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This paper introduces the design of a new frequency-reconfigurable ultra-
high frequency radio frequency identification (UHF RFID) antenna,
demonstrating an innovative approach that enables dynamic adjustment of
its resonance frequency. The proposed antenna design features a central
dipole structure, enhanced by two hexagonal split-ring resonators (H-SRR)
at each end. A T-match network is integrated into the center of the dipole,
which is essential for achieving impedance matching between the antenna
and the Alien Gen2 H4 RFID microchip. The antenna is designed using a
Rogers 4350B substrate, a high-performance dielectric material ideal for
RFID applications. With dimensions of 68x32.6x1.524 mm?, the compact
antenna maintains full UHF band (860 MHz to 930 MHz) coverage
compliant with International Telecommunications Union (ITU) RFID
standards. This ensures that the antenna can be used in different regions
around the world, offering broad compatibility with various RFID systems.
The antenna’s frequency reconfigurability is achieved through the integration
of localized capacitors with variable values, which plays a key role in
enabling precise adjustments to the antenna's center frequency across the
entire UHF band. Extensive simulation results validate the effectiveness of
this reconfigurable design, demonstrating that the antenna can dynamically
adjust its frequency while maintaining excellent performance metrics,
including impedance matching, radiation efficiency, and bandwidth. This
makes the proposed antenna an ideal choice for modern RFID applications.
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1. INTRODUCTION

Reconfigurable antennas are advanced devices capable of dynamically altering their electromagnetic
properties in response to specific needs. Unlike traditional antennas with fixed characteristics, these antennas
can adjust their frequency, polarization, directivity, radiation pattern, or impedance in real time [1]-[4]. This
reconfigurability is made possible through the integration of active or passive components within the antenna
structure, such as varactor diodes [5], [6], PIN diodes [7], [8], microelectromechanical systems (MEMS) [9],
or smart materials [10], [11]. This adaptability makes reconfigurable antennas particularly valuable in fields
such as wireless communications, radio frequency identification (RFID) tags, radar systems, satellites, and
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5G networks [12], where efficiency, flexibility, and interference reduction are crucial. These antennas
provide an innovative solution to the increasingly complex challenges of spectrum management and
optimization in modern communication systems. Regulating different frequency bands is essential to ensure
effective and interference-free use of electromagnetic spectra, which are limited and valuable resources. Each
country or region establishes specific rules and standards for allocating frequency bands to various
applications such as broadcasting, mobile communications, navigation services, and data networks. For
instance, frequency bands for wireless communications are typically regulated to prevent interference
between different systems; each band is often subdivided into multiple channels to allow simultaneous use by
several operators in accordance with the electronic product code (EPC) Gen2 standard, ultra-high frequency
radio frequency identification (UHF RFID) systems use frequency bands between 860 and 930 MHz. In
Europe, the frequency range is 865-868 MHz, while in the USA, its range is 902-930 MHz. Table 1 provides
a summary of the UHF frequencies that can be used for RFID systems [13].

Table 1. Worldwide distribution of UHF frequencies for RFID applications compliant with the EPC Gen2

standard
860 MHz Europe India
865-868 MHz 865-867 MHz
930 MHz USA Brazil Arg Korea Japan Aus Taiwan China  Thailand

902-928 902-928 902-928 917-921 916-921 920-926 922-928 920-925  920-925

2. THE COMPREHENSIVE THEORETICAL BASIS
2.1. Hexagonal split-ring resonator

Split ring resonators (SRRs) are ring-shaped resonant metal structures commonly used in
metamaterials and antenna design to manipulate the electromagnetic properties of devices, such as achieving
negative effective permeability [14], [15]. An SRR consists of two conductive rings with one or more gaps
that disrupt the surrounding electromagnetic field, creating resonance at specific frequencies. This compact
design can generate a strong magnetic response in devices that would otherwise be too small to interact
effectively with the magnetic fields of electromagnetic waves. Due to their ability to adjust the permeability
and permittivity of a material, SRRs are widely used in the design of reconfigurable antennas, microwave
filters [16], [17], and negative refractive index metamaterials, enabling new applications in the
communication, detection, and control of electromagnetic waves.

This study explores a novel RFID passive tag structure designed for the UHF band, based on a
hexagonal split-ring resonator (H-SRR) configuration [18]. Figure 1 illustrates a schematic of the H-SRR,
which consists of two concentric metal rings with different diameters and dimensions, each featuring a split
gap on opposite sides. In this design, g: and g, represent the split gaps in the inner and outer rings,
respectively; w denotes the width of the metallic strips, and d is the distance between the rings.

The H-SRR can be modeled using an equivalent electrical circuit that functions as a resonant cavity
[18], similar to an LC circuit with a resonance frequency fo. In this model, the rings provide the inductive
component (L) of the SRR, whereas the capacitive component (C) is due to the spacing between the rings and
the gaps within each ring. Figure 2 shows the electrical circuit corresponding to the H-SRR configuration.

A
i -J- C1 -J— Cg1
S | —
3] L
c2 Cg2
71
Figure 1. Geometry of the H-SRR Figure 2. Electrical schematic for H-SRR

The resonance frequency fo of the H-SRR is given by (1), as mentioned in [18].
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where L, the total inductance of the structure, is determined by (2):
L+=0.005081 (2.303l0g10- — ) @)

0 is a constant that depends on the geometry of the resonator shape. For a hexagonal resonator, it is defined
as follows: 6=2.636, while 1 and W denote the wire length, and width respectively.

The equivalent capacitance Ceq of the structure is determined using the equivalent circuit shown in
Figure 3 and the formula provided in (1). In this context, Cnu denotes the capacitance per unit length between
the rings, while rq represents the average radius of the SRR in question. The value of Cpy is calculated as
detailed in references [18], [19].

_Vée
Cpul—
CoZo

@)

Here, & represents the medium's effective permittivity, Zo is the medium's impedance, and co=3x%10% m/s
denotes the speed of light in a vacuum.

Figure 3. Electrical schematic for H-SRR

Reconfiguring SRRs with capacitors of different values represents an innovative approach to
energize and adapt these resonators [20]-[22]. This method involves integrating or adjusting variable
capacitors within the SRR structure, allowing for flexible and controllable modifications of its
electromagnetic properties. By varying these capacitor values, it is possible to alter the resonator's resonance
frequency, modulate its impedance, and meet specific requirements without the need for a complete redesign
of the device. The integration of variable capacitors can be achieved in several ways [23], [24]. For example,
varicap diodes, which allow modulation of capacitance based on the applied voltage, can be incorporated into
the SRR circuit. Similarly, the use of MEMS components with adjustable capacitance or variable capacitive
structures mounted on movable elements can also dynamically alter the SRR's characteristics. This approach
enables the creation of a resonator whose resonance frequency can be adjusted in real time, providing
significant flexibility for applications such as adaptive filters, reconfigurable antennas, and smart
communication devices. Integrating an active element into a structure, such as MEMS devices, varicap
diodes, or other components requiring external power [25], presents a significant challenge, especially for
applications like passive RFID tags. Passive RFID tags, by their nature, do not have their own integrated
power source and rely entirely on the energy provided by the RFID reader through radio waves. To overcome
these limitations, we replaced the active elements with passive localised capacitors of different values.

3. METHOD
3.1. The basic structure of the H-SRR UHF RFID tag

The basic structure of the H-SRR RFID tag studied behaves like a dipole with two ring resonators
fused on either side. This configuration can provide the inductive input impedance required to match the
conjugate impedance of the chip, and to improve the flexibility of impedance matching, a T-match network is
integrated into the centre of the antenna. the tag was modelled on a Rogers 4350B substrate [26], with a
thickness of 1.524 mm, a permittivity of 3.66 and a loss tangent of 0.0037. Figure 3 shows the geometry of
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the base structure of the proposed tag, while Table 2 presents its optimized parameters. To assess the
influence of metal on RFID antennas, this structure is placed on a 20 cm? metal plate throughout the
simulation phase. It should be noted that the plate's thickness does not affect the label parameters [27].

Table 2. Optimized parameters of the basic structure
Parameter  Dimension (mm)  Parameter  Dimension (mm)

OR1 135 Wochort 15
OR2 75 Lchort 14.563
IR1 12.3 LT 75
IR2 4 Lchip 3
gl 15 Lcap 0.5
g2 15 di 1
g3 4.157 d2 35

3.2. Radio frequency identification micro-chip

The Alien Gen2 Higgs-4 micro-chip, mounted on standard strap packaging and integrated in the RFID
tag, offers optimal performance for and writing data. According to its data sheet, this chip has a parallel
resistance of Rp=1.8 kQ and a parallel capacitance of Cp=0.89 pF, offering high reading sensitivity of
-20.5 dBm, which enhances to its stability and efficiency in communication. Higgs-4’s RFID technology
enables fast and reliable identification, even in complex environments, due to its capacity to operate at high
frequencies and resist interference. The location of the chip on the RFID antenna is shown in Figure 4 [28].

Alien Higgs 4

Figure 4. Location of RFID chip on the antenna

The internal impedance of an RFID chip is a crucial factor that affects the quality of communication
between the chip and the antenna. Optimal impedance matching between the chip and the antenna directly
influences the efficiency with which the tag can absorb and reflect RF signals, this impedance can be
calculated at different frequencies using (5), based on the parameters of the parallel resistance Rp and the
parallel capacitance Cp provided in the Alien H4 chip's datasheet [28].

Zerip=Rs — j Xs “4)
_ Rp . w CpR3
2= o cry ? ) Tr (@ Cpry)? )
1
Csfxsxw (6)

Throughout the simulation process, it is crucial to configure a series resistor-capacitor (RC) dipole
using the model parameters resistance serie (Rs) and condensateur serie (Cs) to substitute the chip's input
impedance. Table 3 presents the values of these parameters for the standard center frequencies of UHF RFID
applications, along with the chip's input impedance at each frequency.

Table 3. Parameters of the Alien H4 chip at UHF RFID frequencies

Central frequency (MHz) Chip impedance Rs (Q) Cs (pF)
865 Zchip=23.43-j204.043 Q@ Rs=23.43 Cs=0.9017
868 Zchip=23.27-j203.356 Q  Rs=23.27 Cs=0.9016
915 Zchip=20.97-j193.160 Q  Rs=20.97  Cs=0.9004
920 Zchip=20.75-j192.135Q Rs=20.74  Cs=0.9003
930 Zchip=20.30-j190.116 Q  Rs=20.30  Cs=0.9001
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4. RESULTS AND DISCUSSION
4.1. Frequency reconfigurable H-SRR UHF RFID tag

The integration of a localized capacitance into the spacing between the two rings of the H-SRR
structure of the RFID tag, as shown in Figure 5, has enabled control over the antenna's resonance frequency.
This method allows for adjusting the central frequency of the antenna according to specific needs, thus
providing increased flexibility to adapt to different usage zones. The results obtained with this approach are
presented below, highlighting the significant impact of this technique on the performance of our structure.

Figure 5. The localized capacitance integrated into the tag

Vishay high frequency (VJ HIFREQ) capacitors are specially designed for high frequency (HF),
UHF and microwave (MW) applications, offering outstanding performance in a wide range of electronic and
microwave circuits. According to their data sheet [29], capacitance values can vary from 0.1 pF to 91 pF for
the reference we have chosen, in this study, the capacitance will be maintained between 0.05 and 0.77 pF.
This variation causes the resonant frequency to shift from 930 to 865 MHz, due to the evolution of the TM 1o
fundamental mode.

4.2. Reflection coefficient S11 and impedance matching

According to Figure 6, the variation in the capacitance of the localized capacitor results in an inverse
shift in the central frequency; as the capacitance value increases, the central frequency to move to lower
values. Table 4 summarizes of the results obtained from this simulation. Notably, all the simulated values of
the reflection coefficient are substantial, regardless of the resonance frequency, ensuring adequate impedance
matching for the proper functioning of the tag. In fact, a better match between the two impedances leads to a
lower reflection coefficient, allowing the chip to receive the maximum transmitted power.

865 MHz 868MHz 915MHz 920MHz 930MHz
R f‘* - N e o ——
—— C=0.77 pF
5 \ / —— C=0.74 pF | |
—— C=0.2 pF
{\ / —— C=0.15 pF
104 i ; C=0.05 pF| |

-15

-20

$11(dBi)

-25

-30

-35

-40
0.86 0.87 0.88 0.89 0.90 0.91 092 0.93 0.94 095 0.96

Frequency (GHz)

Figure 6. Simulated reflection coefficient S11 for different capacitance values

The illustrations in Figures 7(a)-(e) confirm that the impedance of the simulated antenna is well
matched with that of the RFID chip across all frequencies. The real and imaginary values of the antenna's
impedance closely approach those of the conjugate impedance of the chip, Zant ~ Zchip*. The simulated
impedance values are compared with those of the chip for each frequency in Table 5.
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Table 4. The maximum value of the S11 coefficients as a function of the variation in capacitor capacitance
for each UHF frequency

Frequency (MHz)  Capacitance (pF)  Simulated reflection coefficient S11 (dBi)
865 0.77 -35.86
868 0.74 -29.52
915 0.20 -16.96
920 0.15 -20.20
930 0.05 -24.16
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Figure 7. Simulated input impedance of reconfigurable H-SRR RFID antenna with optimised parameters for
different values of inserted capacitance; (a) C=0.77 pF, (b) C=0.74 pF, (c) C=0.20 pF, (d) C=0.14 pF, and
(e) C=0.15 pF
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Table 5. Comparison of impedances: antenna vs chip as a function of the central frequency

Frequency (MHz)

Antenna impedance

RFID chip impedance

865
868
915
920
930

ZAnt=27.62+j187.81 Q
ZAnt=26.64+j202.05
ZAnt=18.22+j185.75 Q
ZAnt=22.92+j203.04
ZAnt=18.54+188.26 Q

Zchip=23.43-j204.043 Q
Zchip=23.27-j203.356 Q
Zchip=20.97-j193.160 Q
Zchip=20.75-j192.135 Q
Zchip=20.30-j190.116 Q

4.3. Gain, reading range, and 3D radiation pattern simulation

Having good impedance matching is essential for the effective design of an RFID antenna; however,
it is not the only factor to consider. Other key factors, such as gain and the maximum reading distance between
the tag and the RFID reader [30] also play an important role in the operation of the RFID system, particularly
in far-field applications. The maximum reading distance can be determined using Friis’s (7):

c EIRP.Ggnt.T (7)
4mfo Pth

Rr=

where: C represents the speed of light in a vacuum, which is equal to 3x108 m/s, fo denotes the center
frequency, P refers to the minimum RF communication power required to activate the chip (known as the
chip's sensitivity), which is -20.5 dBm for the Alien H4 strap microchip, effective isotropic radiated power
(EIRP): stands for (EIRP), set at 3.3 W in the European band ([865-868] MHz) and 4 W in the North
American band ([902-930] MHz), and t is the power transmission coefficient, calculated using (8), which
accounts for the impedance mismatch that may occur between the chip and the antenna.

Zchip_Zr;nt _
= 2 2
(Rchip+Rant) + (Xant—Xchip)

4’RchipRant

T=1-

®)

Zchip ~Zant

The transmission coefficient quantifies the fraction of power of a signal that is actually transmitted
from the RFID reader to the antenna, relative to the initial power of the signal. At the resonance frequency,
the transmission coefficient often reaches maximum values, indicating optimal energy transmission by
minimizing losses and enhancing signal quality.

The gain of an RFID antenna is a fundamental parameter that measures how efficiently the antenna
converts electrical energy into radio waves and vice versa. It indicates the antenna’s ability to direct energy in
a specific direction, enhancing the range of wireless communication. Figure 8 illustrates the simulated gain
curve of the reconfigurable H-SRR antenna as a function of frequency. The curve indicates that the peak
gain, when the antenna is positioned directly on a metal plate, at the resonance frequency of 865MHz with a
gain of -5.5dBi; at 868 MHz, it is -5.48 dBi; at 915 MHz, it is -4.8 dBi; at 920 MHz, it is -4.7 dBi; and at
930 MHz, it is -4.69 dBi. However, this value becomes positive when the antenna is either completely or
partially detached from the metal plate.

Gain (dBi)

A

T T
Pl [—sesMHz| | | /
930 MHz
-10

i
915 MHz i
i
|
| /
|
i
|
i
\ i
0.86 0.87 0.88 0.89 0.90 091 092 093 0.94 0.95 0.96

1B85 MHZ868 MHz 915 MHz920 MHz_930 MHz
—— 920 MHz
-5
>Q/ 1
I\ !
I |
I i
Frequency (GHz)

Figure 8. The simulated gain as a function of frequency
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It is important to note that each simulated frequency value corresponds to a capacitance value
integrated into the antenna. Figures 9(a)-(e) displays the radiation pattern associated with each frequency
value, illustrating that the antenna exhibits a directional radiation pattern along the (OZ) axis for the various
resonance frequencies.

dBi dBi
-5.58 -5.49
-12.9 128
. -20
27.4 273

347
-34.6

-45.6
-45.5

dBi
-4.69

sk
-33.8
(© (d)
dBi

-4.69

sk

-33.8

()
Figure 9. Simulated 3D radiation pattern; (a) 865 MHz, (b) 868 MHz, (c) 915 MHz, (d) 920 MHz, and
(e) 930 MHz

By considering the simulated gain values of this antenna, its previously calculated transmission
coefficient, and applying Friis's in (7), we obtain calculated read range values based on the applied resonance
frequency, as detailed in Table 6.

Table 6. The calculated read rrange of the reconfigurable antenna
Frequency (MHz)  Gain  EIRP  Transmission coefficient at the resonance frequency  Reading range (m)

865 -557 33 0.902 8.39
868 -5.48 33 0.986 8.87
915 -4.81 4 0.96 9.84
920 -4.75 4 0.938 9.75
930 -4.69 4 0.995 10
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Table 7 provides a detailed comparison between the reconfigurable H-SRR antenna developed in
this study and existing reconfigurable or dual-band designs. This analysis highlights key RFID tag
characteristics including gain, read range, and metal surface compatibility.

Table 7. Performance comparison table of the proposed H-SRR reconfigurable antenna with other
reconfigurable and dual-band architectures from the literature

. Reconfi- Need for an - Gain on
Ref Metal- Recorjfl- Tag volume ti external Gainin talli Readi
3 guration metallic eading range
mountable  guration (mm?) power free space
technology supply plate
[31] No Yes 90x25x1.6 diode pin Yes 1.7dBat = -------me- Free space
868 MHz 17.7 m at 868
1.8 dB at MHz 20.03 m at
928 MHz 928 MHz
[32] No No 73x53x0.8 dual-band No 219dBi - Free space
9.2 m at 866
MHz,
9.5mat 915
MHz
[33] Yes No 39x39x1.38 dual-band No - —5.69 dBi 8 m at 866
at 868 MHz MHz,
—5.18 dBi 9 mat 915 MHz
at 921 MHz
Presented Yes Yes 68x32.6x1.524  localized No 1.636 dBi  -4.69 dBi at Free space
antenna capacitors at 868 930 MHz, 19.14m at 868
MHz [14] -5.57 dBi at MHz/on
865 MHz metallic plate
8.39m at 865
MHz, 10m at
930 MHz

The proposed tag stands out due to its miniaturized size. Like most metal-mount antennas, it exhibits
negative gain that becomes positive when attached to non-metallic materials. Moreover, it achieves an
exceptionally long read range.

Crucially, the reconfiguration is entirely passive-component based, eliminating any need for external
power-a decisive advantage over conventional approaches using PIN diodes or MEMS systems that
inherently require dedicated power sources.

5. CONCLUSION

A frequency-reconfigurable dipole RFID antenna, enhanced with two H-SRR resonators, has been
developed to improve adaptability and performance across diverse operational conditions. The inclusion of
these resonators allows for better control of electromagnetic behavior, enabling the antenna to adjust its
response to varying environments. This innovative design incorporates tunable elements such as variable
capacitors, allowing for real-time adjustment of the antenna’s resonance frequency. This dynamic tuning
capability provides greater flexibility, making the antenna suitable for a wide range of applications. The
integration of the Alien Gen2 H4 chip is crucial for extending the antenna’s read range, even in scenarios
where negative gain values are present. Despite the inherent challenges of operating with reduced gain, the
antenna achieves impressive read distances, enhancing its practical application in RFID systems. Special
attention has been given to the antenna's performance in metal-rich environments, where traditional RFID
systems often struggle. The design has been optimized to mitigate the interference and signal distortion
caused by metallic surfaces, enabling efficient operation across multiple UHF frequency bands. Extensive
simulations have validated the performance of this reconfigurable antenna. Results indicate that the antenna
maintains high performance while adapting to different environmental and operational scenarios. Its ability to
dynamically adjust its resonance frequency without compromising efficiency represents a significant
advancement in RFID technology. This frequency-reconfigurable RFID antenna offers a new level of
flexibility and functionality, making it particularly well-suited for modern RFID applications. Its ability to
provide versatile and adaptive communication solutions addresses the growing demand for more responsive
and robust RFID systems in industries such as logistics, manufacturing, and asset tracking.
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