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ABSTRACT: In this study, a miniaturized long-read-range anti-metal Ultra-high frequency (UHF) RFID tag patch antenna for bank cash
transport boxes is presented. Short-circuit inductors were loaded on the side of the antenna, and double H-shaped slots were etched on the
patch surface. These structures extend the current path and increase the electrical length, which lowers the resonant frequency and enables
antenna miniaturization. The antenna impedance can be flexibly tuned by adjusting the position and width of the short-circuit inductors
and the length of the double H-shaped slots. Conjugate matching with the RFID chip is therefore achieved to ensure maximum power
transfer. In addition, the short-circuit inductors reduce the influence of the metal plate and improve the current distribution. Consequently,
the radiation efficiency is enhanced, and a long reading distance is obtained. The proposed antenna was fabricated and measured, and
good agreement between the simulation and measurement results was observed. The measured results show that the antenna occupied
an area of 615 mm? and achieved a maximum reading distance of 12.4 m when mounted on a metal cash-in-transit box. The presented
antenna is suitable for full-process management of bank cash transport boxes in different application scenarios.

1. INTRODUCTION

ntelligent systems are a primary trend in next-generation

banking services. The full-process security management of
cash-in-transit (CIT) boxes in cash allocation, transport, and
storage has become increasingly important. Ultra-high fre-
quency (UHF) RFID technology offers advantages such as con-
tactless identification, long read range, and multi-tag recogni-
tion, making it an effective tool for automated management
of cash-in-transit boxes. However, CIT boxes are often made
of metal and impose strict requirements on tag size. Con-
ventional UHF RFID tags are easily affected by image cur-
rents when placed on metal surfaces, resulting in degraded
impedance matching, reduced radiation efficiency, and a sig-
nificantly shortened read range [1-3]. Therefore, developing a
UHF RFID tag antenna with strong anti-metal capability is of
significant practical importance for the bank.

In recent years, various design methods have been proposed
to address the impedance matching of anti-metal UHF RFID tag
antennas. In [4], conjugate matching with the chip is achieved
by adjusting coupled arc-shaped open stubs. In [5], a dual T-
type matching structure and multiple open stubs are used to tune
the impedance, whereas a cylindrical ground plane reduces the
influence of the metal. In [6], distributed inductors formed by
bent inductive lines are employed to compensate for the the
chip’s high capacitance. However, these impedance-matching
structures typically occupy a large area, which is undesirable
for antenna miniaturization.
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Several techniques have been proposed to reduce the size
of tag antennas. In [7], shorting pins are used to construct a
three-dimensional current path, thereby increasing the electri-
cal length. In [8], shorting patches are introduced in the planar
inverted-L antenna (PILA) structure to form a dual-layer in-
verted L antenna. In [9], I-shaped slots are loaded to extend the
surface current path. Although these methods can effectively
reduce antenna size, it is difficult to maintain a long-read range
on metal surfaces. Therefore, achieving a high-performance
anti-metal tag antenna that combines a compact size and long
read range remains a significant challenge.

This paper proposes a miniaturized UHF RFID tag antenna
with a long reading distance for bank cash-in-transit box ap-
plications. Short-circuit inductance and dual H-shaped slot
structures were introduced into the antenna structure to extend
the surface current path and increase the equivalent electrical
length, thereby achieving antenna miniaturization. Conjugate
matching between the antenna and RFID chip was realized by
adjusting the position of the shorting inductor and the length of
the dual H-shaped slot, allowing a relatively long read distance
to be exhibited on metal surfaces and providing good anti-metal
performance. Finally, a prototype of the proposed tag antenna
is fabricated and experimentally evaluated. The simulated and
measured results are in good agreement, validating the effec-
tiveness of the proposed design.

2. ANTENNA STRUCTURE AND DESIGN

The structure of the proposed RFID tag antenna is illustrated
in Fig. 1. The main radiating element is a circular patch, with
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FIGURE 1. Geometry of the proposed RFID tag antenna.

two triangular slots etched along the axial direction to form a
closed-loop current path. To achieve antenna miniaturization,
a shorting inductor is loaded at the side of the antenna, and a
semicircular slot together with a dual H-shaped slot is etched
on the patch surface. These structures effectively extend the
surface current path, increase the electrical length, and conse-
quently reduce the resonant frequency.

By adjusting the position of the shorting inductor and the
length of the dual H-shaped slot, the antenna impedance can be
flexibly tuned to realize conjugate matching with the tag chip,
thereby ensuring maximum power transfer. In addition, the in-
troduction of the shorting inductor alleviates the influence of
the metal plate on the antenna and optimizes the current dis-
tribution, which further enhances the radiation efficiency and
enables a longer reading distance.

The Impinj M781 chip is adopted as the RFID tag chip in
this design, exhibiting an input impedance of 10 — j167 (2 at
the operating frequency of 915 MHz.

As shown in Fig. 2, the equivalent circuit model of the pro-
posed tag antenna is presented, which can be used to analyze the
input impedance and assist in antenna design. The tag antenna
is divided into several sections, and the corresponding equiva-
lent element values are derived. The main radiating structure
consists of two semicircular patches that are symmetrically ar-
ranged, and each can be represented by a parallel RLC reso-
nant circuit. In this model, the total resistance of the patch is
R, = Rrqq + Rioss, Which can be calculated as [9]:

h2

Rypg=———
rad 87 freowpLe

(M
where h is the substrate thickness, f. is the center frequency of
915MHz, L. represents the fringing-field extension length, w,,
denotes the equivalent width of the patch.

(1y/2) PK.

wpt {1—exp [-2 (14 )]}

where o is the skin depth, ¢ is the copper thickness, p is the
copper resistivity, K is the current spreading factor, /,, denotes
the equivalent length and width of the patch.

Rloss = (2)
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FIGURE 2. Equivalent circuit model of the proposed tag antenna
(R, = 2683Q, L, = 7.11nH, C, = 6.69pF, C}, = 0.487pF, Lo =
1.48nH, C), = 1pF, Rs = 0.0Q, Ly = 8.52nH, R;c = 2.89,
Cic = 1.04pF).

Owing to the electric field effect, the space between the ra-
diating patch and the ground plane can be modeled as a pair of
parallel capacitor plates, which is equivalently represented by
the total patch capacitance C,. The loaded inductance L, of
the patch can be calculated as follows [10]:

6067‘A€
Cp=—7— 3)
) wy, +1
L,=2 2) (1 P .5004 P 4
P OO(lp/ ){n(ijLt)—&-OSOO 9+3(lp/2) @)

where A, represents the effective surface area.

Moreover, the resistance of the shorting stub is R, =
2[(pls)/(wst)][Kc/(1 — e~ "), where I, and wj are the length
and width of the shorting stub, respectively, and z = 2(1 +
t/ws)(ot). The inductance of the shorting stub is Ly =
4001, { In[2l;/(ws + t)] 4+ 0.50049 + [(ws + t)/3ls]} [11]. Ric
and C;. denote the resistance and load capacitance of the tag
chip, respectively. To achieve maximum power transfer, the
input impedance Z;, of the tag antenna should be designed
as 10 4+ j167 €2, which is the complex conjugate of the chip
impedance.

Based on the above analysis, all calculated parameter val-
ues are added to the legend in Fig. 2. In addition, the input
impedance Z;,, of the proposed tag antenna can be employed
to assist the antenna design and can also be expressed in terms
of the input admittance Y;,.

1

R, " jwr, ¥
+2 i+ L + jw (Cp + Ch) + (5)
R, | jwL, TN,

As shown in Fig. 3(a), the initial structure is a circular patch
antenna with two triangular slots etched along the axial direc-
tion to form a closed-loop current path. Under this condition,
the current density is mainly concentrated at the center of the
patch. As illustrated in Fig. 4, the initial structure resonates at
1.306 GHz, which is significantly higher than the target center
frequency of 915 MHz. The corresponding input impedance
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FIGURE 3. Current distributions of loading different structures. (a) Initial structure. (b) Circle slot. (¢) Shorted inductive. (d) H-slot.
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FIGURE 4. Comparison of input impedance for (a) initial structure, (b) circle slot.

is 0.2 + 560 2, which does not satisfy the required conjugate
matching condition of 10 + 5167 £2.

To regulate the surface current distribution and extend the
current path toward the patch edges, circular slots were further
etched on both sides of the antenna. As shown in Fig. 3(b), after
introducing the circular slots, the edge current cannot directly
cross the slot region and is forced to flow around the slot periph-
ery, thereby increasing the effective electrical length and reduc-
ing the resonant frequency. As depicted in Fig. 4, the resonant
frequency decreased to 1.274 GHz after loading the semicircu-
lar slots, with an input impedance of 0.3 + j64 Q2. Although an
improvement was achieved, the resonant frequency remained
higher than the design target.

To effectively shift the resonant frequency toward the UHF
band, a shorting inductor with a width of 2 mm is introduced on
the right side of the patch to establish an additional inductive
loading path between the radiating patch and the ground plane.
As shown in Fig. 3(c), after incorporating the shorting induc-
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tor, the surface current distribution is significantly redistributed
from being centrally concentrated to spreading along the patch
periphery, whereas the current density in regions away from
the feeding side is notably enhanced. This behavior indicates
that the shorting inductor forms an effective inductive coupling
path between the radiator and the ground, thereby elongating
the dominant current loop and increasing the equivalent elec-
trical length, which leads to antenna miniaturization.

As illustrated in Figs. 5(a) and 5(b), the resonant frequency
is further reduced to 956 MHz after loading the shorting induc-
tor, which has an input impedance of 2 + j98 ). Moreover, in
the presence of a metallic backing plate, strong image currents
are induced on the metal surface by the patch current, which
distorts the near-field distribution and degrades the radiation
performance. The introduced shorting inductor provides a low-
impedance return path between the radiator and the ground [10].

To further reduce the resonant frequency while achieving
miniaturization and impedance matching, dual H-shaped slots
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FIGURE 5. Comparison for loading different structures. (a) Power reflection coefficient. (b) Shorted inductive. (c) One H-slot. (d) Two H-slots.
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FIGURE 6. (a) Comparison of antenna gains for different structures. (b) Vector surface current distribution of the tag antenna.

are symmetrically etched on both sides of the patch. As shown
in Fig. 3(d), after introducing the H-shaped slots, the surface
current distribution expands markedly from the upper region
toward the lower part of the patch, indicating a significant in-
crease in the current flow region. This behavior demonstrates
that the dual H-shaped slots introduce a longer meandering cur-
rent path within the radiator, thereby increasing the equivalent
electrical length and enabling antenna miniaturization.

As illustrated in Figs. 5(c) and 5(d), after loading a single
H-shaped slot, the resonant frequency decreased to 932 MHz
with an input impedance of 4.58 + j118.5 2, which is slightly
higher than the target center frequency of 915 MHz. To further
optimize the performance, a second H-shaped slot was intro-
duced, resulting in a resonant frequency of 915 MHz and an
input impedance of 10.57 + j165.5 2. These values are well
conjugate-matched to the chip impedance of 10 — 5167 ). The
results confirm that effective conjugate matching between the
antenna and the tag chip was achieved, thereby ensuring maxi-
mum power transfer.
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The realized gain of antennas with different structures is
presented in Fig. 6(a). The realized gain of both the initial
structure and the structure loaded with a circular slot is below
—17 dBi. This is mainly attributed to poor impedance matching
that causes the resonant frequency to deviate from the 915 MHz.
After integrating a shorting inductor and the dual H-shaped
slots, the realized gains are —3.62 dBi and —3 dBi, respectively.
The short-circuited inductor mitigates the impact of the back-
ing metal on the tag, while the dual H-shaped slots optimize
the surface current distribution, thereby enhancing the radia-
tion efficiency. Ultimately, the antenna achieves good conju-
gate matching with the chip and an improvement in the realized
gain.

In addition, the vector surface current distribution of the fi-
nal antenna structure is presented in Fig. 6(b). The current
flows from the tag chip to the left side of the patch, then to
the right, and finally returns to the chip, forming a closed loop.
The dual H-shaped slots split the main loop current into two dis-
tinct paths, with current density concentrated at the edges of the
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FIGURE 8. Effects of varying the position of the shorted inductor on (a) power reflection coefficient, (b) input impedance.

slots, which verifies their capability to adjust the resonant fre-
quency of the antenna. The introduction of a short-circuited in-
ductor induces a branch in the main loop current, creating a new
path from the patch through the inductor to the ground. This
mechanism extends the effective current path, leading to an-
tenna miniaturization. Meanwhile, the majority of the current
is concentrated near the short-circuited inductor, demonstrating
its effectiveness in tuning the antenna’s input impedance.

First, the effect of the shorting inductor width on the reflec-
tion coefficient and input impedance is shown in Fig. 7. From
the figure, as the width W, decreases, the input impedance of
the antenna increases, while the resonant frequency decreases
from 944 MHz to 876 MHz. This is due to the reduction in the
width of the short-circuit inductance, which increases its equiv-
alent inductance L, thereby lowering the resonant frequency.

Furthermore, the influences of the shorting inductor position
on the reflection coefficient and input impedance are illustrated
in Fig. 8. The position is characterized by the angle 8, when 6 is
0°, the shorting inductor is located at the center of the right edge
of the antenna. When 6 is —90°, the shorting inductor is posi-
tioned at the feed point. As the 8 value increases, the shorted
inductor moves away from the feed point, the input impedance
is decreased gradually, while the resonant frequency shifts from
964 MHz to 842 MHz.

This because the shorting inductor is placed closer to the
high-density area, resulting in an increased effective induc-
tive reactance, thereby lowering the resonant frequency [12].
Therefore, by jointly tuning the width and position of the short-
ing inductor, flexible control of the antenna resonant frequency
can be achieved, which is beneficial for antenna miniaturization
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3. MEASUREMENTS AND VERIFICATION

A prototype was fabricated to validate the performance, and
the final parameters were optimized via full-wave simulation
(HFSS). The specific values are determined as follows (mm):
Ry =14, Ry =13, R3 =14, P, = 1, P, = 8§, P3 = 21,
Py =34, P =18 W1 =04, Wy =2, W3 = 5,0, =
7.5°, 03 = 15°. As shown in Fig. 9, the proposed tag antenna
prototype with an overall size of 615 mm? x 2.5 mm was etched
on a 0.035-mm-thick copper layer and fabricated on a circular
Rogers 4350 substrate (¢, = 3.66, tand = 0.004, radius =
14 mm, thickness = 2.5 mm), and measured at the center of a
250 mm x 250 mm x 1 mm metal plate to emulate the metallic
backing effect.

As shown in Fig. 10, the vector network analyzer Keysight
N5244 is employed to measure the input impedance of the tag
antenna. A dual-port cable is connected to a dedicated test fix-
ture via SMA connectors. The test fixture is attached to both
sides of the gap at the tag chip’s solder joint, enabling the ex-
traction of the tag’s S-parameters, and then the input impedance
is calculated using the following formula [13]:

27 (1S} + 83, —253))
(1-811)*— 83

(6)

mn

where Zy = 50 (2 is the characteristic impedance.

A comparison of the input impedance obtained from different
models is shown in Fig. 11. It can be observed that the simu-
lated antenna resonates at 915 MHz with an input impedance
of 10.57 + 5165.5€2. In the measurement, the antenna res-
onated at 922 MHz with an input impedance of 10.7 + 5165 €2,
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TABLE 1. Comparisons with some of the previous tag antennas.

EIRP (W) | Py, (dBm) | Tag volume (mm®) | Metal size (mm?) | Meas. RD (m) | NRD (m)

[2] 4 —20.85 3694 200 x 200 8.1 11

[3] 4 -17.3 3534 300 x 400 11.7 234
[4] 4 —20.85 8250 200 x 200 9 12.21
[5] 4 —18 3584 200 x 200 7.5 14.1
[6] 4 —17.8 3175.2 200 x 200 7.25 13.97
[7] 4 —20.85 2560 240 x 240 7.3 9.9
W 4 —235 1539 250 x 250 124

Py Chip sensitivity Meas. RD: Measured reading distance. NRD: Normalized reading distance.

@

(b)

FIGURE 9. (a) Prototype of the RFID tag. (b) The tag is placed on the metal.
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FIGURE 10. Schematic diagram of testing an antenna using the VNA.

whereas the equivalent circuit model predicted a resonant fre-
quency of 906 MHz with an input impedance of 11.9 4 j167 2.
The input impedances obtained from all three approaches are
well conjugate-matched to the chip impedance (10 — j167 Q),
thereby ensuring maximum power transfer. In addition, there
is a difference between the equivalent circuit model and the
simulation results. In the antenna structure, the parasitic ca-
pacitance generated by the triangular slot and double H-shaped
slot cannot be accurately calculated through formulas to obtain
equivalent parameter values. The equivalent circuit model can-
not fully account for the coupling between units and edge field
effects. However, the presented equivalent circuit model can
still effectively predict the variation trend of impedance, pro-
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FIGURE 11. Comparison of input impedance between simulation and
measurement results.

viding reliable guidance for the design and optimization of the
antenna.

As shown in Fig. 12(a), the reading distance was measured
in a microwave anechoic chamber using a circularly polarized
handheld reader (UROVO-DT50U) with an effective isotropic
radiated power (EIRP) of 4 W. The tag, which was equipped
with an M781 chip, was mounted at the center of the cash-in-
transit box with its radiating surface parallel to the ground. Dur-
ing the entire measurement process, the reader was fixed on a
movable fixture, and its radiating surface was maintained paral-
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FIGURE 12. (a) Schematic diagram of testing the reading distance. (b) Measurement of reading distance.

lel to that of the tag. The fixture is moved gradually away from
the tag under test until the tag can no longer be read, thereby
determining the maximum reading distance. As illustrated in
Fig. 12(b), the maximum measured reading distance on a metal
cash-in-transit box is 12.4 m. Therefore, the proposed tag main-
tains a long reading range on metal surfaces, demonstrating that
the proposed tag antenna is insensitive to the backing metallic
platform and is well-suited for the identification of bank cash-
in-transit boxes.

Finally, in Table 1, the performances of the proposed tag
antenna are compared with previously reported designs when
deployed on metallic platforms. For a fair comparison, the
reading distance is normalized using the EIRP of 4W and the
tag sensitivity P, of —23.5 dBm of the proposed tag antenna,
which can account for the effects of different EIRPs and tag
sensitivities.

As shown in the table, the proposed tag achieves a compact
size while maintaining a relatively long reading range in metal-
lic environments compared with existing designs. Moreover,
the proposed tag did not require a multilayer structure, thereby
avoiding additional design and fabrication complexity. Over-
all, the proposed tag antenna demonstrated excellent anti-metal
performance.

4. CONCLUSION

In this study, a miniaturized UHF RFID patch tag antenna with
a long reading range is presented. Shorting inductor and dual
H-shaped slots were introduced to effectively extend the sur-
face current path and increase the equivalent electrical length,
thereby reducing the resonant frequency and enabling antenna
miniaturization. Measurement results demonstrated that the
proposed antenna achieved a maximum reading distance of
12.4m when mounted on a metal cash-in-transit box. More-
over, the tag antenna featured a compact structure, single-layer
implementation, and ease of fabrication, making it suitable for
full-process management of bank cash-in-transit boxes.
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