
3 2.52,3.84, 5.42 2.51-2.53 0.794 3.83-3.85 0.521 5.39-5.44 0.923 - -
4 2.52, 3.84, 5.48, 7.44 2.51-2.54 1.188 3.83-3.85 0.521 5.48-5.49 0.182 7.44-7.45 0.134
5 2.5,3.8,5.5, 75 2.48-2.52 1.6 3.79-3.82 0.788 5.51-5.59 1.441 7.46-7.55 1.199
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Figure 4. Parametric analysis of the unit cell: The effect of variations in (a) W, and (b) W,
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and zero-degree reflection phase at 2.5, 3.8, 5.5, and 7.5 GHz.
Table 2 summarizes the bandwidth results of the AMC unit cell
at each step in its evolution process.

Exploring the impact of unit cell parameters on AMC design

The resonant frequency of the AMC unit cell has been optimized
by exploring two critical parameters in five different stages. First,
the reflection phase of the incident wave that strikes the surface is
described by equations (1) and (2) [31]. The reflection phases of
the simulated quad-band AMC are depicted in Fig. 4, which varies
according to the values of W, and W3. The parameter W, signifi-
cantly influences the fourth frequency band, causing the resonant
point for the fourth band to move to a higher frequency as W,
increases.

On the other hand, W affects both the third and fourth fre-
quency bands. As a result, the AMC exhibits triband behavior only
when W, = 0.35 mm and W3 = 0.3 mm. The optimal parameters
of the unit cell, calculated by applying equations (1) and (2) to the
reflection phases of the AMC unit cell, are presented in Table 1.
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AMC unit cell with different incidence angles

The dependence of the surface impedance (Z; 4yc) of the AMC
unit cell on the incidence angle of plane waves can be attributed to
its behavior as a high impedance surface [32]. The behavior of the
impedance for both transverse electric (TE) and transverse mag-
netic (TM) polarized waves varies based on the angle of incidence.
The stability of the AMC structure against changes in the incidence
angle has been studied by evaluating the phase-frequency rela-
tionship of the reflection coefficient for incident angles () ranging
from 0° to 180° for both TE and TM polarized waves as shown in
Fig. 5. TE- and TM-polarized waves have incidence angles from
0° to 180°. Despite the change in incidence angle, the first two
operational bands remain unchanged for both types of polarized
waves. However, the third and fourth resonant frequencies of TE

Figure 5. Reflection phase response of AMC unit cell for different incident angles: (a) TE polarization and (b) TM polarization.
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Figure 6. Characteristics of AMC unit cell: (a) Permittivity and permeability, (b) normalized impedance and refractive index.
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Figure 7. (a) Equivalent circuit diagram of the AMC unit cell (b) Reflection phase response of the AMC unit cell from the ADS simulator.
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Figure 8. The geometry of the proposed antenna: (a) An overview from above and (b) a view from below.

Table 3. Optimized multiband antenna design parameters

(b)

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm) Parameters Value (mm)
Wyt 27 Raa 6 Rea 12 Lg &Ry, 5

Lant 39 Ria 8 Wy 0.5 Rss 11

Ly 12 Raa 9 We 2.75 e 19.5

polarized waves decrease to 5.3 and 7.3 GHz respectively when the
incidence angle shifts from 0° to 45° or from 135° to 180°. For other
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incidence angles, the resonance frequency may fluctuate, but not to
a significant extent.
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Table 4. Comparison of antenna designs in the evolution process

-10 dB
Operating Resonant Impedance
Evolution Frequency Frequency Si Bandwidth
Step (GHz) (GHz) (dB) (%)
1 2.62-2.77 2.72 —-39.65 5.56
3.04-5.01 3.37 -30.45 48.95
5.48-7.20 6.27 -19.78 27.13
7.60-8.58 8.18 -22.62 12.11
9.55-11.4 10.97 -30.77 17.66
2 2.38-2.45 2.43 -26.42 2.89
2.79-4.50 3.15 —42.59 46.91
4.97-6.39 5.78 -27.37 25
7.28-7.95 7.61 -30.66 8.79
9.62-11.2 10.3 -34.24 15.18
3 2.36-2.44 241 -28.11 3.33
2.74-4.54 3.08 -43.96 49.45
4.99-6.37 5.72 -30.63 24.29
7.21-7.79 7.54 -18.27 7.73
8.78-10.64 10.04 -18.16 19.15
4 2.37-2.44 241 -26.4 291
2.85-4.42 3.26 —-46.30 43.2
4.96-6.35 5.6 -21.75 24.6
7.08-7.88 7.5 -28.28 10.7
8.07-10.37 10 -16.94 24.95

The variation in bandwidth observed is only 0.05%. The res-
onant frequencies remained unchanged for TM polarized waves
with incidence angles between 0° and 30° and 150° and 180°.
However, as the incidence angle increased from 45° to 135°, there
was a shift in the resonant frequency of the last two bands, with
an average variance of 0.25% in bandwidth observed. The angular
stability of the AMC highlights the polarization independence of
isotropic unit cells. Thanks to the investigation of the AMC sur-
face’s reflection phase for various incident angles, the proposed
AMC unit cell can function for any incidence angle of plane waves.

Investigating the material properties of the AMC unit cell

The S-parameters retrieval technique can determine electromag-
netic properties, including complex permittivity and permeability,
refractive index, and impedance [33]. The simulation software
ANSYS HESS, widely recognized and legally accessible, will be uti-
lized to obtain the S-parameters. This simulator can extract the
properties of the unit cell through the S-parameters. The pro-
posed metamaterial’s unit element, which has lattice vectors in
three dimensions, will be considered, and the proper master-slave
boundary conditions and Floquet port excitations will be applied
to retrieve the necessary parameters. Once S;; and S,; have been
extracted from ANSYS HESS, refractive index and impedance can
be calculated using equations (3) and (4). The permittivity and per-
meability of the unit cell can then be extracted from the refractive
index and impedance of the material.
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Negative values for the retrieved permittivity are observed in
all bands apart from the second band, while negative values for the
retrieved permeability are observed at every resonant frequency.
Therefore, the designed unit cell element exhibits DNG behavior in
the operational bands, as shown in Fig. 6(a). Figure 6(b) displays
the retrieved refractive index and impedance, which indicates that
the structure is well-matched at the resonant frequency, where the
refractive index is negative.

AMC unit cell equivalent circuit analysis

The Advance Design System (ADS) software is utilized to model
and test the equivalent circuit. The quad-band reflection phase
behavior of the equivalent circuit was modeled by calculating the
surface impedance of a patch unit cell with a combination of polyg-
onal and square shapes. The resonant frequency of the unit cell was
calculated using equation (5).

£ 1

 2nVIC

A standard inductor-capacitor resonator was found to describe
the AMC surface unit cell, and the distribution components in
Fig. 7(a) were estimated using the equations presented [34].

2 -1 (P
— cosh (G_g> (6)

(5)

C =

amc

™ Wamcu

2cosh™! < £ )
GS

The width of an AMC unit cell (W), its periodicity (p), and
the distance between two adjacent unit cells (Gg) were used to
calculate the equivalent capacitance using transmission line the-
ory, which was based on the distribution of electric fields between
adjacent sections, and the equivalent inductance, which was based
on the height of the medium. The values of the lumped compo-
nents are L, = 0.8178 nH, L, = 0.2597 nH, L; = 0.2288 nH,
L, = 03525 nH, C, = 5.2 pE, C, = 7.05 pF, C; = 3.835 pF, and
C, = 1.289 pE The simulated reflection phase response from the
circuit model in ADS, shown in Fig. 7(b), has a narrower band-
width than the results obtained from HESS, which tends to have a
broader bandwidth due to the reflection phase. Despite this differ-
ence, the zero-reflection phase at the four bands is very similar to
the HESS results, indicating that the results are in good agreement.

L= (7)

Design and analysis of multiband antenna
Multiband antenna design configuration

The polygonal ring-shaped antenna is designed to support the
commonly used wireless frequency ranges in communication
devices outside the human body. The antenna supports ISM,
WiMAX, WLAN, Wi-Fi 6E & 7, and C-band standards. Figure 8
illustrates the layout of the multiband patch antenna that uti-
lizes a defective ground structure in the bottom metal plate to
attain a multiband response with broad impedance bandwidth.
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Figure 9. Development stages of the multiband antenna: (a) Antenna-l, (b) Antenna-Il, (c) Antenna-Ill, and (d) Antenna-IV.

The patch comprises multiple polygonal rings with varying seg-
ment lengths positioned above the 1.6-mm thick FR4 substrate
with a relative permittivity of 4.4 and a loss tangent of 0.02. The
front and back views of the antenna are shown in Fig. 8(a) and
(b), respectively, with dimensions of 29 x 37 x 1.6 mm?>. The
antenna is fed by a signal through a microstrip line, resulting
in an impedance bandwidth of 2.91% (2.37-2.44 GHz), 43.2%
(2.85-4.42 GHz), 24.6% (4.96-6.35 GHz), 10.7% (7.08-7.88 GHz)
and 24.95% (8.07-10.37 GHz). The geometrical parameters of the
antenna design were optimized using ANSYS HFSS, and the results
are displayed in Table 3.

Development of the multiband antenna

The comparison of the antennas developed during the evolution
process is presented in Table 4 to provide a clearer understand-
ing of the process and how the proposed antenna operates. The
proposed multiband antenna consists of metal patches in poly-
gon shapes, which have undergone a four-step transformation, as
depicted in Fig. 9. The antenna resonates at 2.4, 3.2, 5.5, 7.5, and
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Figure 10. Reflection Coefficient response of different antenna evolution steps.

10 GHz, as shown in Fig. 10. The substrate thickness, size, and
other parameters of all four antennas are uniform. The design of
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Figure 12. Impedance characteristics of the multiband antenna across multiple
frequency bands.

the antenna began with a circular patch antenna for use in wire-
less frequencies such as the 2.45 GHz ISM band. The first antenna,
ANTENNA-I, achieved a multiband response by integrating three
circular patches. Subsequently, the circular metallic patches trans-
formed and became nonagon, octagon, and heptagon shapes in
successive processes. ANTENNA-II features three polygonal ring-
shaped metallic.

The ANTENNA-III takes advantage of the AMC unit cell design
by rotating the polygonal metallic patches to broaden the multi-
band response across all frequencies. The authors did achieve
their desired outcome; however, the integration of the AMC sur-
face could have been better. To tackle this issue, ANTENNA-IV
presents a novel patch design comprised of seven rectangular
patches with dimensions of L x Wy. Table 4 compares the perfor-
mance of each antenna in terms of resonant frequency, impedance
bandwidth, and operational frequency band. The results show that
these parameters continually improve with each successive step,
leading to an impressive —10 dB impedance bandwidth for the
proposed antenna.
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Investigating the parameters of the multiband antenna

Optimizing the proposed multiband antenna is done by changing
specific geometrical parameters to showcase the design’s impact on
the operating bandwidth. The two crucial parameters are the radius
of the inner heptagon (R;,) and the length of the defective ground
structure (Lg). Figure 11(a) indicates that the impedance band-
width decreases as the heptagon radius becomes small. However, a
triband response is obtained for radii more significant than 5 mm,
causing an increase in impedance bandwidth. Figure 11(b) reveals
that altering the L, value to less than 12 mm significantly changes
the impedance bandwidth with either a single-band or dual-band
response. For L, values of 13 and 14 mm, the antenna provides
a multiband response with a low impedance bandwidth, which is
above the optimal value of L,. Consequently, after optimization,
the optimal R;, = 5 mm and L, = 12 mm values result in a broader
bandwidth and a more balanced multiband response.

Analysis of the equivalent circuit of the multiband antenna

The proposed antenna was designed using a lumped equivalent
circuit consisting of five cascading parallel RLC circuits, each
resonating at different frequencies. The appropriate resonances
were identified by analyzing the real and imaginary parts of the
impedance, with values close to 50and 0 €2, respectively, as shown
in Fig. 12. The circuit was modeled in ADS software, and its sim-
ulation results are shown in Fig. 13. A radio frequency signal was
fed to the antenna through a 3.5-mm SMA connector, and a source
impedance of 50 €2 was assumed. The lumped component values
of the equivalent circuit were determined based on the matching
bandwidth premise, using equation (5) and a 50 {2 impedance.
RLC resonant circuit models were used to approximate reflec-
tion coefficient drops below —10 dB to create an equivalent circuit
model. Real and imaginary impedance values were derived from
ANSYS HFSS, based on the condition and displayed in Table 5,
along with inductance and capacitance values. The frequency range
of 1 to 11 GHz in Fig. 13(b) exhibits five resonant modes. During
ADS simulations, the lumped component values were adjusted to
achieve the appropriate responses at the corresponding resonant
frequencies. However, due to the circuit model being approxi-
mately matched to 50 €2, the component values varied at higher
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Figure 13. (a) Lumped equivalent circuit model of the multiband antenna, and (b) Reflection coefficient response of the multiband antenna, as simulated in ADS software.

Table 5. Lumped equivalent circuit component values of the multiband
antenna

Resonant Impedance  Impedance

Frequency (Real (Imaginary  Capacitance Inductance
S.No.  (GHz) Part) (€2) Part) (€2) (pF) (pH)
1 24 R; = 50.55 2.43 C, =27.190 L, =160.56
2 3.25 R, = 50.15 0.86 C, =56.623 L, = 41.878
3 5.6 R; = 57.41 4.52 C3 =6.1268 L3 =125.17
4 7.5 R, = 50.51 4.02 C,="5.2604 L, =85.010
5 10 Rs = 49 14.15 Cs=1.1175 Ly =223.75

frequencies, resulting in a low bandwidth at the second resonant
frequency.

Results and discussion of the integrated antenna design

The integrated design of the multiband antenna consists of a 4 x 4
AMC surface, a foam layer, and the multiband patch antenna itself.
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The proposed quad-band 4 x 4 AMC surface has a central point,
with the multiband antenna located D nt.amc away from that
point. The fabricated antenna and AMC surface are shown in
Fig. 14(a) and (b), respectively. The foam layer is a separator
between the antenna and the AMC surface, resulting in an overall
antenna size of 64 x 64 x 16.2 mm?®. The integrated antenna param-
eters are discussed in this section, including the results obtained in
free space and the presence of a human phantom.

Free-space performance of the integrated design

A 4 x 4 AMC surface was created by repeating the AMC unit cell
in two dimensions. The multiband antenna was separated from
the AMC surface by a Styrofoam layer in the simulations. At the
same time, physical separation was achieved using nonconduc-
tive materials such as glue sticks in the prototype. The integrated
antenna design was fabricated and shown in Fig. 15 with top and
isometric views. The performance of the proposed design was eval-
uated using a VNA to measure S;; and voltage standing wave ratio
(VSWR), as shown in Fig. 16(a). Figure 16(b) and (c) displays a
screenshot of the §;; and VSWR in VNA display. The measured
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Figure 14. Fabricated prototype: (a) Multiband antenna and (b) 4 x 4 AMC surface.

S11 and VSWR curves after applying the AMC surface are shown
in Fig. 17. A comparison between the simulated and measured S,
and VSWR of the antenna with and without the AMC surface is
presented in Fig. 17(a) and (b), revealing a multiband response.
These results show good agreement between the simulation and
measurement data. Table 6 compares antenna metrics, including
S11, impedance bandwidth, gain, FBR, and back lobe level, with and
without the AMC surface.

Figure 18(b) shows the peak gain of the antenna with and
without the AMC surface, as determined by simulation and mea-
surement. By incorporating the AMC surface, the antennas peak
gain is enhanced from 5.97 to 8.55 dBi and has consistent gain
across the resonant frequency. The maximum gain is achieved
at 6.01 GHz. In addition, the AMC surface significantly reduces
radiation in the opposite direction. Therefore, the FBR parameter
reflects the amount of energy reflected from the antenna. As seen in
Fig. 18(a), the AMC plane enhances FBR from 1.5 dB at 4.5 GHz to
31.5 dB. The anechoic chamber depicted in Fig. 19 can determine

V. Rajavel and Dibyendu Ghoshal

the radiation efficiency, gain, pattern, and FBR of an integrated
antenna with a 4 x 4 AMC surface. The antenna’s radiation effi-
ciency over its operating band is consistently greater than 88%, as
confirmed by both simulation and measurement results. However,
slight variations may arise between measured and simulated val-
ues due to fabrication, soldering, and the physical separation of
the AMC surface and antenna using glue sticks. Nevertheless, the
measured and simulated values match nicely within the operating
bandwidth.

The anechoic chamber measurements of the integrated antenna
design’s normalized radiation patterns are depicted in Fig. 19. To
further analyze the radiation properties of the design, Fig. 20 com-
pares the simulated and measured radiation patterns in the XZ
and YZ planes at frequencies of 2.4, 3.2, 5.5, 7.5, and 10 GHz.
The integrated design displays a unidirectional radiation pattern
with suppressed rear lobe magnitude and enhanced main lobe
gain in both planes. While the radiation pattern at the five reso-
nant frequencies without AMC appears almost omnidirectional,
the integrated design achieves rear lobe alleviation, decreasing the
magnitude of the rear lobe from —0.0053 to —6.3889 dBi at 2.4 GHz.
Table 6 summarizes the gains achieved by the integrated design at
the resonant frequencies. Compared to the antenna without AMC,
the gains at 2.4, 3.2, 5.5, 7.5, and 10 GHz improve by 3.99, 5.13,
2.66, 1.09, and 1.52 dB.

Figure 21 illustrates the surface current distributions of the inte-
grated antenna at different resonant frequencies, providing valu-
able insights into the antennas design behavior and the determi-
nants of its resonant frequency. At the lower resonance frequency
of 2.4 GHz for the suggested design, Fig. 21(a) reveals a major
current distribution along both the feed line and the octagonal
ring. Figure 21(b) showcases the surface current distributions at
3.2 GHz, vividly demonstrating the significant current concentra-
tion along the feedline and the outer nonagon and octagon rings. At
the resonant frequency of 5.5 GHz, a pronounced surface current
concentration is observed exclusively at the center of the radiat-
ing patch. Figure 21(d) depicts the surface current distribution at
7.5 GHz, revealing that a significant portion of the current flows
through the outer polygonal ring, converging at the center point
of the radiating patch. The surface current is uniformly distributed
across the radiating patch at the higher resonance frequency.

Analysis of the integrated design performance with varying
AMC surface configurations

The integrated design’s impedance bandwidth is closely linked to
the array size of the AMC surface, the distance between the antenna

Figure 15. Perspectives of integrated design: (a) Isometric view, (b) top view, and (c) isometric view of the prototype.
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Figure 16. VNA measurement configuration and results for the integrated design: (a) VNA setup with integrated design; screenshot of VNA display (b) S;; and (c) VSWR
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Figure 17. Simulated and measured results of the antenna with and without the AMC surface: (a) S;; and (b) VSWR.

Table 6. The impact of AMC surface introduction on antenna performance

Resonant Frequency (Band)  Operating Frequency (GHz)  S;; (dB)  -10 dB Impedance Bandwidth (%)  Gain(dB) FBR(dB)  Back Lobe Level (dBi)
1 Without AMC 2.37-2.44 -26.4 291 1.61 0.46 -0.0053
Simulated with AMC 2.34-2.43 -13.69 3.77 6 13.05 -6.3889
Measured with AMC 2.26-2.4 =82 6.09 4.61 12.02 -5.9290
2 Without AMC 2.85-4.42 -46.30 43.19 2.58 0.78 -0.0069
Simulated with AMC 2.81-3.83 -15.65 30.72 7.6 14.35 —-6.6863
Measured with AMC 2.71-3.8 -18.8 33.49 7.11 10.05 —-4.5515
3 Without AMC 4.96-6.35 -21.75 24.58 4.88 0.39 -0.3215
Simulated with AMC 4.82-6.21 -24.1 25.20 7.5 15.03 -5.9284
Measured with AMC 4.8-5.77 -15.2 18.35 7.12 16.82 —7.2800
4 Without AMC 7.08-7.88 -28.28 10.69 0.81 4.21 -4.1885
Simulated with AMC 7-7.65 -26.35 8.87 6.17 7.60 -8.5437
Measured with AMC 6.94-7.58 -30.1 8.82 1.81 6.41 -12.1554
5  Without AMC 8.07-10.37 -16.94 24.95 4.47 0.62 -0.0964
Simulated with AMC 8.06-10.31 -24.25 24.5 6.4 10.03 -3.5110
Measured with AMC 8.15-10.1 -14.6 21.37 5.71 12.95 -7.8511
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LALLELEL .fl’iﬁ‘ﬁl“‘j/ N

rrrrry
7 oy

Figure 19. The integrated antenna design setup in an anechoic chamber.

and the surface, and the antenna’s orientation concerning the AMC
surface axis. As a result, it is essential to consider these factors when
mounting antennas on AMC.

Depending on the antenna dimensions, the AMC array can
range from 3 x 3 to 5 x 5. Irrespective of the array shape, the
antenna is situated above the Dy\p.amc distance and is centered
relative to the AMC surface. All possible array sizes are depicted
in Fig. 22, and Table 7 compares their gain and bandwidth at five
different resonance frequencies. Even though the antenna’s reflec-
tion coeflicients remain stable across a range of AMC array sizes,
its performance improves significantly with increasing array size.
At the first and last resonance frequencies, there is a minor gain
reduction in a 5 x 5 array. To achieve a balance between reflec-
tion coefficients, integrated design size, gain, and production cost,
the recommended AMC plane design employs a 4 x 4 unit cell,
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as shown in Fig. 23(b), which exhibits the reflection coefficient
response for all AMC array size variations.

The multiband antenna, situated at the height of Dnr.amc
above the center of the AMC surface, is designed to provide cover-
age across a wide range of frequencies. Figure 23(a) illustrates the
effects of varying the D sn1-anmc parameter on the antenna’s perfor-
mance. There is no denying that D yxramc has a significant impact
on the impedance bandwidth of the AMC-backed antenna. The
optimal distance is determined by varying the D yt.apmc param-
eter between 9 and 17 mm. A D np.amc Of 13 or 15 mm enables
the system to take advantage of the antenna’s multiband capabili-
ties, with smaller values unable to cover the multiband response. By
balancing radiation performance and profile requirements, a fair
Danramc Value of 13 mm is determined to effectively cover most
wireless frequency bands using the AMC-backed antenna.
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2.4 GHz, (d) 3.2 GHz, (f) 5.5 GHz, (h) 7.5 GHz, and (j) 10 GHz.

Figure 21. Surface current distribution of the integrated antenna at (a) 2.4 GHz, (b) 3.2 GHz, (c) 5.5 GHz, (d) 7.5 GHz, and (e) 10 GHz.

Figure 24(a) shows the orientation angle of the antenna rel-
ative to the AMC plane. At the same time, Fig. 24(b) presents
the reflection coefficients of the integrated design at various ori-
entation angles denoted by the symbol “0” The orientation angle
ranges from 0° to 90° in 15-degree increments. As a result, the
integrated design generates a multiband response at frequencies of
2.5,3.2,5.5,7.5,and 10 GHz, providing acceptable variation cover-
age. The antenna response at 0- and 90-degree orientation angles is
identical due to the symmetrical AMC surfaces. Consequently, all
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orientations provide the same impedance bandwidth inside each

band.

Analysis of integrated design performance in the presence of a
human phantom

The distance between the antenna and a human phantom is a crit-
ical parameter to consider when designing WBAN antennas. In
paper [8], the impact of this distance on antenna performance
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Table 7. Effects of different AMC array sizes on antenna gain and bandwidth (BW) at five resonance frequencies
First Resonance Second Resonance Third Resonance Fourth Resonance Fifth Resonance
AMC
Array Freq. Band Freq. Band Freg. Band Freq. Band Freqg. Band
Size (GHz) (BW %) Gain (GHz) (BW %) Gain (GHz) (BW %) Gain (GHz) (BW %) Gain (GHz) (BW %) Gain
3x3 2.39-2.41 (0.83) 6.2 2.89-3.36 (15.04) 5.1 4.88-6.17 (23.35) 6.8 7-7.65 (8.88) 59  831-10.39 (22.25) 5.8
3x4 2.39-2.41 (0.83) 8.2 2.86-3.35 (15.78) 8.3 4.9-6.23 (23.90) 7.4 6.93-7.04 (9.75) 5.6  8.44-10.34 (20.23) 4.2
3x5 2.38-2.41 (1.25) 2 2.84-3.48 (20.25) 5 4.88-6.17 (23.35) 6.6 6.96-7.73 (10.48) 82  8.03-10.35(25.25) 1.16
4x3 2.34-2.42 (3.36) 6.3 2.81-3.78 (29.44) 57  4.85-6.15 (23.63) 7 6.99-7.95 (12.85) 52  8.54-10.32 (18.87) 5
4x4 2.34-2.43 (3.77) 6 2.81-3.83 (30.72) 7.6 4.82-6.21 (25.20) 75 7-7.65 (8.87) 6.17  8.06-10.31 (24.5) 6.4
4x%x5 2.34-2.41 (2.95) 7.4 2.78-3.5 (22.93) 1.7 4.85-6.27 (25.54) 6.3 7-7.94 (12.58) 5.3 8.44-10.25 (19.37) 5.7
5x3 2.33-2.42 (3.78) 9.2 2.76-3.46 (22.50) 11 4.84-6.3 (26.21) 7.4 6.95-7.81 (11.65) 7.2  8.36-10.31(20.89) 4.3
5x4 2.33-2.42 (3.78) 3 2.79-3.49 (22.29) 5.9 4.84-6.22 (24.95) 7.6 6.99-7.64 (8.88) 7 8.24-10.27 (21.93) 2
5x5 2.32-2.42 (4.22) 324  2.78-3.51(23.21)  6.09  4.85-6.22 (24.75)  6.68  7.03-7.66 (8.57) 7.6  8.41-10.03 (17.57) 2.4

<>
1

in dB)
o

210 4 gl _ N ___£23

-15

Reflection Coefficient (

=20
- --- 0=
a5 ---0=30" :
— - . -0=45° . 3 '
-30 - b
- - - - 0=75"
-35 T T T T T T ; T T T

1 2 3 4 5 6 7 8 9 10 11
Frequency (GHz)

(b)

Figure 24. (a) The arrangement of orientation angles and (b) The reflection coefficient response for various orientation angles.

is studied, and it is recommended to maintain a gap of 3 mm
between the antenna and the phantom to ensure optimal perfor-
mance. Additionally, when designing antennas for use in WBANSs,
it is essential to evaluate their SAR to ensure they are safe for
human use. The SAR quantifies the amount of electromagnetic
power that the human body absorbs and can be used to deter-
mine whether a given antenna design poses any risk to human
health. The SAR level is calculated using equation (8), where o,
p, and E are tissue conductivity, mass density, and electric field,
respectively.
-2
olE]

SAR = (8)

Figures 25 and 26 present the simulated and measured reflec-
tion coefficient responses of the proposed antenna in the presence
of a human phantom, comparing the cases with and without an
AMC surface, respectively. The proposed antenna is suitable for
off-body communication in WBAN applications. It can be used on
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purses and textile pockets as it is unaffected by human loading, thus
ensuring the impedance bandwidth and gain remain stable. The
SAR of the antenna is a critical factor to consider when designing
wearable technology, and it is assessed using an HFSS simulation
with a human phantom that includes a hand, arm, and leg with
an input power of 100 mW. Figure 27 demonstrates the position-
ing of the antenna and AMC surface, placed within 3 mm of the
phantom, as depicted in both the simulation and measurement
setups. Figure 28 depicts the maximum and minimum SAR val-
ues at different resonant frequencies for various human phantom
configurations. The average SAR values of the antenna without
an AMC surface are illustrated in Fig. 28(a). Wearable technology
must have SAR values of less than 1.6 W/kg. Figure 28(b) shows
the cumulative SAR values with the presence of the AMC surface,
which leads to a significant decrease in SAR. Table 8 reveals that the
maximum SAR value drops from 18.7261 to 0.0627 W/kg when the
AMC surface is included.

Table 9 presents a performance comparison between the
proposed antenna and several existing antennas for off-body
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Figure 28. (a) Maximum SAR values without AMC and (b) Minimum SAR values with AMC.
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due to its multiband response and five different resonance frequen-
cies. Although the first resonance has less impedance bandwidth,
the proposed antenna is smaller than that in papers [5, 28, 29] and

communication. Although most of the reviewed literature uses FR4
substrate materials, other materials are also discussed. The pro-
posed antenna outperforms other antenna designs in the literature
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Table 8. SAR values comparison of the proposed design

V. Rajavel and Dibyendu Ghoshal

First Resonance Second Resonance

Third Resonance Fourth Resonance Fifth Resonance

Reduction Reduction Reduction Reduction Reduction
Human Phantom Model Value (%) Value (%) Value (%) Value (%) Value (%)
Hand Without AMC 13.6468 99.53 15.5124 94.57 5.4690 93.37 18.7261 94.53 4.8059 84.70
With AMC 0.0627 0.8432 0.3628 1.0237 0.7352
Arm Without AMC 12.6229 95.72 16.9986 98.53 15.2215 96 9.9507 96.48 14.6877 98.38
With AMC 0.5400 0.2504 0.6088 0.3506 0.2383
Leg Without AMC 17.1402 99.16 11.4522 98.56 16.3332 97.12 13.8914 96.29 10.9998 98.71
With AMC 0.1439 0.1646 0.4709 0.5147 0.1416
Table 9. Comparison with previous works
Operating
Size of the No. of Frequency/Band SAR Substrate AMC Efficiency
References  Antenna (mm?3) Bands (GHz) Gain (dBi) FBR (dB) (W/Kg) Material Array Size (%)
[4] 61.5 x 61.5 x 12.2 2 2.45 5.676.59 - 0.35 Polyimide 3x3 90
5.80 0.39 substance
[5] 23 xT74 %6 1 2.4 4.5 14 0.02 denim 2x4 85.6
[6] 34.4 x 34.4 x 4.016 1 5.8 7.6 35.2 0.0264 Rogers RT 2%x2 94.69
Duroid 5880
[13] 32.8%x32.8%6.8 1 5.5-6.96 8.2 - - Taconic TLT 4x8 93
& FR4
[18] 62 x62x7 2 3.5 6.65.9 18.7 0.128 Textile 3x3 60.2
5.8 213 0.043 50
[21] 60 x 60 x 33.7 3 2.22-2.49 4.224.426.44 - - FR4 4x3 -
2.94-4.96
5.41-6.62
[23] 59.88 x 59.88 x 7.524 1 5.5 9.9 25 - FR4 6 X6 >T70
[27] 57.5%x57.5%x5.7 1 2.45 7.63 11.4 0.07 Rogers 3850 2x2 96.4
[28] 89 x83x7 1 2.4 6.4 - 0.29 Rogers RO 3x3 -
3003
[29] 90 x 90 x 26.2 4 2.45 5.2976.46.7 - - FR4 5x5 -
3.5
4.6
5.8
Proposed 64 x 64 x 16.2 5 2.4 67.67.56.176.4 13.05 0.0627 FR4 4 x4 >88
work 3.2 14.35 0.1646
55 15.03 0.3628
7.5 7.60 0.3506
10 10.03 0.1416

comparable in size to papers [4, 18, 21, 23], with even less thick-
ness than in papers [21, 29]. The proposed antenna also achieves
a higher gain than all other antennas except papers [13, 23], and
has a maximum FBR of 31.5 dB at 6.01 GHz, exceeding all other
papers except paper [6]. Furthermore, the proposed antenna has a
lower maximum SAR than all other antennas, except paper [6]. The
research paper demonstrates the use of metallic hexagonal patches
for achieving multiband resonance on a single-layer patch, result-
ing in a simple and effective antenna design approach that achieves
high gain, low SAR, high FBR, and increased bandwidth using a
4 x 4 AMC surface for off-body communication applications.

Conclusion

This study presents a novel multiband antenna design that uti-
lizes a 4 x 4 AMC surface to achieve high gain and low SAR.
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The integrated antenna design covers a broad frequency range
from 2 to 10 GHz and provides five resonant frequencies at 2.4, 3.2,
5.5, 7.5, and 10 GHz, and the AMC surface generates four zero-
degree reflection phases. The design was simulated using ANSYS
HFSS and validated using ADS software, and its performance
results are confirmed through experimental verification by using a
VNA and an anechoic chamber. The results show excellent perfor-
mance, with a peak gain of 8.55 dBi and a high FBR of 31.5 dB. SAR
simulations are performed using hand, arm, and leg phantoms,
and the results indicate that the AMC surface effectively reduces
SAR by 96.11%. AMC technology significantly reduces SAR lev-
els and improves overall radiation efficiency by nearly 88%. The
integrated design is ideal for off-body communication applications
and potentially impacts the future of the wearable communication
devices.
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