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ABSTRACT This study developed a miniature tag antenna attached to a backing metal for
ultrahigh-frequency radio frequency identification (RFID) applications. The impedance of this antenna can
be easily controlled at the desired fixed frequency by using different mechanisms and was not considerably
affected by backing metal size. This antenna comprises a radiating patch with double I-shaped slots and a
ground layer shorted to a narrow inductive plate. Loading a closed slot in the center of the patch and the
open slits enabled flexible frequency tuning to match the complex impedance of the microchip used. This
tag antenna has a low profile of 28.02 x 25.02 x 2.61 mm?® (0.086 x 0.076 x 0.0079 )»8), and it provides
a high power transmission coefficient of 99.74%, realized gain of —2.3 dB, and a reading distance of 8.1 m
when it is located at the center of a metallic plate of size 250 x 250 mm?. The operational frequency of the
proposed antenna was designed to reside the frequency bands for North and South America (860-960 and
902-928 MHz, respectively). Measurements of the antenna prototype proved that the experimental results

agreed with the simulated data.

INDEX TERMS Metallic tag antenna, shorted inductive plate, reading distance, RFID tag, I-shaped patch.

I. INTRODUCTION

The manufacturing cost of radio frequency identification
chips has decreased greatly owing to rapid developments in
semiconductor technology. In particular, smaller RFID chips
with lower power consumption, greater memory capacity,
faster signal processing, wider design choices, and more
secure data transmission are now easily available [1]. RFID
devices are extensively used for applications such as toll
roads, sensing systems, object tracking, supply chain man-
agement, and security systems [2], [3]. Generally, in a practi-
cal passive RFID system, each individual object is assembled
with a small and low-cost tag. A tag includes an antenna
designed by users, and it can operate in various frequency
bands. The behavior of an ideal RFID system is unaffected
by factors such as orientation, environment, and the presence
of the object on which the tag is placed [4]. Nonetheless, as a
tag antenna is usually located on or near a metallic object,
the properties of this object strongly influence the operational
effectiveness and principal parameters of the antenna, such as
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the input impedance, radiation efficiency, power transmission
coefficient, total gain, and radiation angular pattern sensitiv-
ity [5], [6]. Several studies have suggested methods to solve
these problems and to improve tag antenna performance.
In [7]-[10], tags based on an artificial magnetic conduc-
tor (AMC) surface have been proposed to improve tag gain
and radiation patterns. These antennas were designed with
a bowtie-shaped or modified dipole structure on the top and
AMC unit cells inserted in the inner layers or the backplane as
a ground plane on the bottom. However, such designs compli-
cate the structure of AMC tag antennas and greatly increase
their profile even though it is beneficial to insulate the antenna
from the effects of the backing metal [11]. Consequently,
these tag antennas are not compact or cost effective. To reduce
tag size, planar inverted-F antenna (PIFA) structures have
been recommended [12].

A PIFA was developed as a platform-tolerant design to
reduce the size of tag antennas [13]. The utilized microchip’s
impedance is commonly configured to a very high Q factor
to improve its sensitivity. The input impedance is sensitive
to small changes in frequency with a high Q value, and this
makes it difficult to perform conjugate impedance matching
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for the designed antennas [14], [15]. In particular, some stud-
ies [16], [17] have proposed antenna structures with greatly
improved impedance matching and reduced size by embed-
ding a slotted via-patch and a conductive solution in the
middle layer; however, the low radiation efficiency of these
designs greatly affects the achievable reading distance of the
tag antenna. Additionally, the input impedance adjustment
of tag antennas is difficult. Electrically small antennas with
loaded via-patches and shorting stubs have been proposed to
achieve high radiation efficiency [18]-[20]. However, these
designs require parameter configuration between the feed
point, feed radiators, and via-holes, which is difficult to per-
form optimally through measurements. Moreover, applying
multiple vias or via-patches for the short circuit affects the
achievable efficiency if the antenna structure is not config-
ured appropriately during fabrication. Therefore, the fine-
tuning process is relatively demanding, and manufacturing
costs can rise substantially.

Recent design advances with the folded-patch technique
have enhanced the performance and reduced the size of
tags [21], [22]. Studies have miniaturized tag antennas by
using multiple shorting stubs in the center and a vertex on
the top patch to form inner or ground layers [23] and [24].
However, the combination of multiple shorting stubs and
meandered slot lines in the tag structure resulted in poor
impedance matching between the antenna and the microchip;
this, in turn, reduced the power transmission coefficient to
less than 0.7 and the achievable reading range to less than 5 m.
Another study [25] significantly improved the power trans-
mission coefficient to approximately 99.7% and achieved a
large read distance of at least 7 m. However, similar designs
have been described in [21]-[24]. Further, these tags required
more ground planes or inner radiating planes; this compli-
cated the structure and increased the total size of the tag
antennas. In addition, the folded-patch technique required a
complex fabrication procedure and made tuning difficult.

This study developed an electrically small tag antenna
structure attached to a backing metal object with flexible
impedance matching between the antenna and the IC chip.
The proposed antenna was designed with a compact and low-
cost structure, and it did not require multiple vias for the short
circuit, extra ground layers, or inner radiation layers. Further,
its fabrication procedure was simple and did not require the
complicated techniques and multilayer structures of previ-
ously proposed antennas [21]-[25]. In addition, the proposed
antenna structure could be adjusted easily through the coarse
tuning of the width of the shorted inductive plate, I-slot 1, and
open and closed slots of the I-shaped patch. Fine-tuning the
length of I-slot 2 and creating two open slits achieved conju-
gated matching with the input impedance of the UCODES/8m
chip, which is the newest microchip version of the UCODE
family developed by NXP. The UCODES/8m chip has high
performance and is suitable for use in demanding RFID
tagging applications. The effectiveness of the proposed tag,
including the return loss (S1;1), realized gain (G;), power
transmission coefficient (t), and maximum read range (Rmax)

111278

Wmetal

UCODE CHIP

3 -“; 8/8m

ZI METAL
y H{ } SHORTED INDUCTIVE El
X =

(@
SUB-TOP, FR4

o B IO 8 mm
261mm >SUB-SIDE,FR4,0.4mm _ . SOFTFOAM X
+0.2mm
v f
SUB-BOTTOM, FR4

(b)

FIGURE 1. Two layers structure of the proposed antenna supported by
the soft foam with the backing metal plate. (a) Top view and shorted
inductive plate; (b) Side view of FR4 substrates.

of the proposed antenna fixed at the center of a metal object
with a size of 250 x 250 mm? was investigated. All simula-
tion results were implemented using ANSYS HFSS Electro-
magnetics 2019 [26].

The remainder of this paper is organized as follows.
Section II describes the design layout and optimization of
the proposed structure. Section III describes the design anal-
ysis and surface current distribution. Section IV discusses
the effects of the antenna’s parameters and different sizes
of backing metal plates. Section V details the parameter
measurements and compares the proposed antenna with those
reported previously.

Il. ANTENNA CONFIGURATION AND OPTIMIZATION

The shorted inductive double I-shaped patch antenna with
two embedded I-slots attached to the metallic object
(Fig. 1a) was designed and fabricated for the operational
frequency ranges for North and South America (860-960 and
902-928 MHz, respectively). A small space of 0.1 mm
existed between the tag and the backing metal, and the tag was
fixed to the center of a metallic plate (size: 250 x 250 mm?).
The proposed structure included a double I-shaped radiating
patch that was shorted to the ground layer by using a thin
inductive plate of width Wy placed at the long side of the
patch. Both layers were printed on the FR4 substrates with
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TABLE 1. The optimal antenna configuration parameters.

Parameter | Values | Parameter | Values | Parameter | Values
s (mm) s (mm) s (mm)

Winetat 250 Wis 9.4 hi, 2.5

Lmelal 250 Lls 2.1 Wss 2.0
W, 25.02 b 13 ls 0.7
L, 28.02 Lipii 4.3 L, 4.1
L, 13.65 Lipi2 4.35 L 1.7
Qis 10 Lip21 46 dc 30
Vis 1 0 Lip22 445 Wul 66
Li 6.0 W 1.2 Wa 9.0
Wi 14 H, 2.61

a relative permittivity of 4.3, dielectric loss tangent of 0.02,
and individual thickness of 0.8 mm and 0.2 mm [27]. The
dimensions of the thin shorted inductive plate on the side
of the antenna were Wy x 2.61 mm?. The antenna was
also etched on a single-sided FR4 substrate with a thickness
of 0.4 mm (Fig. 1b). A narrow gap of 0.5 mm was etched
at the center of the patch, and an RFID chip was attached
in between. The space between the radiating plate and the
ground plate was reinforced by rectangular polyethylene
foam (PP2) with a volume of 28.02 x 24.62 x 1.61 mm?>,
a dielectric constant of &, = 1.03 (nearly equal to that of
the air substrate), and a loss tangent of tan § = 0.0001 [28].
I-slot 1 and I-slot 2 were symmetrically etched on I-shaped
slots with a size of Ljs x 16 mm to form a parallel structure
that helped control the resonance frequency. Two opposite
open slits were formed with gaps of 0.7 x Wy mm? to
slowly reduce the resonance frequency. Further, this design
was focused on flexible impedance matching methods; there-
fore, coarse tuning was initially performed by changing the
parameters of the shorted inductive plate, I-slot 1, as well
as open and closed slots. Then, fine-tuning was performed
by varying the size of I-slot 2 and two open slits to realize
perfect impedance matching between the tag and the RFID
microchip. The UCODES/8m microchip was used in the
simulation calculation and measurement; its input excitation
port has an impedance of 13—j191 €2, a minimum threshold
power of —22.9 dBm (READ conditions), and a minimum
sensitivity of —17.8 dBm (WRITE conditions) at an operation
frequency of 915 MHz (these initial parameters were obtained
from the manufacturers’ datasheet). A crucial consideration
based on the datasheet of the UCODE 8/8m chip it that
multiple input impedance values can be chosen for designing
an appropriate antenna structure. However, to optimize the
design, an input impedance of 15—j217 Q was chosen for
the microchip (the actual measured impedance of the chip is
described in the next section). The chip was also configured
with a single-slit assembly to enable easier fabrication; this
enabled the manufacture of short-circuiting RF1 (antenna
connector 1) with a TP1 pad and RF2 (antenna connector 2)
with a TP2 pad [29]. Fig. la shows the main parameter
variables of the proposed antenna, and Table 1 list their
optimized values. Furthermore, Fig. 2 presents photographs
of the proposed antenna prototype.
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FIGURE 2. The prototype dimensions of the proposed antenna in top
view (1), bottom view (2) and side view (3).

Ill. INPUT IMPDEDANCE MEASUREMENT OF RFID CHIP
The complex impedance (Zchip = R—jXc) varies with the
RFID chip’s frequency and strongly influences the behavior
of the tag antenna. Therefore, the input impedance of an
RFID chip should be measured before the tag antenna is
designed [30], [31]. This was done using a measurement
probe with a vector network analyzer (VNA) having a fre-
quency range of 800—1000 MHz. The balun was supported by
EZ-Probe through a coaxial cable to determine the minimum
input power sensitivity and the input resistance and reac-
tance of the UCODES/8m by observing the corresponding
fixed marker on the Smith chart (see Fig. 3a). Furthermore,
the probe was calibrated through the application of a TDR
calibration substrate with open, short, and loads before the
determination of whether the pointer position deviated from
the established standard (see Figs. 3a and 3b).

The measurement calibration greatly affected the input
impedance of the antenna and microchip. Therefore,
the balun probe calibration process was used; its steps are
described below:

Step 1: The TDR calibration substrate was renoved from
the VNA, as shown in Fig. 3b. The balun was untouched for
all circuit models on the TDR.

Step 2: The balun probe was sequential touched the short
circuit and open circit models on the calibration substrate.

Step 3: The balun probe was touched two pads of a copper
piece, which was set to equivalent loads of 28 €2, 50 €,
or 75 €2 on the calibration substrate. The reflection coefficient
at 840-960 MHz would reach below —10 dB.

To obtain the input impedance of the UCODES/8m chip,
the following measurement process was introduced. First,
the calibrated balun probe was fixed at the pads of the chip
to identify the minimum read sensitivity, which was almost
—21.9 dBm around the operational frequency (see Fig. 4).

Then, the changes in the resistance and reactance of the
chip as a function of the frequency range (800—1000 MHz)
were determined, as shown in Fig. 5. Figs. 4 and 5 show
that the best measured input impedance and sensitivity at
915 MHz were 15-j217 © and —21.9 dBm, respectively. A
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(b)
FIGURE 3. (a) The chip impedance measurement set; (b) TDR calibration
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FIGURE 4. The measured threshold power sensitivity of UCODE 8/8m chip
across the different frequencies.

slight deviation was seen between the measurement results
and the UCODE 8/8m chip manufacturer’s datasheet. This
discrepancy arose from the deformation of the strap structure
(Fig. 3b) when the flexible pins of the balun probe were
attached to two pads of the strap soldered to the chip’s pins
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FIGURE 5. The changes of the chip’s impedance across the different
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during the measurement process. Further, the manufacturing
tolerances of the active devices caused the resistance and
reactance to vary [32]-[34]. Therefore, the measured input
impedance of 15-j217 2 was used in all design analyses and
calculations described in the next section.

IV. DESIGN ANALYSIS AND SURFACE CURRENT
DISTRIBUTION

Two fundamental considerations that markedly influence
the effectiveness of the structure of an electrically small
antenna are the antenna’s radiation efficiency and the con-
jugated impedance matching between the antenna and the
microchip. The main parameters of the chip were deter-
mined as described in Section III for a resonance frequency
of 915 MHz and input complex impedance of 15-j217 2. This
indicated that the tag antenna should be designed to achieve
a tradeoff among impedance matching, reasonable radiation
efficiency, and antenna size when the antenna is mounted at
the center of a metallic plate of size 250 x 250 mm?. The
design method is described as follows:

Phase 1: The I-shaped radiating plane with I-slot 1 in the
middle of the antenna does not include a shorted inductive
plate in the first stage of the design. Fig. 6a shows that
the resonance frequency is much higher than that desired
for the proposed antenna; this design structure resulted in a
resistance of 15 €2 and reactance of j217 2 at 1250 MHz, and
the antenna had very low radiation efficiency and low gain,
as shown in Fig. 6b.

Phase 2: To lower the tag antenna’s resonance frequency
and improve the radiation efficiency, a small inductive plate
with width of Wg = 1.2 mm was used to short the I-shaped
resonator on the top and ground planes, as shown in Fig. 7a.
Upon the application of the shorted inductive plate, the reso-
nance frequency of the tag antenna was observed to become
significantly lower with an input impedance of 15+j217 Q
at 950 MHz, and the total gain was approximately —4.1 dB,
as shown in Fig. 7b. Notably, the tag’s resonance frequency
was sensitive to small changes in the sizes of the shorted
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FIGURE 6. The simulated structure of the proposed antenna for the case
not having a shorted inductive, I-patch 1, I-slot 2 and slits. (a) Resistance
and reactance. (b) The total gain in 3D & 2D.

inductive plate and open and closed slots. Therefore, both
the changes were used for coarse tuning in the optimization
processes (further analysis in Section V).

Phase 3: The radiation efficiency and lower shifting reso-
nance frequency greatly increased because of the extension of
the surface current distribution density on the I-shaped patch
resonator. Consequently, the second I-shaped patch was com-
bined with the first I-shaped patch to form two opposite open
slits with dimensions of 0.7 x 2 mm?2. As a result, the radi-
ation efficiency increased by approximately 19.7 %, and
the resonance frequency decreased and became close to the
desired frequency of 925 MHz, as shown in Figs. 8a and 8b.

Phase 4: Finally, to achieve the complex impedance match-
ing of the microchip, the resonance frequency of the pro-
posed antenna was shifted toward the desired value; this
also optimized the radiation efficiency or gain. I-slot 2 was
produced in the center of I-patch 2. The presence of I-slot
2 further increased the length of current paths and caused
the tag antenna to become more inductive, thereby reducing
its resonance frequency to 915 MHz (see Fig. 9a). Further,
Pfeiffer [35] found that the radiation efficiency of a small
antenna depends on the surface resistivity of the metal, which
depends on the operating frequency and conductivity and can
be approximated as follows:

ka ~ (k8;)"* = Qweg/0)'/® (1)
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FIGURE 7. The simulated structure of the proposed antenna for the case
not having I-patch 1, I-slot 2 and slits. (a) Resistance and reactance.
(b) The total gain in 3D & 2D.

where k is the wave number (277/1), a is the effective radius
of nonspherical antennas and is assumed to be expressed as
a = (3V/(47))Y/3, where V is the antenna volume, and o is
the conductivity of the antenna.

From this equation, when ka =~ 0.08 for the proposed
antenna, that will result in a radiation efficiency of 23%.
Therefore, after the insertion of I-slot 2 into I-shaped patch 2,
the achievable radiation efficiency and gain were approxi-
mately 22.1 % and —1.8 dB, respectively (see Fig. 9b); these
are reasonable results for an electrically small tag [21].

Fig. 9c shows the surface current distribution density of
the proposed antenna attached to a metallic plate of size
250 x 250 mm? and the resonant current directions on both
radiating I-shaped patches at 915 MHz. The surface current
was distributed asymmetrically between the two I-shaped
patches. This implies that the high current densities were
focused on the shorted inductive plate, I-slot 1, as well as
the open and closed slots, suggesting that those structures
are useful for the coarse tuning of the resonance frequency
of the tag antenna. However, the lower current densities were
concentrated around I-slot 2 and a slit, indicating that will
effectively match the impedance of the microchip upon fine-
tuning the proposed antenna, as shown in Section V. The
antenna size was fixed at 28.02 x 25.02 x 2.61 mm? in all
designs.
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FIGURE 8. The simulated structure of the proposed antenna for the case
not having I-slot 2. (a) Resistance and reactance. (b) The total gain in 3D
& 2D.

V. PARAMETERS EVALUATION

The proposed antenna’s characteristics, including the input
impedance, reflection coefficient, power transmission coef-
ficient, radiation efficiency, and gain, were evaluated to
consider the impact of the primary properties on the perfor-
mance of the tag. The fundamental variables of the proposed
antenna include the total length of the open and closed slots
(Lip = Lip11+ Lip1a+ Lipa1 + Lip22), the width of the shorted
inductive (Ws), the size of two slits (W), and the total
lengths of I-slot 1 (Lis1 = 2Ljs+ Vjs) and I-slot 2 (Lisy =
2Lis+ Vis). For all evaluation cases, the proposed antenna
was fixed at the middle of a metallic plate of size 250 x
250 mm? with a small open space of 0.1 mm. The aim of
this study was to design a flexible and miniaturized tag struc-
ture whose conjugate impedance could be easily matched
to that of a microchip through the modification of several
parameter variables. The effects of the open and closed slots
were first observed (Fig. 10). Fig. 10b shows the reflection
coefficient; the tag’s resonance frequency was fairly sensitive
to the length of the open and closed slots. The tag’s desir-
able frequency was greatly shifted at a rate of 17.5 MHz
upon the variation of several variables (Lip11, Lip12, Lip21,
Lip22) and the maintenance of total Lip in every increment
of 1.6 mm. This is because the tag’s resistance and reactance
increased when the Lip of the open and closed slots decreased
(Fig. 10a). The obtained impedance bandwidth for a 3-dB
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axial ratio greater than 1.85% ranged from 907 to 924 MHz.
As shown in Fig. 10c, for different values of Lip(16.1 mm,
17.7 mm, and 19.3 mm), optimal matching (approximately
100%) was achieved in the power transmission coefficient
between the antenna and the microchip at the frequencies
890 MHz, 915 MHz, and 935 MHz.

Next, the important parameters of I-slot 1 (Lis; = 2Lis+
Vis) were considered. Fig. 11a shows that the resistive and
inductive parameters greatly increased every 1.5 mm as the
length of the open and closed slots decreased in Ljs;; conse-
quently, the level and the position of the resonance frequency
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coefficient (dB). (c) Power transmission coefficient of the proposed
antenna across the different frequencies.

decrease rapidly by increasing the values of Lig; from 13 to
14.5 mm, as shown in Fig. 11b. Besides, as the length of Lig;
increase gradually from 11.5 to 13 mm the level of the reso-
nant reflection coefficients remained almost stable at —26 dB
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with a slow shifting for the lower frequency side. Therefore,
the power transmission coefficients remained around 100%
when the resonance frequency became greater than or equal
to 915 MHz, as shown in Fig. 11c.
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FIGURE 12. The impact on shorted inductive (ws) to (a) The changes of
input resistance and reactance. (b) Reflection coefficient (dB). (c) Power
transmission coefficient across the different frequencies.

Next, the correlations among the small shorted inductive
or the shorting wall, the resistance, and the reactance of
the proposed antenna were studied. As shown in Fig. 12a,
the small shorted inductive was first considered for the case
of 0.8 mm < W < 1.0 mm as the tag antenna operated at the
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FIGURE 13. The impact on I-slot 2 (Ljs; = 2Lj5 + Vjs) to (a) The input
impedance. (b) Power transmission coefficient across the different
frequencies.

resonance frequency of 915 MHz. The input impedance of the
tag antenna decreased rapidly from 254280 €2 to 16.1+225 Q
when Wy was extended from 0.8 to 1.0 mm. By contrast,
the input impedance of the proposed antenna did not change
considerably when Wy was in the range of 1.4-1.8 mm.
The resistance and reactance of the proposed antenna for the
case of 1.0 mm < Wy < 1.4 mm were observed to linearly
decrease. The input resistance and reactance increased from
8.4 to 16.1 © and from 183.37 to 224.94 Q, respectively,
when Wy decreased from 1.4 to 1.0 mm. The input resistance
and reactance were also found to decrease at a lower rate as
W increase above 1.2 mm. This means that coarse tuning
of the proposed antenna can be performed by combining
the shorted inductive plate, I-slot 1, and open and closed
slots. Notably, the performance of the proposed antenna
with the reflection coefficient and power transmission coeffi-
cient (PTC) was almost unchanged in this scenario, as shown
in Figs. 12b and 12c.
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Next, the effects of I-slot 2 (Lisp = 2Lis+ Vis) and open
slits (wss) were evaluated (see Figs. 13 and 14). Varying the
total length of Lis» caused the proposed antenna’s resonance
frequency to shift substantially slowly at a rate of 1.5 MHz
in 1.5 mm (see Fig. 13a) while maintaining an unchanged
PTC of approximately 100% (see Fig. 13b).

Similarly, increasing the width of the total open slits (Wgs)
in the range of 1.5-2.5 mm caused the tag’s resonance
frequency to shift slowly at a rate of 3 MHz in 0.5 mm
increments (Fig. 14a). In addition, the power transmission
coefficient remained unchanged as the width of the total open
slits was increased by 0.5 mm. This was logical as the narrow
open slits were less resistive and inductive than closed slots.
Figs. 13 and 14 show that I-slot 2 and open slits were useful
for fine-tuning the proposed antenna’s resonance frequency.

Finally, the effects of changing the size of the backing
metal were analyzed (Fig. 15). In [19] and [36], when the
tags were mounted on or close to the metals, many problems
arose. For example, the directivity pattern tended to increase,
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the radiation efficiency decreased owing to the decreasing
radiating resistance, and the tag’s impedance changed sta-
tistical significance and caused a low power transmission
coefficient. However, the proposed tag’s structure achieved a
favorable tradeoff between the increasing directivity and radi-
ation efficiency, and the input impedance of the tag antenna
did not change at the resonance frequency for the electrically
small tag, thereby ensuring that the PTC was almost the same.
Specifically, the resonance frequency was shifted very slowly
at a rate of 3.0 MHz when the dimensions of the metallic
plate varied greatly from 50 x 50 mm? to 250 x 250 mm?
in 50 mm steps and increased slightly as the resonance fre-
quency became greater than 923 MHz (see Fig. 15b). This
is because the resistance and inductance of the tag antenna
were less changed at 915 MHz, as shown in Fig. 15a. Further-
more, the directivity and radiation efficiency were enhanced
significantly from 1.89 to 4.77 dB and from 11% to 22% (see
Fig. 15d), respectively. The size change of the back metal
also caused the proposed antenna to switch from having an
omnidirectional pattern to having a desired directional pattern
(see Fig. 15e). In all cases of the different backing metal sizes,
the reflection coefficient values are always greater than 20 dB
(approximates more than 99 % power transfer efficiency),
as plotted in Fig. 15c¢.

In general, all parameter evaluations showed that the res-
onance frequency of the proposed antenna could be easily
shifted to any frequencies in the bands for North and South
America (860-960 and 902-928 MHz, respectively) through
the control of coarse tuning (shorted inductive, I-slot 1, and
open and closed slots) and fine-tuning (I-slot 2 and small open
slits), and the PTC remained almost unchanged (~100%).
Further, the input impedance of the tag antenna was little sen-
sitive to the change in the backing metal plate size, resulting in
a high directivity pattern and radiation efficiency for a small
tag.

VI. EXPERIMENT RESULTS AND DISCUSSION

The proposed antenna was fabricated by applying the three
FR4 substrates (thickness: 0.8 mm for the radiating patch,
0.2 mm for the ground layer, and 0.4 mm for the shorted
inductive on the side; dielectric constant &, = 4.3 and loss
tangent § = 0.025) with the optimized design parameters
listed in Table 1. The tag antenna must be conjugate-matched
with the impedance of the UCODES8/8m chip, which has been
measured to have a complex input impedance of 15—j217 Q
and minimum power sensitivity of —21.9 dBm at 915 MHz,
as plotted in Fig. 4. To determine the input impedance of
the proposed antenna, the measurement was performed using
a balun probe applied through a cable with a characteris-
tic impedance of 50 €2, which was connected to the VNA.
Notably, the balun probe was calibrated by ensuring it made
contact with a short and load circuits on the calibration sub-
strate before this measurement is performed (see Fig. 5). Dur-
ing the measurement process, the input impedance, reflection
coefficient, power transmission coefficient, reading distance,
and realized gain were determined when the tag antenna
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was fixed in the middle of a metal object with optimal size the measured and simulated input impedances agreed well
of 250 mm x 250 mm and reinforced by a soft square foam with the chip’s impedance. Specifically, the tag antenna’s
plate (thickness: 1.0 mm) with relative permittivity of 1.03 measured and simulated complex impedance at a resonance
(close to that of air), as shown in Fig. 3b. Under the optimized frequency of 915 MHz were 16+4j219 Q and 144215 €,

parameters given in Table 1, the results in Fig. 16 show that respectively.
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FIGURE 16. The measurement and simulation impedances of the
proposed antenna attached to a metal object with the size of 250 x
250 mm? compared to the chip’s input impedance against the different
frequencies.

A slight shift was noted between the measured and simu-
lated resistance and reactance values. This discrepancy was
found from the deformation of the antenna structure when
the flexible pins of the balun probe were attached to the pads
during measurement. Further, the copper tape was used to
short the radiating patch and the ground layer in this design,
which also caused the resistance and reactance to vary.

Because the reflection coefficient (S11) and power trans-
mission coefficient () cannot be instantly measured using the
VNA, to validate the matching between the input impedance
of the microchip and the proposed antenna, the following
equation [37] was used for calculating the tag’s characteristic
performance parameters S1; and t:

Zehip — 2%
Sy = M(dimensionless), 0< ISul<s1 @

Zchip + Zans
where Zepip = Renip+ jXcnip is the complex impedance of
UCODES/8m chip (Xczip is always negative) provided in the
datasheet of the manufacturer, Z,; = Ranr+ jXant 1s the com-
plex antenna impedance (X,;,; is always positive) determined
through the simulation and measurement.
The reflection coefficient (unit: dB) is expressed as

S11(dB) = —20 logyg |S11] 3

Then, the power transmission coefficient (t) is given by

(o

_ 4R;1ntRchip . (4)
(Rant + Rchip) + (Xam + Xchip)

The measured and simulated reflection coefficient and
power transmission coefficient are shown in Fig. 17, and the
results indicate that the proposed antenna radiated best at
915 MHz, where the measured and simulated reflection coef-
ficients were |S11| = 26 dB and |S11| = 28 dB, respectively.
Both values were observed to be beyond 99% of the power

T
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FIGURE 17. The measurement and simulation reflection coefficient and
power transmission coefficient of the proposed antenna attached to a
metal object with the size of 250 x 250 mm2.

transmission coefficient that formed a conjugate pair, and the
maximum power was transferred between the UCODES/8m
chip and the antenna. Furthermore, the measured and simu-
lated bandwidths were found to be approximately 16 MHz
(907-923 MHz) and 14 MHz (909-923 MHz), respectively.
With this measured 3-dB impedance bandwidth of 1.42%,
the range was not sufficient for covering the entire frequency
band for North America (860-960 MHz). However, the range
was almost sufficient for maintaining favorable operation in
the frequency band for South America (902-928 MHz).

Realized gain (G,) is another important parameter for
evaluating tag performance. Realized gain (dB) can be easily
determined from the product of the tag antenna gain and the
impedance mismatch [38], [39] as follows:

Gr(dB) = Gtag—ant (dB).t ©)

where G,,_,, is the gain of the tag antenna, t is the
power transmission coefficient which includes the result of
impedance mismatch between the antenna and the UCODE
chip.

Fig. 18 shows the measured and simulated gain of the
proposed antenna mounted on the metallic plate of size
250 x 250 mm? from 850 MHz to 1 GHz. Good matching
was indicated between the measured and simulated gains
from 902-925 MHz with variable values of —6.54 dB to
—5.5 dB; these cover almost the entire band for South Amer-
ica. At the desirable frequency of 915 MHz, the measured
realized gain of the tag increased slightly to —2.3 dB, and
the simulated gain was —1.8 dB. A small deviation of around
0.5 dB was observed between the measured and simulated
results. This was because the chip impedance varied slightly
when the pads were soldered at the excitation position in the
antenna structure. The misalignment between the proposed
antenna and the reader also contributed to these changes.

Finally, reading distance was among the most important
parameters for deciding on the optimal RFID tag for various
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FIGURE 18. The measurement and simulation realized gains of the
proposed antenna attached to a metal object with the size of 250 x
250 mm2.
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in CP (Model: Fayite FS-GM-201

The tag antenna is

fixed at the center
of the metal plate

FIGURE 19. The reader and the tag antenna attached to a metal object
with the size of 250 x 250 mm? are arranged in the free space to
determine the maximum reading distance.

applications. In [40], the reading range of an RFID tag was
determined using the free space Friis formula. First, the tag
antenna receives energy from the reader antenna (see Fig. 19),
as given by

2
A
Ptagfam = <4JTOR> PreaderfantGreaderfanthagfantX (6)

where Ag is the wavelength in free space, Prg—ans is the
power of the tag antenna, P eqger—ans 1S the transmitted power
from the reader antenna, Gyeqger—anr 1S the gain of the reader
antenna, Gyag—ans is the gain of the tag antenna, and x is
the polarization matching coefficient between the tag antenna
and the reader antenna.

In this scenario, the circularly polarized (CP) antenna is
the reader antenna, and the tag antenna is horizontally or
vertically polarized. Thus, x will be 0.5 or —3 dB.

Then, the power received from the tag antenna was deliv-
ered to the UCODE chip; this power is expressed as

Ptag—chip = t-Ptag—ant @)

where 7 is the power transmission coefficient determined
using (4). Now, substituting (7) into (6) and taking the square
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FIGURE 20. The reader and the tag antenna attached to a metal object
with the size of 250 x 250 mm? are set up inside the chamber to observe
the pattern sensitivity and reading distance.

root of both sides give the reading distance in the following
simple form:

— 4i Preader-tx Greader-ant Gtag-ant X T (8)
T Prag_chip

From (8), the reading distance was the maximum when
Piag—chip was equal to the minimum input power of the
UCODE&S/8m chip, P;(min) (—21.9 dBm). Figs. 19 and
20 show the RFID system arrangement between the reader
and the tag antenna for measuring the maximum reading
distance in an open outdoor space. Further, the pattern sen-
sitivity in a closed indoor environment was determined. The
indoor and outdoor RFID tag measurement systems consist
of a computer, a reader controller, and a CP reader antenna.
The tag antenna was attached to the center of a metallic
plate of size 250 x 250 mm?. R = 1 m was the fixed
distance between the reader and the tag antenna inside the
chamber. However, R was shifted away from the reader
antenna to determine the maximum reading distance in free
space. Furthermore, the reader model used in this study
is Favite FS-GF-801, which has a reader antenna gain of
Greader—ant = 6 dBi and a transmitter (Tx) output power
of 30 dBm.

The measured input power pattern sensitivity of the pro-
posed antenna is plotted in Fig. 21 in two planes under a
condition wherein the tag is rotated around its axis in 15°
increments. In the XZ plane, the minimum power sensitivity
was observed at = 0° with power P;4¢(min) of —12.5 dBm.
The power sensitivity Py > —8.6 dBm was found at
—75° < 6 < 75°, and the nulls (P, = 0 dBm) occurred
for 6 = « (angular width o =~ 90°). The values associated
with (8) indicate that the maximum reading distance of the
proposed antenna occurs when the incident direction of the
wave of the reader antenna is parallel to the tag antenna at
6 = 0°, as shown in Fig. 21a. For a similar analysis in the
YZ plane, the minimum power sensitivity was also obtained
at & = 0°, with a power P;,¢(min) of —15.2 dBm causing the
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FIGURE 21. The measured power sensitivity of the proposed antenna

attached to a metal object with the size of 250 x 250 mm?2 with different
angles in theta (¢) at 915 MHz in (a) XZ plane. (b) YZ plane.

maximum distance between the tag antenna and the reader
antenna or causing the incident direction of the wave of the
reader antenna to aligned with the tag antenna surface at
6 = 0°. The power sensitivity Py > —12.5 dBm occurred
at —60° < 6 < 60°, and the nulls (P;,¢ = 0 dBm) occurred
for 6 = o (¢ ~ 60°), as shown in Fig. 21b. Fig. 22 shows
the maximum reading distance in the XZ and YZ planes. The
reading distance was greater than 5 m for —75° < 6 < 75°,
and it reached a maximum of 6.4 m for 6 = 0° in the XZ
plane (see Fig. 22a). In the YZ plane, for —60° < 6 < 60°,
the reading distance was greater than 7 m, and the maximum
distance was greater than 8.0 m for 6 = 0° (see Fig. 22b).
In general, the proposed antenna had a favorable broadside
radiation pattern in both planes (covering an angular width
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FIGURE 22. The measured reading dist

e of the proposed antenna
mounted on a metal object with the size of 250 x 250 mm? with different
angles of theta (9) at 915 MHz in (a) XZ plane. (b) YZ plane.

of 6 = 150°). Thus, it is a potential candidate for practical
applications involving mounted on metallic objects.

Table 2 presents a comparison between the pro-
posed tag antenna and recently reported tag antennas
attached on a metallic surface. The tag antennas proposed
in [9], [19], [16], [3] have smaller final dimensions than
our model has. However, the realized gains of —12 dB
and —16 dB in [3] and [16], respectively, were poor and
resulted in much shorter maximum reading distances than
our antenna had. The maximum reading distances were very
long in [9] and [19]; however, these antennas have a three-
layer structure. Although the tags in [2] and [5] had larger
footprints than our tag had, they did not achieve better
realized gain and reading distance. Further, these antennas
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TABLE 2. The comparison of the performance characteristic parameters of the proposed antenna with the published works for a metal tag.

Number Chip Size of a Realized Max.
EIRP threshold Size of Tag volume backing . Radiation | reading Fabrication
Year of 3 gain . - .
W) lavers power (mm’) metal (dB) efficiency | distance | Mechanism
aye (dBm) (mm®) (mm?) (m)
Ivgl(:fk 4 2 =229 28'022" 6215 02x 250 x 250 23 22% 8.1 Etched
Folded +
(o] | 2017 | 4 3 20 23x16x 1.6 200 x 200 9 N/A 45 dued
(19] | 2014 | 4 3 14 26x 14x 2.4 100x100 | -1.4 23% 5.5 Etched
(6] | 2013 | 4 3 15 28x14x32 | 12544 | 200x200 | -12 3% 1.8 Etched
(3] | 2017 | 328 2 20 31x31x16 | 1537.6 | 200x200 | -16 N/A 1.8 Folded +
Etched
5] | 2019 | 4 4 20 25x25%32 200%200 | -0.78 40% 1 Folded +
Etched
[5] | 2020 | 4 3 178 | 38x38x1.6 | 23104 | 200x200 | -6.84 N/A 5.65 Folded +
Etched
2] | 2018 | 328 3 20 40x40x 1.6 200 x 200 8 N/A 5 Folded +
Etched
[20] | 2020 | 4 2 20 40x40x 1.6 200x200 | -5.08 | 21.70% 7 Etched
Folded +
(71 | 2007 | 4 2 17.8 30x30x3 200 x 200 5 N/A 72 oued.
(5] | 2013 | 4 3 15 56x26x32 | 46592 | S00x500 | -4.8 N/A 4 Etched
(8] | 2020 | 4 3 20 45x45x32 200x200 | -157 | 73.80% 19 Folded +
Etched
31] | 2016 | 4 2 18 120x60x1.9 | 13680 | 150x300 | 8.7 >80% | >10 Etched

have a three-layer design with radiating aluminum plates,
making it more difficult to achieve impedance matching with
the microchip. The tag antenna developed in [25] achieved a
higher realized gain of —0.78 dB and a radiation efficiency
of 40; it also provided a long reading distance of 11 m.
However, this antenna has a four-layer structure and uses
the folded-patch technique. Such designs have a complex
fabrication process and are more difficult to tune optimally.
By using the same two layers as in our tag, the tags in [20]
and [7] achieved a good reading distance (>7 m); however,
they these tags were larger than our one. The tag in [15]
had a large impact on the backing metal dimension (500 x
500 mmz), and therefore, it has a smaller maximum reading
range and significantly larger size compared with our tag.
The tags in [8] and [31] have large reading distances of more
than 10 and 19 m, respectively, because these antennas were
designed with an emphasis on gain and radiation efficiency.
However, they have much larger dimensions (approximately
3.6 and 7.5 times larger, respectively) than our antenna has.
Crucially, the designed antenna is easy to manufacture and
has low threshold power sensitivity (—22.9 dBm).
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VII. CONCLUSION

A compact antenna with flexible adjustment mechanisms was
proposed and validated. Input impedance matching between
the tag’s antenna and an IC chip was easily achieved through
the coarse tuning of the length of the shorted inductive,
I-slot 1, and open and closed slots of I-shaped patches and
through the fine-tuning of the width of I-slot 2 and two
open slits. The proposed antenna, despite being electrically
small, was unaffected by different sizes of backing metal
objects and achieved reasonable gain and radiation efficiency.
Furthermore, the tag prototype was inexpensive and could
be fabricated through a simple method using FR4 substrates.
The low-profile structure (0.08619 x 0.076A9 x 0.0079A¢)
of this antenna afforded compactness. Moreover, this antenna
achieved a high power transmission coefficient of 99.74% and
a maximum reading distance of 8.1 m when mounted on a
metallic plane of size 250 x 250 mm?.
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