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Abstract: This study provides guidance for the design and analysis of a practical ultra-high-frequency (UHF) radio frequency identi-
fication (RFID) label tag antenna that achieves stable readability over a range of target objects. The study discusses the fundamental
aspects of power transfer, antenna architecture, and microchip packaging in RFID systems, with a specific focus on the challenges of
impedance matching caused by the varying dielectric properties of adjacent materials. To overcome these obstacles, a compact tag
antenna structure that integrates a T-matching loop, meander-spiral dipole, and capacitive end load was examined. The designed tag
antenna was optimized using electromagnetic simulations and fabricated on a flexible polyethylene terephthalate substrate by employ-
ing flip-chip bonding processes. Experimental results showed a maximum read range of 6.3 m at 917 MHz, with consistent performance
even when the substrate dielectric constant increased to 5. The proposed antenna design offers a straightforward, low-cost, and robust
solution for item-level RFID deployment, enabling dependable impedance matching and enhanced readability in practical applications.
Keywords: Antenna radiation pattern, Electromagnetic numerical analysis, Far-field zone, Near-field zone, Radio frequency identifi-

cation, Tag antenna

1. Introduction small antennas for attachment to compact items [2]. Near-field

Radio frequency identification (RFID) has become increas- communication (NFC) in the UHF band has recently been intro-

. . . . s S duced to enable reliable item-level tagging and provide consistent
ingly prevalent in various practical applications, primarily be-

cause it enables automatic identification for efficient tracking and performance despite varying environmental factors. NFC operates

management of objects. An RFID system consists of tags (either via inductive coupling, making use of the near magnetic flux that

with or without a battery, designated as active or passive) that are induces current in accordance with Faraday’s law of induction

attached to objects to store relevant information, and readers that [8]. Typically, a loop antenna is chosen for NFC because of its

extract data from these tags. Based on their operating frequency ability to strongly generate a near-magnetic field proportional to

bands, RFID systems are categorized as low-frequency (LF, 125 its perimeter, as its loop structure efficiently produces the in-

134 kHz), high-frequency (HF, 13.56 MHz), ultra-high-fre- duced current in response to the magnetic field generated by the

quency (UHF, 860-960 MHz), and microwave (2.4 GHzand 5.8 ~ °ther antenna.

GHz) systems [1]-[3]. LF and HF RFID systems employ induc- For far-field communication in item-level applications within

tive coupling between the reader and tag antennas within the UHF RFID systems, the tag antenna plays a crucial role in miti-

near-field zone, where performance is influenced by the geome- gating performance degradation due to adjacent dielectric or me-

try of both antennas. Conversely, UHF and microwave RFID sys- tallic materials. To address this challenge, previous research has

tems utilize backscattered waves from the tag to the reader developed effective T-matching networks tailored for various di-
through the far-field zone, where both the overall antenna size electrics, as documented in [9]. The antenna introduced in this
and the operating frequency play critical roles in system perfor- study utilizes a T-matching network consisting of a dipole with a
mance [4]-[7]. Specifically, the passive UHF RFID system offers ~ capacitive end load and a thick-stripline T-matching structure,
several advantages over systems operating in other frequency  thereby achieving stable tag sensitivity (minimum operating
bands because it allows for the minimization of antenna size, power), regardless of the dielectric characteristics of the attached

making it suitable for item-level tagging applications that require ~ material. Nonetheless, the proposed label tag exhibits limitations,
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as it does not perform adequately on metallic surfaces owing to Tag Reader Ant.
significant changes in key antenna properties, including operat- RFID Chip Lo Tag Ant. o -

ing frequency, radiation efficiency, radiation pattern, and input . 1 4 Pirig | Pureader
impedance. As an alternative method, metal-compatible tags in- Vv 4|—°— V"_'““*’ — R,
corporating an embedded ground plane have been introduced ) = —‘ ;:g Pm/;w

[10]-[12]. These antennas demonstrate reliable operation on a va- Zerip = Retip ;;l g Zant = Zamt + JZanmt

riety of dielectric and metallic surfaces as the integrated ground Figure 1: Tllustration of power transfer between the reader and

plane effectively isolates the antenna from the influence of un- the tag

derlying materials. However, the configuration’s rigid, volumi-
nous, and intricate design, attributable to the ground plane, re- .

& & P o Total gain of the tag antenna: Gans
stricts their suitability for flexible substrates such as textiles and

liquids and leads to increased manufacturing costs and complex-

) =p GantGreaderlz
ity, which is a drawback for large-scale production. Thus, it is rtag treader —(4mR)?2
necessary to develop a versatile tag suitable for both dielectric _ l[V X I rag’]
) ' 2 rtag rtag
and metallic environments. 1 Voo
== _ 'rtag
In this paper, we first introduce the operating principle of tags, T2 Vr.tag [Rchip + Ram] @
including a microchip and a reader, in the UHF RFID system. We 1 N 1 2[ 1
. . . Pr,chip = E[Vr,chip X Ir,chip ] = ElVr,chipl Z_
then explain the impedance matching between a tag antenna and chip
2
a microchip, considering flip-chip bonding effects. Finally, we _ 1|V . |z Zehip 1
279N N Z e+ Zopp| | Zens
introduce a tag antenna that maintains stable reading perfor- ) ant. T ey R cip
. . . . _ 2 chip
mance across a variety of dielectric materials. =3 |Vr.tag] Rant. + Rerip)? + Kane. + Xepip)?
. . -1 (1-n&y) )
2. Basic Theory of RFID Tags in the UHF Band 2 mras tag
2
2.1 Power Transfer P = lM
T,Chip(max) 8 ng
Identification in RFID systems is principally determined by 1
the power transfer from the reader to the tag equipped with a mi- = EP”“Q @
crochip. The overall readability of the system depends on the per: where 745 = Tt 2oty

formance of the tag, because the minimum detectable power

(reader sensitivity) is generally much lower than that required by In a free-space propagation environment, the power received

the tag. by a tag antenna (Pywg) can be determined using the Friis free-

Figure 1 illustrates the power transfer process from the reader space equation, as given in (1) [13]. The received power at the

to the tag, with the parameters and equations defined as follows: tag induces a current (Jyag), which, in turn, activates the charge

* Transmitting power of the reader (W): Preader capacitor in the microchip, enabling the microchip to operate.

* Received power of the reader (W): Prreader Specifically, the received power delivered to the chip (Prcnip),

* Distance between tag and reader (m): R which is described by Equation (1)—(3), achieves a maximum

* Transmitting power of the tag (W): Priae value equal to half of P;«e under the conjugate matching condi-

e Received power of the tag (W): Prrag tion (Retip= Ranr and Xenp = —Xant)
chip = LXant chip — —Aant.).

e Received power of the chip (W): Prehip

e Induced current from the tag antenna (A): ;g 2.2 Tag Antennas
o Voltage at the antenna (V): Vyuag Early commercial RFID tags primarily used planar loop and
e Voltage in the chip (V): Vienip microstrip dipole antennas. In particular, the dipole (or

o Impedance of the chip (Q): Zep ground-backed monopole) antenna has remained prevalent in

« Impedance of the tag antenna (Q): Zan various wireless applications owing to its omnidirectional ra-

« Total gain of the reader antenna: Greader diation pattern, straightforward geometry, easy control of the input

Journal of Advanced Marine Engineering and Technology, Vol. 49, No. 5, 2025. 10 379



Design approach of label tags for item management Using UHF RFID

Table 1: Tag characteristics according to feeding type.

Matching method (Feeder)
Direct connec- Inductive | T-type match-
tion feed coupling feed ing feed
Re.at.l Low Normal High
stability
Q-factor High Low Low
Bandwidth Narrow Broad Broad

impedance, and comparatively compact size. Nevertheless, these
antennas are limited by their narrow bandwidth and variation in
input impedance near adjacent objects owing to their high-qual-
ity (Q) factor. To address these issues, various electrical tech-
niques, such as inductively coupled matching, capacitively cou-
pled matching, and single and double T-matching, have been
adopted. Table 1 provides a comparison of the characteristics of

developed RFID tags [14]-[17].

2.3 Microchip

Microchips are released by the manufacturers using the Gen-
eration 2 protocol. Although the same protocol is applied, the ter-
minal characteristics of the microchips differ across manufactur-
ers. Furthermore, the number of antenna ports, terminal imped-
ances, and memory structures is determined by each company.
An RFID tag integrates both a microchip and an antenna into a
compact package designed such that the microchip can be at-
tached directly to the antenna. High packaging throughput signif-
icantly reduces transponder costs. Consequently, flip-chip bond-
ing is generally preferred to wire bonding.

Figure 2 illustrates the bonding region between the RFID tag
antenna and the microchip, as viewed with a scanning electron
microscope (SEM), and the corresponding schematic configura-
tion [18]. Specifically, Figures 2(a) and (b) show the conductive
pads connected to an antenna trace etched in an aluminum layer
on a dielectric substrate such as polyethylene terephthalate
(PET). The microchip consists of a silicon layer for the chip cir-
cuit and bumps as the terminals. The microchip communicates
with the antenna via the conductive ball of an electrically con-
ductive adhesive between the bumps and the antenna pads. Con-
sequently, the information stored in the microchip can be trans-
mitted to the reader via the electrical connection of the bonding
joint.

The bonded region is also modeled using the equivalent circuit
depicted in Figure 3. Figure 3 shows the impedance (Zx) of the
packaged chip, which includes the parasitic impedance (Zpar),

determined by both the bump height and internal pattern of the
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microchip. Since the parasitic impedance significantly impacts
the impedance matching with the tag antenna, careful considera-
tion of geometrical parameters is essential for ensuring the relia-
bility of RFID tag production. Furthermore, the chip impedance
(Zehip) should be regarded as equally important as the parasitic
impedance, because the quality factor (Q factor) of the chip im-
pedance (Xenip / Renip) determines the feasible range of antenna
impedance for achieving conjugate matching. Figure 4 illustrates
the received power of a tag as a function of the antenna imped-
ance normalized by the resistance and reactance of the microchip,
respectively. By targeting the received power within the -3 dB
design goal, the antenna can be designed to be approximately
within the range of Ruan. (0.2Rchip < Ran. < 5.8Rchip) for re-
sistance, and Xu,an. (0.72QRchip < Xant. < 1.28(QXenip) for reactance.

Bump
Conductive

Adhesive (Themoset)

(@ (b)
Figure 2: Cross-section of the bonded microchip region. (a)
Structure of flip chip bonding. (b) SEM cross-sectional image of
the bonded microchip

Zch[p Zpar

Res(h,‘pé Cchip:: RESPW§ Cpar.::

]
—

Figure 3: Equivalent circuit model of the bonded region
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Figure 4: Impedance-matching characteristics of the tags
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Therefore, a higher Q factor in the microchip enables the an-
tenna to maintain stable performance despite the presence of un-

wanted parasitic impedance.

3. T-matching Label Tags

Recently, achieving impedance matching with microchips has
become a challenge in the design of UHF RFID tags. In addition
to inductively coupled matching, the T-matching technique is
considered an effective and practical approach for attaining good
matching characteristics with a capacitive microchip. Several
studies have analyzed T-matching in detail [9]-[10], [16]-[17]. As
a geometric approach, [9] introduces an optimal geometry for the
T-matching loop to achieve consistent readability even in prox-
imity to various materials. A longitudinally narrow T-matching
loop allows the tag antenna to counteract electrical variations
caused by shifts in the effective wavelength when placed on dif-
ferent dielectric substrates. This consistent electrical perfor-
mance of the tag antenna contributes to stable reading regardless
of nearby objects.

Building on previous work on T-matching, we introduced a
slim label-type tag antenna designed for consistent readability in
proximity to various dielectric materials [19]. The introduced tag
antenna integrates a T-matching loop with a meander-spiral di-
pole featuring a capacitive end load. The geometry of the antenna
was optimized to interface with a commercial chip exhibiting a
measured impedance of Zeup = 13 —j163 Q) and a minimum op-
erating power of -15 dBm at 912 MHz [9]. The overall structure
of the antenna, measuring 70 mm x 6 mm, was fabricated on a
PET substrate (er = 4, tand = 0.003, and thickness = 50 pm),
which served as a flexible substrate. During the design process,
we considered embedding the printed tag in a thin polymer film
(PET, &r=4.5, tand = 0.001, and thickness = 0.4 mm) to account
for the potential shift in the operating frequency due to packag-
ing. To predict performance, we rigorously calculated the maxi-
mum reading range (Rmax) based on Equation (1)-(3), consider-
ing the antenna impedance (Zux), radiation efficiency (7), and di-
rectivity (D) obtained from high-frequency structure simulator
(HFSS), a commercial electromagnetic field simulator [20].

The overall configuration and parameters of the proposed an-
tenna are shown in Figure 5. The design comprises a T-matching
loop and a meander-spiral dipole directly connected to the capac-
itive end load. The inner perimeter (2H1+2V72) of the T-matching
loop predominantly determines the inductance required for opti-

mal matching with the microchip. The ratios V2/ Vi and V3 / Vi
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Dipole Arm T-matching Loop Dipole Arm
I 70 mm I
{
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Microchip Capacitive End-load
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|43 I
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(b)

Figure 5: Structure of the introduced tag antenna. (a) Compo-

nents of the tag antenna. (b) Specification of design parameters.

are critical as they dictate the current division factor, thereby in-
fluencing the distribution of the current between the dipole arms
and the T-matching loop [13]. The meander-spiral dipole enables
precise control over the capacitance and inductance, in addition
to tuning the overall electrical length for the targeted operating
frequency. Moreover, the capacitive end load plays a crucial role
in broadening the matching bandwidth. Therefore, optimizing
these design parameters is essential for achieving an effective an-
tenna structure and impedance matching.

To design an optimal antenna, we conducted a parametric
study focusing on a T-matching loop and a meander-spiral dipole.
Figure 6 presents the simulated antenna impedance as V2 and V3
vary, while V1 and H) are set at 1.1 mm and 14 mm, respectively.

The dotted line indicates the conjugate impedance of the mi-
crochip. As V2 increased from 1 to 3 mm, the self-resonance fre-
quency shifted to a lower frequency range. By considering the
difference between the maximum and minimum values, the tun-
able impedance range can be determined using both the V2 / 1
and V3 / V1 ratios, as anticipated. Additionally, we analyzed the
changes in the antenna impedance by modifying the capacitive
end load of the meander-spiral dipole. Extending the spiral length
resulted in a downward shift in the self-resonance frequency [19].
Notably, geometric adjustments to the T-matching loop and me-
ander-spiral arms readily achieve impedance matching while
largely preserving the antenna pattern. Based on this comprehen-
sive parametric analysis, we selected optimized design parame-
ters to ensure a consistent reading range. The finalized parame-
ters are as follows: Vi=1.1mm, V>2=2mm, V3=29 mm, Vs=

4mm, Hi=14mm, H>=1mm, H3 =1 mm, Hs= 19 mm, Hs =
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Figure 6: Antenna input impedance for different T-matching

loop values. (a) Resistance. (b) Reactance.

13 mm, with meander and spiral line width and spacing set at 0.5
mm.

An optimal label tag with a bonded microchip was fabricated
using flip-chip bonding and packaging techniques. The reading
performance of the introduced tag was evaluated by measuring
the tag sensitivity (Prg min.), Which represents the minimum oper-
ating power of the tags, and calculating the reading range (Rread)

based on Equation (4) and (5) [10].

Pchipmin
(1 - ntzag)Efftathug

P tagmin. =

Pmin(l - nfeader)EffreaderDreader

= : )
4m
RfixedT
As| EIRP
4T [Py, in.
R I Pr(1—nZeqaer)ES freaderPreader
read — 4o P .
tagmin.

where 77 Eff, D, and Rfixeq are the return loss, radiation efficiency,
directivity, and fixed distance (1 m) between the reader antenna

and the tag, respectively.

Journal of Advanced Marine Engineering and Technology, Vol. 49, No. 5, 2025. 10

18

145

-~ | Simulation

Measurement

1}
75} /
4t

h
N
/
/
J
/
/
.
J
S J
L . -
0.5 \ /
H
/
/
J
/
/
/
:

3 F
-6.5 }
-10 \

-135 | ;

Tag Sensitivity (dBm)

7 1 1 1 1 1 1 1 1 1
662 712 762 812 862 912 962 1012 1062 1112 1162
Frequency (MHz)

(a)
7.0
6.3 1
5.6
48}
42}
351
28}
2.1} Vo
14t Y
0.7 | . g ‘\‘x:

----------- Simulation
Measurement

Reading Distance (m)

O 1 1 1 1 1 1 1 1 1
662 712 762 812 862 912 962 1012 1062 1112 1162
Frequency (MHz)

(b)
Figure 7: Reading performance. (a) Tag sensitivity. (b) Reading
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Figure 8: Reading range of the introduced tag as a function of

the dielectric constant of the underlying material

We first measured the tag sensitivity of the attached tag on an
air-like foam substrate using Tagformance Lite (Voyantic Corpo-
ration), as depicted in Figure 7(a) [21]. Furthermore, the reading

range was estimated using the measured tag sensitivity under a
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36 dBm EIRP (6 dB linear polarization), as shown in Figure
7(b).

The tag sensitivity exhibited a minimum value of -11.7 dB at
917 MHz, which corresponded to a maximum reading range of
6.3 m. Figure 7 confirms that measurements generally corre-
spond well with simulated results, with the only notable discrep-
ancy being a frequency shift of approximately 5 MHz. This dis-
crepancy between the simulation and the measurement likely
arose from the antenna impedance being affected by the support-
ing foam, which was assumed to be an air substrate in the simu-
lation.

For applications requiring the detection of only a single object
in RFID systems, tag antennas are typically designed with a focus
on the characteristics of a specific target object. However, for a
more general tag usage across a variety of applications, the an-
tenna design must ensure robust impedance matching over di-
verse target objects. Therefore, we evaluated the reading range of
the introduced tag as greater than 4 m when the dielectric con-
stant of the underlying material (thickness = 5 mm) ranged from
1 to 8. Figure 8 shows the measured reading range at 912 MHz
for tags attached to objects with dielectric constants ranging from
1 to 8. The reading range remained stable when the dielectric
constant (&) was between 1 and 5, but decreased when the die-
lectric constant (&r) exceeded S. These findings demonstrate that
effective impedance matching between the microchip and tag an-
tenna persists for dielectric constants less than 5. In summary, the
T-matching configuration offers a straightforward solution for
achieving reliable impedance matching across various target ob-

jects in RFID applications.

4. Conclusion

This study reviews the operational principles of UHF RFID
systems and introduces a compact and flexible label tag antenna
engineered for stable performance across various target objects.
By integrating a T-matching loop and a meander-spiral dipole
with capacitive loading, the introduced design achieved effective
impedance matching with standard RFID chips, even when ap-
plied to substrates with different dielectric properties. The test
results showed a maximum reading distance of 6.3 m and con-
sistently reliable operation for materials with dielectric constants
of up to 5. These findings suggest that the proposed tag-antenna
design represents a practical, cost-efficient, and scalable solution
for UHF RFID item-level tagging, thus facilitating improved as-

set management and tracking in a wide range of environments.
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