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ABSTRACT

Ultra-High Frequency Radio-Frequency Identification (UHF RFID) tags have been studied as one of the
potential alternatives for Wireless Body Area Network (WBAN), owing to their versatility and capacity to
enable wireless communication across a range of applications. However, one of the major challenges associated
with the tag is the electromagnetic interaction between the tag and the human body, which affects the tags read
range. Therefore, this study was conducted to propose and design a reduced-size Artificial Magnetic Conductor
(AMC) structure to improve the read range. An AMC unit cell was proposed and optimized to operate at 920 MHz
using the CST Microwave Studio. A 3 x 3 array AMC structure was fabricated and its performance was examined
and validated in terms of read range by experimentally testing it on the human body. When compared to
the conventional square-patch-based AMC, the suggested AMC with a unit cell size of 74 mm achieved a size
reduction of 24.4%. Based on the experimental findings, the AMC improved the on-body read range by 367% with an
increase of 1.1 m. In addition, the suggested AMC has a simple configuration and is easy to fabricate.
Therefore, it is anticipated that the proposed design applied in wearable UHF RFID applications.
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INTRODUCTION discovered as an attractive alternative approach to wearable
WBAN systems in healthcare applications (Morales Pefia
et al. 2021). This is due to the versatility of the passive
UHF RFID (Ultra-High Frequency Radio-Frequency
Identification) tags that enable easy manufacturability,
provide flexibility, are low cost, are lightweight, have a
long-read range, and have the ability to operate without
batteries (Ahmed et al. 2021; Yalduz et al. 2020). However,
the electromagnetic interaction between the human body
and tag antenna affects the efficiency and bandwidth
(Ennajih et al. 2020). This has an indirect impact on the

WBAN (Wireless Body Area Network) is a cutting-edge
technology, enabling communication between the wearer
and the monitoring equipment wirelessly (Zhang et al.
2021). The increase in demand for wearable WBAN gives
rise to remarkable applications in healthcare, sports,
medical for patient monitoring, and fitness applications for
heart rate monitoring (Bhatti et al. 2022). Recently, radio-
frequency identification (RFID) sensors have been
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UHF RFID tag’s read range at the desired operating
frequency.

An embroidered wearable RFID tag was proposed by
Khan et al. (2020) for smart garment Internet of Things
(IoT) applications (M. U. A. Khan et al. 2020). The tag
was capable of reading at a range of 1.8 m when it was
tested in open field. However, when it was tested on the
human body, the read range was decreased to 0.18 m, which
corresponds to a reduction of 90%. In another study, Luo
et al. (2022) proposed a textile UHF RFID tag to maintain
social distancing during the pandemic (Luo et al. 2022).
This tag can be read at a distance of 2.5 m when it is in
free space. However, when it was worn and tested on the
body, the read range was reduced to 1.1 m. Similarly, a 9.0
m reduction in the read range was obtained compared to
the tag in free space (13.0 m) and on the body (4.0 m)
(Colella et al. 2021). It is evident that the human body
significantly affects the read range, as it was reduced by
almost more than 50% in the above-presented studies.

To resolve this issue, AMC (Artificial Magnetic
Conductor) can be incorporated to effectively reduce the
coupling between human tissue and UHF RFID’s antenna
(Zhang et al. 2021). The AMC is an example of a
metamaterial that acts as an in-phase reflector (Jalil et al.
2016). It resembles the behavior of the Perfect Magnetic
Conductor (PMC) at the designated operating frequency
due to its 0° reflection phase (Ashyap et al. 2021). In
addition, the AMC’s operating bandwidth is between +90°
and -90° of the reflection phase, which is the lower
frequency and higher frequency limit, respectively
(Hazarika et al. 2020). As a result, the reflected and incident
waves would not undergo destructive interference in the
operating bandwidth (Dewan et al. 2017; Shahzad et al.
2021). Thus, the AMC serves as a barrier between the body
and the antenna, as the in-phase reflection property
effectively decreases the backward radiation of the UHF
RFID antenna while decreasing the interaction between
the antenna and the body (Ashyap et al. 2021; Zhang et al.
2021).

Typically, AMCs are created using an array of metallic
elements on a dielectric substrate with a ground (Hazarika
et al. 2020). Several geometrical structures that have been
adopted to realize metamaterial-based antennas but the
conventionally used geometry are square. A square-
shaped 2 x 2 AMC structure with symmetrical slots
were built by Ashyap et al. (2021) on a wearable fabric
(Ashyap et al. 2021). The incorporation of the antenna
with the AMC structure provided excellent performance,
with the specific absorption rate (SAR) level decreasing
by 90%. In another study, a 3 x 3 AMC structure based
on a square shape with via holes were presented (S.
Khan et al. 2020). The dielectric resonator antenna
with an operating frequency of 3.5 GHz was mounted

on the AMC structure, allowing miniaturization without
changing the basic characteristics of the antenna. It is
noteworthy that the AMC structures designed based on
the modified square shapes satisfy the requirement for
the on-body application (Ashyap et al. 2021).

Therefore, in this paper, a square-shaped AMC
structure was utilized as the initial design. After several
optimizations, a reduced-size T-square fractal-slot
structure-based AMC with a center island was developed.
The dimensions were optimized using a Computer
Simulation Technology (CST) Microwave Studio with an
operating frequency of 920 MHz. Based on the optimized
result, the AMC structure was fabricated on a polycarbonate
sheet using a copper sheet as a radiating patch and ground.
The AMC was then attached to the back of the commercial
off-the-shelf UHF RFID tag. Subsequently, the UHF RFID
tag, together with the AMC, was tested on the human body
to simulate and measure the corresponding read range.

The organization of this paper is as follows. The
proposed AMC’s design evolution, the fabrication process,
and the comparison of AMC unit cell size with previous
designs are provided. Subsequently, the tag’s read range
in free space, on the human chest, and with AMC is
presented. Next, the experimental verification of the AMC
with the UHF RFID tag is described. Finally, the key
finding of this research is concluded.

METHODOLOGY

Adhesive-backed copper with a thickness of 0.03 mm and
a polycarbonate substrate with a permittivity of 2.9, a loss
tangent of 0.01, and a thickness of 0.5 mm were used to
design the AMC unit cell. CST Microwave Studio was
used to simulate and optimize the proposed AMC unit cell’s
geometry with the specified reflection phase at the
operating frequency prior to the fabrication. This was
followed by the replication of the tag and read range
simulation in free space and on-body to determine the trend
and effect of the proximity of the body on the read range.
Lastly, the experiments were carried out in an open field
to validate that the incorporation of AMC can enhance the
read range of the tag. Each step is discussed in detail in the
following subsections.

AMC DESIGN EVOLUTION

The design evolution and optimization of the AMC unit
cell were carried out to realize the miniaturization aspect,
and it is summarized based on the study conducted by Sim
et al. (2024) (Sim et al. 2024). The optimization began
using an approximated initial unit cell size, p, which was
half the value of the effective operating wavelength (A/2



= 163 mm at 920 MHz) (Dewan et al. 2017). Then, the
dimensions were further optimized to enable the unit cell
to operate at a desired operating frequency, 920 MHz. This
led to the design evolutions of the AMC unit cell, as shown
in Figure 1 and Table | presents the dimensions of the
AMC unit cells

The optimization of the AMC unit cell started with a
square patch, as shown in Figure 1(a). The fractal structure
depicted in Figure 1(b) was made up of a larger and four
smaller squares with the length of /, and /,, respectively.
At each convex corner of the larger square, the smaller
squares were positioned and cantered with a requirement
of /,=[,/2. The introduction of the fractal structure
decreased the required size of periodicity, p by 8 mm
compared to that of a conventional square patch structure.
Then, a further reduction of unit cell size was realized by
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introducing a slot structure to the T-square fractal structure,
as shown in Figure 1(c). A square ring with a length of s
= 23 mm was removed from the middle of the fractal
structure. This enabled the realization of miniaturization
by reducing the p by 16 mm compared to the T-square
fractal structure in Figure 1(b). Finally, a center island
(small square) with a length of @ = 10 mm was added in
the middle of the T-square fractal structure with a slot, as
shown in Figure 1(d). It is worth noting that the finalized
dimension of the T-square fractal with

a slotand a center island’s unit cell achieved a 24.49%
reduction compared to the typical square patch-based
AMC. Lastly, the reflection phase (0°) of the finalized AMC
unit cell was simulated at 920 MHz, as shown in Figure

1(e).
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FIGURE 1. The design evolution of the AMC unit cell: (a) Conventional square patch, (b) T-square fractal structure, (c) T-square
fractal structure with slot, (d) Finalized AMC unit cell with the shape of a T-square fractal structure with a slot and a center island.
(e) Reflection phase diagram of finalized AMC unit cell operates at 920 MHz.
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TABLE 1. AMC unit cell size comparison with the finalized geometry at 920 MHz

)4 / , IR s a . .
Topology (mm) (mm) (mm) (mm) (mm) (mm) p with reference to operating wavelength, A
Square 98 94 - - - - 0.301 &
T-square 90 - 56 28 - - 0.276 &
fractal
T-square
fractal with 76 - 46 23 23 - 0.233 A
slot
T-square
fractal with 7, - 46 23 23 10 0.227 %
slot and a

center island

COMPARING THE SIZE OF THE AMC WITH
PREVIOUS REPORTED DESIGNS

A size comparison with previous AMC designs was carried
out to better illustrate the achieved miniaturization of the
proposed AMC unit cell, as presented in Table 2. In
comparison to the other AMC designs, the suggested AMC
unit cell achieved a maximum reduction of 32.4%. It can
be concluded that the suggested work successfully
decreased the periodicity of the AMC unit cell by 20.6 to
32.4%.

TABLE 2. Proposed AMC unit cell size compared to
previously reported AMC designs.

p with reference to Size reduction

Ref.

operating wavelength, A (%)
[16] 0.336 A 324
[17] 03102 26.7
[18] 0.286 A 20.6
Proposed 02272, )
work
AMC FABRICATION

Based on the finalized AMC unit cell in Figure 1(d), the
AMC structure was developed by repeating the unit cells
along the x-axis and y-axis dimensions. This resulted in
the formation of a 3 X 3 array with a distance of x =5 mm
from the adjacent unit cells, as shown in Figure 2(a). The
width, length, and thickness of the polycarbonate substrate
are m =220 mm, n =297 mm, and = 0.5 mm, respectively.
Based on Figure 2(a), each unit cell was fabricated by
cutting the adhesive-backed copper sheet and pasting it on
the polycarbonate. The in-lab fabrication process was
chosen due to the simple configuration of the patch, which
makes it easy to manufacture without the requirement of
any carving machines or complex fabrication techniques.
It is noteworthy that though the proposed AMC has a simple

configuration, its performance is not compromised due to
its narrow operating frequency.

29.7em
(®)

FIGURE 2. (a) AMC structure designed in CST Microwave
Studio, (b) Fabricated AMC structure.

EVALUATION OF PERFORMANCE OF
THE UHF RFID TAG AND AMC

The performance of the fabricated AMC structure in Figure
2(b) was evaluated and validated in terms of read range by
experimentally testing it on the human chest in an open-



field measurement. For the experimental measurement, a
commercial off-the-shelf, adhesive-backed 9662 UHF
RFID with NXP UCOE 8 chip was used. Other than that,
a portable, handheld C72 UHF RFID reader that can
operate in both linear and circular polarization was used.
The reader operates at a frequency range of 868-928 MHz
with different power levels up to 30 dBm. For this study,
the 30 dBm power was utilized.

RESULTS AND DISCUSSION

SIMULATION AND EXPERIMENTATION OF READ
RANGE OF THE UHF RFID TAG IN FREE SPACE

The tag’s physical dimensions were measured, and the read
range was simulated in CST Microwave Studio. Figure 3
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depicts the S11 and tag’s read range in the free space. The
tag achieved S11 (-49.37 dB at 920 MHz of less than -10
dB with operating bandwidth ranging from 911.3 MHz to
931.7 MHz, which covers the Malaysian frequency band
of UHF RFID. Meanwhile, the simulated read range in free
space was 17.81 m. Similarly, the read range was tested
in an open field, as shown in Figure 4(a). This was done
to eliminate the possible interferences caused by
nearby objects or metallic structures, which may
influence the reading distance. The distance between
the polystyrene foam and the reader was set at 25.0 m
by measuring with the nylon measuring tape. The nylon
measuring tape was used to eliminate any possible
electromagnetic interference caused by the metallic
measuring tape, potentially affecting the read range. The
tag was then pasted on the polystyrene foam with a
height of 1.0 m above the ground, as shown in Figure
4(b).

-49.37dB
840

880 900 920

840 960 980

Frequency (MHz)

(b)

Read range (m)

880 200

I
920 940

Frequency (MHz)

(©)

FIGURE 3. (a) Commercial off-the-shelf UHF RFID tag designed in CST Microwave Studio, (b) Simulated S | of the tag in free
space (c¢) Simulated tag’s read range in free space
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(b)

FIGURE 4. (a) Read range experimental setup using measuring tape (b) UHF RFID tag pasted on the plastic rack.

The tag’s read range was tested by moving the reader ~ range was around 21.53 m to 21.58 m. The slight difference
forward to the tag at a distance of every half metre with (0.5 m) in the maximum read range was due to the varying
varying frequency bands, as stated in Table 3. According frequencies. Meanwhile, when comparing the measured
to Table 3, the maximum tag’s read range for Malaysian ~ and the simulated read range, a difference of 17.81 m was
and USA frequency bands was approximately 22.11 m. observed, owing to the approximated measured dimension
However, for other frequency bands, the maximum read  of the tag which affected the accuracy of the read range.

TABLE 3 Measured tag’s read range at different frequencies

No.  Comy  [ledueney  Diance
1. Malaysia 919 -923 22.11
2. Indonesia 923-925 21.58
3. Thailand 920-925 21.56
4. Singapore 920-925 21.55
5, UnitedStates ) g 22.10

of America

6. Vietnam 920-923 21.53




SIMULATION AND EXPERIMENTATION
OF READ RANGE OF THE UHF RFID TAG
ON HUMAN CHEST MODEL AND ON
SUBJECT’S CHEST

The tag’s read range was simulated on the human chest
model to analyze the effect of interaction between the
antenna and the body. The electrical parameters and
thickness of the human chest model are presented in Table
4. These parameters were calculated by averaging the
values taken from previously reported studies (Du et al.
2021; Farahat & Hussein, 2020; Keshwani et al. 2021; Li
et al. 2019; May et al. 2021; Roy & Chakraborty, 2019).
According to Figure 5(b), the maximum tag’s read range
when it was on the body was approximately 0.93 m. The
read range was reduced by 94.78% compared to the

Skin
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simulated result in free space due to the presence of the
high dielectric human tissues, which causes absorption of
electromagnetic radiation. The approximation of the
simulated read range on the human chest model was utilized
to observe the degradation effect caused by the body on
the tag performance.

TABLE 4. The thickness and average electrical parameters of
the human chest model at 920 MHz

Tissues Relative Conductivity, Thickness, h

Permittivity, (S/m) (mm)

g’
Skin 42.58 1.73 3.17
Fat 6.12 0.14 20.67
Muscle 50.47 2.29 117.50

Muscle
Fat

0.926

0.924 4

0922 4

0.920 +

Read Range (m)

0918 4

0916 4

0.914 4

0912

860 880 900

920

Frequency (MHz)

(®)

FIGURE 5. (a) UHF RFID tag on the human chest model (b) Simulated tag’s read range on the human chest model.
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Next, the tag was attached to the chest of the male
volunteer with a body mass index of 19.5, as depicted in
Figure 6. The Malaysian frequency band (919-923 MHz)
was utilized to test the read range, and the measurements
obtained are presented in Table 5 in the following
subsection.

FIGURE 6. UHF RFID tag attached to the subject’s chest

INVESTIGATION OF READ RANGE OF THE UHF
RFID TAG INCORPORATED WITH AMC
STRUCTURE ON THE HUMAN CHEST

Finally, the tag’s read range with AMC structure was
measured on the human chest, as presented in Figure 7. An
increment in the read range (~ 4.7 times) was observed
during the measurement on the human chest compared to
the read range without AMC. It is worth noting that the
AMC structure can isolate the body from the tag by
preventing the electromagnetic coupling between them. In
addition, the in-phase reflection property reduces signal
absorption by the body, which in turn effectively decreases
the backward radiation of the tag. As a result, more
backscattered signals are received by the reader. Therefore,
the on-body read range was enhanced when the tag was
attached to the AMC structure. However, the 367% of
improvement in read range may be reduced in the presence
of metallic objects in close proximity to the body. These
objects can interfere with the electromagnetic field, leading
to read range reduction. Consequently, the further
investigation of influence of metallic objects near to the
AMC worn body must be explored to determine the effect
on the on-body read range.

FIGURE 7. Experimental setup of the tag with AMC structure
on the subject

TABLE 5. Measured tag’s read range on a volunteer with and
without AMC.

On-body Read

Range without ~Or00dY Read Range

Read Range

with AMC o
A(x)C (m) Improvement (%)
0.30 1.40 367
CONCLUSION

A reduced-size T-square fractal-slot-based AMC with a
center island was proposed and designed for improving
the read distance of the tag that can be used as a potential
WBAN. The proposed T-square fractal-slot-based AMC
with a center island achieved a 24.49% reduction in unit
cell size compared to the typical square patch-based AMC.
In addition, the proposed AMC unit cell achieved a
maximum reduction of 32.4% compared to the other
reported AMC designs. Not only that, the proposed AMC
structure did not incorporate any complex fabrication
techniques as it was designed using a simple shape, which
made it easy for in-lab fabrication. Furthermore, the
proposed AMC structure exhibited good performance as
it managed to increase the on-body read range from 0.30
m to 1.40 m (367%). This shows that the proposed AMC
structure can decreases the electromagnetic interaction
between the UHF RFID tag and the human body due to its
in-phase reflection property. Therefore, the suggested AMC



structure appears as a good candidate to improve the read
range of wearable UHF RFID tags. In future research, the
proposed design could be further optimized for greater size
reduction and enhanced read range, making it even more
appropriate for healthcare applications, such as patient
monitoring, where closed proximity is not required.
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