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ABSTRACT: A compact and tunable ultra-high frequency (UHF) radio frequency identification (RFID) tag antenna is proposed. The an-
tenna comprises a rectangular ring, two symmetrical radiating arms formed by multiple L-shaped stubs, and two interdigitated structures.
By adjusting the parameters of double interdigitated structures, the resonant frequency of the antenna can be tuned coarsely and finely,
while maintaining a nearly constant maximum power transmission coefficient. The proposed tag antenna has a size of 28mm× 16mm
(0.086λ×0.049λ at 920MHz). Measurement results show that the proposed antenna can achieve the maximum reading distance of 6.8m
at 920MHz under the condition of 3.28W effective isotropic radiated power. The proposed RFID tag antenna offers several advantages,
including compact size and frequency tunability, making it well suited for various RFID system applications.

1. INTRODUCTION

Ul tra-high frequency (UHF) radio frequency identification
(RFID) technology, a non-contact automatic identification

method, has been widely adopted across various fields, includ-
ing healthcare, inventory management, agriculture, and ani-
mal husbandry [1–5]. Its popularity stems from its key ad-
vantages: long read range, high data transfer rate, and large
storage capacity. A passive UHF RFID system typically com-
prises three main components: a reader, a tag, and a computer
system [6]. The tag itself consists of an antenna and a chip,
with the chip storing information about the target object and
the antenna responsible for receiving and transmitting electro-
magnetic waves [7]. As such, the tag plays a critical role in an
RFID system, as its performance directly impacts the overall
effectiveness of the system.
The miniaturization of tag antennas has long been a key area

of research in UHF RFID technology, as smaller tags reduce
production costs and expand the range of potential application
scenarios. Several techniques have been developed to achieve
this miniaturization. For instance, fractal meandering technol-
ogy, as explored in [8–10], employs fractal geometries like the
Koch and Hilbert curves due to their unique fractional dimen-
sional properties. This allows the extension of the antenna’s
electrical length while maintaining a compact physical size, al-
though it adds complexity to the design process. Another ap-
proach, described in [11, 12], reduces antenna size by utilizing
substrates with high dielectric constants. While this method is
efficient and straightforward, it increases material costs, mak-
ing it less cost-effective. Ref. [13] addresses miniaturization
by adjusting the capacitance of external lumped components,
which successfully minimizes antenna size but complicates the
fabrication process. In addition to these techniques, serrations,
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slots, slits, and stubs are often combined with patch antennas to
achieve miniaturization in the design of anti-metal tag anten-
nas [14, 15]. These miniaturized tag antennas can be roughly
classified into two categories: flexible and rigid. Flexible tags
offer several advantages over rigid tags, including enhanced
conformability to various surfaces and lighter weight. These
features allow flexible antennas to be used in diverse applica-
tions, such as wearable technology and curved surfaces [1].
Electrically small tag antennas often require multiple, sim-

ple tuning mechanisms. Ideally, the antenna should provide
both coarse and fine tuning options for adjusting the resonant
frequency [16]. Therefore, in this paper, a novel compact UHF
RFID tag antenna based on double interdigitated structures is
proposed. Compared to the aforementioned miniaturization
techniques, the proposed antenna achieves miniaturization sim-
ply by appropriately meandering the radiating arms and em-
bedding the interdigitated structures. When considering the
entire process from design to fabrication, it is relatively sim-
ple. The antenna incorporates nonuniform interdigitated struc-
tures, enabling both coarse and fine tuning without significantly
compromising the power transmission coefficient. This tuning
method offers greater flexibility and practicality compared to
the continuous embedding of identical interdigitated structures
described in [17, 18].

2. ANTENNA STRUCTURE AND ANALYSIS

2.1. Antenna Structure
The proposed antenna consists of a rectangular feed ring, a pair
of symmetrical meandered dipole arms, and two interdigitated
structures. These interdigitated structures are positioned be-
tween the left and right dipole arms, as illustrated in Figure 1.
The upper structure is referred to as Interdigitated Structure I,
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FIGURE 1. Configuration of the proposed tag antenna.

TABLE 1. Optimized parameters of the proposed tag antenna.

Parameter Dimension (mm) Parameter Dimension (mm) Parameter Dimension (mm) Parameter Dimension (mm)
s1 8.5 l1 1.5 d3 1.2 t1 0.5
s2 6.7 l2 1.5 d4 7 t2 0.5
w1 0.4 d1 1 h1 2.6 g1 0.5
w2 0.5 d2 6.5 h2 2.7 g2 0.5

(a) (b)

(c) (d)

FIGURE 2. Structural evolution of the tag antenna design: (a) Antenna I, (b) Antenna II, (c) Antenna III, and (d) Antenna IV.

while the lower one is named Interdigitated Structure II. Each
interdigitated structure contains three open stubs. The param-
eters for both Interdigitated Structure I and II are defined as
follows: h1 and h2 represent the height; d2 and d4 denote
the length; t1 and t2 indicate the width of the stubs; g1 and
g2 specify the width of the end gaps, respectively. The an-
tenna is printed on the substrate of the flexible PET with a
thickness of 0.05mm. The tag chip positioned in rectangular

ring is MW8112 from MAXWAVE MICRO Co., Ltd., which
has a reading sensitivity of −20 dBm and an impedance of
13.72 − j221.01Ω at 915MHz considering the effect of par-
asitic capacitance [19].
The proposed tag antenna is designed and analyzed by us-

ing Ansys high frequency structure simulator (HFSS). The op-
timized values of proposed antenna parameters are shown in
Table 1.
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FIGURE 3. Input impedances of tag antennas in the evolution process. (a) Reactance. (b) Resistance.
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FIGURE 4. Power transmission coefficients of tag antennas in the evo-
lution process.

2.2. Design Analysis
The power transmission coefficient is determined by
impedances of tag antenna and tag chip as follows Equa-
tion (1) [20]:

τ =
4RaRc

|Za + Zc|2
(1)

where Za = Ra + jXa and Zc = Rc + jXc are the an-
tenna impedance and chip impedance, respectively. It is ob-
vious from Equation (1) that whenRa = Rc andXa = -Xc, the
value of power transmission coefficient reaches its maximum
and equals 1. In this state, all energy is effectively transmitted
between the tag antenna and tag chip without loss, and the tag
antenna is resonant. However, the antenna impedance cannot

perfectly match the conjugate impedance of the chip. There-
fore, in the subsequent analysis, we consider the frequency
corresponding to the impedance value closest to the conjugate
impedance value of the chip as the resonant frequency of the
tag antenna. From Equation (1), it can be concluded that the
resonant frequency also corresponds to the maximum value of
the power transmission coefficient.
The proposed antenna evolved from a simple structure shown

in Figure 2(a). Then, the final configuration is obtained after
three evolutions from Figure 2(b) to (d). The reactance and re-
sistance curves during the evolution process are demonstrated
in Figures 3(a) and (b), respectively. Furthermore, Figure 4 il-
lustrates the curves of the power transmission coefficient.
Figure 2(a) shows the initial design of the antenna, named

Antenna I, which consists of a rectangular feed ring and a
pair of symmetrical dipole arms. The resistance and reactance
curves of Antenna I in Figure 3 show that the impedance value
3.13 + j222.41Ω at 1.456GHz is closest to the complex con-
jugate value of the chip impedance. Meanwhile, the maxi-
mum power transmission coefficient is 0.6 at the frequency of
1.456GHz. Based on Antenna I, a pair of L-shaped stubs are
added to two symmetrical antenna arms to form Antenna II, as
shown in Figure 2(b). Figures 3 and 4 show that Antenna II res-
onates at 1.334GHz, with an impedance of 5.35 + j222.33Ω.
Similarly, Antenna III adds another pair of larger L-shaped
stubs, as shown in Figure 2(c). Antenna III further decreases
the resonant frequency and improves the impedance conjugate
match, significantly increasing the maximum power transmis-
sion coefficient to nearly 1 at 1.182GHz. From Figure 2(c), it
can be observed that two gaps are generated between the left
and right L-shaped stubs. Then two interdigitated structures
are inserted, forming Antenna IV, as shown in Figure 2(d).
As observed from Figures 3 and 4, Antenna IV resonates at
0.92GHz and keeps the maximum power transmission coeffi-
cient to nearly 1.
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FIGURE 5. Equivalent circuit of the proposed tag antenna.

8 6 0 8 8 0 9 0 0 9 2 0 9 4 0 9 6 0

0

0 . 2

0 . 4

0 . 6

0 . 8

1

Po
we

r T
ran

sm
iss

ion
 Co

eff
icie

nt,
 τ

F r e q u e n c y ,  f  ( M H z )

A l l  i n  m m
�d 4 = 5
�d 4 = 6
�d 4 = 7
�d 4 = 8
�d 4 = 9

FIGURE 6. The effect of d4 on the power transmission coefficient.
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FIGURE 7. The effect of t2 on the power transmission coefficient.

The interdigitated structure is composed of a series of stag-
gered open stubs, as shown in Figure 1. Introducing these
interdigitated structures increases the antenna’s equivalent in-
ductance and capacitance, which in turn lowers the resonant
frequency and reduces the overall antenna size. In the pro-
posed tag antenna, two interdigitated structures — Interdigi-
tated Structure I and Interdigitated Structure II — are included,
each offering different tuning capabilities. A detailed analysis
of the design and tuning of the double interdigitated structures
will be provided in the subsequent tuning analysis section.

2.3. Tuning Analysis

2.3.1. Equivalent Circuit of the Proposed Tag Antenna

In order to facilitate the analysis of the tuning principle of the
proposed antenna, the equivalent circuit of the proposed tag an-
tenna is modeled, as shown in Figure 5. The proposed tag an-
tenna can be simplified as a dipole connected to a rectangular
loop, with coupling between them [21]. Zr is the equivalent
impedance of rectangular loop. M represents the mutual cou-
pling between the dipole and the rectangular loop. R is the total
resistance including the radiation resistance and the equivalent

resistance of dielectric loss. L1 and C1 are the equivalent in-
ductance and equivalent capacitance of the dipole arms, respec-
tively. For Interdigitated Structure I,L21 andC21 are the equiv-
alent inductance produced by each open stub and capacitance
between adjacent open stubs, respectively. For Interdigitated
Structure II, the equivalent inductance (L22) and capacitance
(C22) can also be defined in a similar manner. The resonant fre-
quency of the equivalent circuit of an antenna can be expressed
by Equation (2):

f =
1

2π
√
LC

(2)

where L and C are the total equivalent inductance and equiva-
lent capacitance of the antenna, respectively. Here, we focus on
the capacitive effect generated by the interdigitated structures,
which can be explained by Equation (3):

Cs =
ε0εr Ae

d
(3)

where ε0 is the vacuum permittivity, εr the relative permittiv-
ity, Ae the effective surface area, and d the spacing. There-
fore, when the spacing d is reduced or the effective area Ae in-
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FIGURE 8. Effects of the interdigitated structure end gaps width on the power transmission coefficients and realized gains of the proposed tag antenna.
(a) Parameter g1. (b) Parameter g2.
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at 0.92GHz.
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FIGURE 10. Measurement setup of Voyantic Tagformance Pro and the
fabricated tag antenna.

creased, the equivalent capacitance will increase. For the dou-
ble interdigitated structures in this paper, we will discuss the ef-
fects of varying structural parameters on equivalent capacitance

and power transmission coefficient, then, further complete the
tuning analysis in the following section.

2.3.2. Tuning Analysis of Interdigitated Structure I and Interdigitated
Structure II

Figure 6 illustrates the impact of the Interdigitated Structure II
length (d4) on the power transmission coefficient. As d4 is var-
ied from 5mm to 9mm, the resonant frequency of the tag an-
tenna gradually shifts to lower frequencies while the maximum
value of the power transmission coefficient remains nearly un-
changed. This can be explained from Equation (3) that when d4
is lengthened, the effective area to generate capacitance is be-
coming larger, finally resulting in the resonant frequency shift-
ing lower.
Figure 7 illustrates the impact of the stub width (t2) on an-

tenna performance. As t2 is broadened from 0.4mm to 0.6mm,
the trend observed in the power transmission coefficient curve
is similar to d4. This is because a broader stub reduces the spac-
ing between adjacent stubs, generating larger equivalent capac-
itance. Therefore, the antenna’s resonant frequency has a trend
of down shifting.
Figures 8(a) and (b) show that the resonance of the tag an-

tenna can also be tuned by adjusting g1 and g2. As the end
gap width of the Interdigitated Structure I (g1) narrows from
0.6mm to 0.4mm, the resonant frequency of the tag antenna
decreases from 922MHz to 919MHz, with a tuning sensitiv-
ity of 15MHz/mm. However, g2 shows a tuning sensitivity of
55MHz/mm as it decreases from 0.6mm to 0.4mm. This com-
parison demonstrates that changing g2 achieves a coarse tuning
of the tag resonant frequency, while changing g1 is fine tuning.
Differences in tuning sensitivities can be explained from the
electric field distribution in Figure 9. The electric field strength
of the Interdigitated Structure II is higher than that of the Inter-
digitated Structure I. Moreover, this tuning method only affects
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TABLE 2. Various parameters comparison of the proposed antenna with few previous reported antennas.

Ref.
Tag Dimension

(mm)
Size Reduction

(%)
Substrate

Fabrication Complexity
and Cost

Max. Read Distance
(m)

This paper 28×16 - PET Low 6.8
[15] 53.5× 12 30 Copper tape and foam High 9.7
[17] 55.2× 44.2 82 PTFE Medium 7.0
[23] 50× 12 25 FR4 High 6.3
[24] 30× 26 43 Paper High 1.5
[25] 44× 59 83 Photo paper Low 5.8
[26] 128.3× 50 93 FR4 High 5.5
[27] ∼ 70× 24 ∼ 73 FR4 High 7.0
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FIGURE 11. Measured tag sensitivity and measured read distance of the
proposed tag antenna.
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the resonant frequency of the tag antenna significantly and has
little effect on themaximum power transmission coefficient and
peak gain, as shown in Figure 8. The relevant adjustment op-
eration is both easy and effective, making less change on the
overall configuration of the antenna than other parameters.

3. RESULTS AND DISCUSSION
According to the optimized parameters in Table 1, the proposed
antenna was fabricated and tested in the anechoic chamber of
Voyantic Tagformance Pro measurement system [22], as de-
picted in Figure 10. The tag to be tested is positioned at the cen-
ter of a black foam rotating platform, while the linearly polar-
ized reader antenna is placed at a certain distance to the tag an-
tenna. During the measurement process, the effective isotropic
radiated power (EIRP) is affixed at 3.28W.
Figure 11 shows the measured read distance and sensitiv-

ity of the proposed tag at different frequencies. In the range
of 870 ∼ 960MHz, the tag exhibits a maximum read dis-
tance of 6.8m at 920MHz, and the optimal tag sensitivity is
−13.2 dBm. Figure 12 depicts the simulated and measured re-

alized gains. In simulation, the tag antenna achieves a peak re-
alized gain of−5.3 dBi at 920MHz. In measurement, the high-
est realized gain is −6.8 dBi, indicating a decrease of 1.5 dB
compared to the simulated. This is because the measurement
environment and simulation environment are not fully consis-
tent, and the tag antenna also inevitably has manufacturing tol-
erances in the fabrication process. It can also be observed from
Figures 11 and 12 that the performance deteriorates as the fre-
quency gradually decreases or increases from 920MHz. For
example, at 912MHz, the read distance is 5.1m with a sen-
sitivity of −10.6 dBm, while at 928MHz, the read distance is
5.2m with a sensitivity of −10.9 dBm. Figure 13 shows the
antenna’s read patterns in the xoy plane and xoz plane. The
xoy plane is shaped like an “8” with the farthest read distance
and the best sensitivity at ϕ = 180◦. The xoz plane has om-
nidirectional radiation, with read distances ranging from 6m to
6.8m and sensitivity ranging from −13.2 dBm to −12.1 dBm.
The proposed antenna is also tested on the curved surface of
a plastic bottle, as shown in 14(a). Figure 14(b) illustrates the
corresponding reading performance, with a maximum reading
distance of 5.3m and an optimal sensitivity of −10.6 dBm.
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FIGURE 13. Measured read distances and tag sensitivities of the proposed tag antenna in the (a) xoy plane and (b) xoz plane.
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FIGURE 14. Measured read distances of the proposed tag antenna on the plastic bottle with curved surface. (a) Picture of the plastic bottle. (b)
Corresponding measured read distance and tag sensitivity.

To emphasize the advantages of the proposed tag in terms
of miniaturization and read distance, we compared its per-
formance with various antennas from recent publications, as
shown in Table 2. Using an EIRP of 3.28W and a chip sensi-
tivity of −20 dBm as standard benchmarks, the maximum read
distances from the references are converted accordingly for
comparison. The data in the “Size Reduction” column demon-
strates the miniaturization advantage of the proposed antenna
compared to other antennas. The data are calculated as Size
Reduction = (S1 − S2)/S1 × 100%, where S1 represents the
planar size of the tag from references, and S2 represents the
planar size of the tag antenna in this paper. Compared to the

tag antennas in [23, 26, 27], the proposed antenna has the ad-
vantage of flexibility, making it suitable for more applications.
Compared to the folded design in [15] and the stacked design
in [24], the tag antenna proposed in this paper adopts an ultra-
low profile and single-layer design, which is easier to manufac-
ture. In terms of read distance and size, the tag antenna in this
study achieves different degrees of size reduction compared to
those reported in the references, while exhibiting comparable
or even extended read distances. Generally, the proposed tag
antenna stands out for its miniaturization, flexibility, low pro-
cessing cost, and simplified fabrication.
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4. CONCLUSION
A compact UHF RFID tag antenna has been proposed, fabri-
cated, and tested in this work. The design utilizes multiple
L-shaped stubs and incorporates two interdigitated structures
between the left and right radiation arms to achieve miniatur-
ization. The resonant frequency of the tag can be adjusted
both coarsely and finely by varying the interdigitated structures,
without significantly affecting the power transmission coeffi-
cient. Experimental measurements demonstrate that the tag an-
tenna achieves a maximum read distance of 6.8m at 920MHz,
with an optimal tag sensitivity of −13.2 dBm.
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