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ABSTRACT: A compact wideband circularly polarized radio frequency identification (RFID) reader antenna with a coupling inner ring
is proposed. The antenna consists of a radiating patch, a feeding network, and vertical fences along the sidewalls. The radiating patch
incorporates both an outer ring and a coupling inner ring, which significantly broadens the gain bandwidth. Meanwhile, the sidewalls and
vertical fences enable directional radiation and contribute to miniaturization. The overall antenna size is 100 mm x 100 mm X 24.6 mm.
Measured results show a —10 dB impedance bandwidth of 663—1191 MHz, a 3 dB axial ratio bandwidth of 710-1085 MHz, a 4.5 dBic
gain bandwidth of 885-1150 MHz, and a maximum gain of 6.36 dBic. Featuring a compact structure, wide impedance bandwidth, broad
axial ratio bandwidth, and enhanced gain performance, the proposed reader antenna is well suited for ultra-high-frequency (UHF) RFID
applications, particularly in space-constrained environments or in scenarios where tag antennas are susceptible to frequency deviations.

1. INTRODUCTION

Itra-high-frequency (UHF) radio frequency identification

(RFID) technology, known for its long-range identifica-
tion, high data throughput, and large storage capacity, has been
widely adopted in intelligent logistics, warehouse management,
and other related fields [1]. As a key component of RFID sys-
tems, the reader antenna directly impacts communication range
and system reliability. To address the challenge of reading tag
antennas that undergo frequency deviations and meet the needs
of space-constrained deployments, reader antenna designs in
recent years have increasingly focused on achieving wide band-
width and compact size.

In practical RFID applications, environmental factors often
induce frequency deviations in tag antennas. Wideband reader
antennas enhance communication reliability in complex envi-
ronments by covering the operating frequency range of RFID
tags even under such deviation conditions. Considerable re-
search efforts have been dedicated to wideband performance
enhancement through various techniques [2-12]. A widely
adopted strategy is etching slots into the radiating patch [2-5].
For example, [3, 4] show that slot structures can simultaneously
enhance both impedance bandwidth and axial ratio bandwidth
by optimizing the surface current distribution. In [5], a dual-fed
square microstrip antenna incorporating tilted X-shaped central
slits was proposed, achieving a superior axial ratio bandwidth
compared to conventional dual-feed designs. Another effec-
tive approach is placing parasitic patches around the main radi-
ator. As demonstrated in studies [6—8], parasitic patches intro-
duce multiple resonances, significantly broadening the axial ra-
tio bandwidth. Furthermore, advanced feeding networks have
been utilized to improve the impedance bandwidth and circular
polarization bandwidth, as reported in [9-12].
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The miniaturization of reader antennas is essential in RFID
field, as it enables integration into portable devices such as
handheld readers, facilitates deployment in space-constrained
environments like dense warehouses, and helps to reduce both
material consumption and RFID system costs. To meet the
increasing demand for compact antenna structures, various
miniaturization techniques have been proposed [11-20]. One
approach utilizes folded geometries, where reshaping the radi-
ating elements effectively reduces the physical footprint [11—
13]. Another method involves using shorting elements, as re-
ported in [13,14]. Incorporating shorting patches introduces
capacitive loading between the radiating patch and ground
plane, thereby lowering the resonant frequency and reduc-
ing the antenna size. Artificial magnetic conductors (AMCs)
have also been employed. Studies [15—17] integrate an AMC
layer beneath the antenna, thereby reducing the antenna profile.
Lastly, sidewall space utilization, as discussed in [18-20], in-
volves folding the feeding network or radiating structures onto
vertical surfaces, thus reducing the antenna’s aperture size.

A compact wideband circularly polarized RFID reader an-
tenna featuring a coupling inner ring and vertical fences is pro-
posed in this paper. The inner coupling ring extends the gain
bandwidth, while the vertical fences facilitate directional radi-
ation and contribute to overall size reduction.

2. ANTENNA STRUCTURE AND ANALYSIS

2.1. Antenna Configuration

As shown in Fig. 1, the proposed antenna comprises a radiat-
ing patch, feeding network, ground plane, and vertical fences,
all fabricated on 0.8 mm thick FR4 substrates (¢, = 4.4 and
tand = 0.02).
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FIGURE 1. Antenna geometry and S-parameters: (a) side view, (b) three-dimensional view, (c) radiating patch, (d) feeding network, (e) simulated
S-parameters of feeding network.

TABLE 1. Geometrical parameters of the proposed antenna.

Parameter | Dimension (mm) | Parameter | Dimension (mm) | Parameter | Dimension (mm) | Parameter | Dimension (mm)
Go 100 D 1 Ls 52 W3 3.5
Lo 95 Ly 90 Le 19.91 Wy 3.75
ho 18.8 Lo 72 L7 15.25 Ws 4
h 23 L3 26 Wi 15 We 4
Wo 3 Ly 21.64 Wa 11.5 /44 10

The radiating patch is printed on the upper surface of the top
dielectric substrate and consists of an outer ring and a coupling
inner ring. The feeding network, formed by three Wilkinson
power dividers and phase-shifting lines, is printed on the upper
surface of the bottom substrate. The simulated S-parameters
of this feeding network are depicted in Fig. 1(e). The feed-
ing network provides four output signals with sequential phase
shifts of approximately 0°, 90°, 180°, and 270°. The signal am-
plitude at each output port is simulated to be around —6.4 dB,
slightly below the theoretical value of —6 dB. This discrepancy
is attributed to ohmic losses in the microstrip lines and resis-
tors. Vertical fences are printed on the sidewall substrates and
connected to the ground plane through metallized vias. Four
feeding strips connect the radiating patch to output ports of the
feeding network, respectively. The structure is stabilized with
four plastic screws. The parameters of the proposed antenna are
optimized using ANSYS HFSS, and the final optimized config-
uration parameters are listed in Table 1.
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2.2. Design Analysis

For a typical square ring antenna, resonance occurs when the
average perimeter of the ring is equal to an integer multiple of
the wavelength [21]. The resonant frequency can be estimated
using the following formula [22]:

nc
4[Ly — 3 (L1 — Lo)] oy

where c is the speed of light in free space; L, and Lo repre-
sent the outer and inner side lengths of the square ring; and €4
is the effective relative permittivity of the multilayer dielectric
substrate. The effective permittivity €. of the mixed dual-layer
dielectric substrate can be calculated using the following equa-
tion [13]:

Jn= n=1,23...

(M

er1€r2 (h1 + ho)
er1ho + grahy

Eoff = 2

where ¢,1 and €,5 denote the relative permittivity of the air
layer and the FR4 dielectric substrates, and hy and hy are their
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FIGURE 2. Structural evolution process of antenna design: (a) Antenna I, (b) Antenna II, (c) Antenna III, and (d) Antenna IV.
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FIGURE 3. Radiation patterns of four antennas: (a) Antenna I, (b) Antenna II, (c) Antenna III, and (d) Antenna IV.
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FIGURE 4. Simulated forward gain of four antennas.

corresponding thicknesses. The dielectric substrate of the pro-
posed antenna consists of three layers, including a 23 mm-thick
air layer and two FR4 substrates, each with a thickness of
0.8 mm. Accordingly, €,1 = 1, e,0 = 4.4, hy = 23 mm, and
ho 1.6mm. Based on these values, the effective relative
permittivity e, of the antenna is calculated to be 1.053.
Figure 2 illustrates the evolution of the antenna design. The
proposed antenna is derived from a conventional square ring
patch antenna, as shown in Antenna I in Fig. 2(a). Based on An-
tenna I, four copper-clad laminates are vertically loaded around
the ground plane to form a reflective cavity, resulting in An-
tenna II, as depicted in Fig. 2(b). The radiation patterns of An-
tenna I and Antenna II at different frequencies are shown in
Figs. 3(a) and (b), respectively. It can be observed that the di-
rectivity of Antenna II is significantly improved, which can be
attributed to the reflective cavity that enhances the reflection of
upward-propagating electromagnetic waves. Furthermore, as
illustrated in Fig. 4, Antenna II demonstrates a higher peak gain
than Antenna I, with the resonant frequency exhibiting a down-
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ward shift from 1170 MHz to 1030 MHz. The frequency down-
shift of the peak gain in Antenna II is primarily attributed to the
vertical loading structure, which positions the sidewalls closer
to the radiating patch. This proximity increases the equivalent
capacitive reactance, thereby inducing a low-frequency shift in
the resonant frequency.

A series of slots etched into the copper-clad laminates form
vertical fences, resulting in Antenna III (Fig. 2(c)). Compared
to Antenna II, Antenna III exhibits improved directional radi-
ation patterns, as shown in Figs. 3(b) and (c). Fig. 4 demon-
strates a downward shift in the peak gain frequency of Antenna
I from 1030 MHz (Antenna II) to 915 MHz. This frequency
reduction, facilitated by the integration of vertical fences, di-
rectly enables antenna miniaturization. The underlying mech-
anism is attributed to the periodic boundary conditions intro-
duced by these vertical fences, which induce additional diffrac-
tion and scattering of electromagnetic waves. Consequently,
the electromagnetic field distribution within the reflective cav-
ity is altered, effectively modulating the resonant frequency of
Antenna III. Furthermore, by replacing the fully copper-clad
sidewalls of the reflective cavity with a periodic fence struc-
ture formed by slotting the copper-clad laminates, the equiva-
lent electrical length of the cavity is increased. This increase in
electrical length lowers the resonant frequency, resulting in the
downward shift of the peak gain frequency.

Finally, an inner ring is introduced at the center of the ra-
diating patch of Antenna III, resulting in the final design of
Antenna 1V, as shown in Fig. 2(d). As depicted in Fig. 3(d),
Antenna [V exhibits increased forward radiation gain across all
four analyzed frequency points. According to Fig. 4, the sim-
ulated forward radiation gain exceeds 5 dBic over a broad fre-
quency range of 875-1145 MHz. Compared to Antenna III, the
5 dBic gain bandwidth is significantly extended from 80 MHz
to 270 MHz. This improvement is attributed to the inner cou-
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FIGURE 5. Simulated surface current distributions of the radiating patch
at915MHz. (a)t = 0. (b)t =T /4.

pling ring, which introduces an additional high-frequency reso-
nance due to the inner ring’s slightly smaller perimeter than the
outer ring.

2.3. Circular Polarization Analysis

Left-hand circular polarization (LHCP) is achieved using a
feeding network comprising three Wilkinson power dividers
and phase-shifting lines. To verify this polarization character-
istic, simulated surface current distributions at the boresight for
two representative frequencies are illustrated in Figs. 5 and 6.

The surface current distributions on the radiating patch at
915 MHz are shown in Figs. 5(a) and (b) at time instants ¢ = 0
and t = T'/4, respectively. Att = 0, the current is predomi-
nantly concentrated on the left and right strips of the outer ring,
flowing in the —X direction. By ¢t = T'/4, the current has re-
distributed to the top and bottom strips of the outer ring, flow-
ing in the +Y direction. Over one complete time period (T),
the current sequentially flows in the — X, +Y, +X, and —Y
directions, confirming the clockwise rotation of the current at
boresight over time. According to classical antenna theory [21],
the rotation of surface currents in this antenna generates a far-
field electric field that rotates in the same clockwise direction.
Therefore, the antenna radiates LHCP waves in the half-space
of z > 0 at 915 MHz.

The surface current distributions on the radiating patch at
1060 MHz are shown in Figs. 6(a) and (b) at time instants ¢ = 0
and t = T/4, respectively. At ¢t = 0, the current is con-
centrated on the top and bottom strips of the inner ring, with
the resultant equivalent current flowing along the —Y direction.
By t = T'/4, the current redistributes to the left and right strips
of the inner ring, and the resultant equivalent current shifts to
the —X direction. This behavior confirms that the current also
rotates clockwise over time at the boresight. Consistent with
the mechanism observed at 915 MHz, this clockwise rotation
of surface current verifies that LHCP is similarly realized in
the half-space of z > 0 at 1060 MHz.

2.4. Parameter Analysis

Figure 7 illustrates the effect of the air gap height (k) on the
antenna gain performance. As parameter h increases from
20 mm to 26 mm in 3-mm increments, the antenna gain is ob-
served to improve. This enhancement is primarily due to the in-
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FIGURE 6. Simulated surface current distributions of the radiating patch
at 1060MHz. (a)t = 0. (b)t = T'/4.
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FIGURE 7. Variations in gain with different air gap heights (k).

creased spacing between the radiating patch and reflective cav-
ity, which enhances radiation efficiency and subsequently ele-
vates the gain. Through a balance between the antenna profile
height and gain bandwidth, the optimal air gap h is determined
to be 23 mm.

3. RESULTS AND DISCUSSION

Based on simulation results, a prototype of the antenna is fabri-
cated, as shown in Fig. 8(a). The gain, axial ratio, and radiation
patterns are measured in an MVG microwave anechoic cham-
ber. The measurement setup is illustrated in Fig. 8(b).

FIGURE 8. (a) Fabricated prototype of the proposed antenna. (b) Mea-
surement setup.

Figure 9 presents comparisons between the simulated and
measured results for |S11], axial ratio, and gain. The measured
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TABLE 2. Performance comparison with a few previously reported circularly polarized UHF RFID reader antennas.

—10dB IBW/MH 3dB AR BW/MH
Ref. Antenna Size/mm?> Relative Size/\o> ) z ) z Peak Gain / dBic
( Relative IBW ) ( Relative AR )
This paper | 100 x 100 x 24.6 | 0.305 x 0.305 x 0.075 @915MHz | 663—-1191, (56.96%) | 710-1085, (41.78%) 6.36
[3] 250 x 250 x 60 0.76 x 0.76 x 0.18 @915 MHz 6851125, (48.6%) 836-986, (16.5%) 8.6
[10] 210 x 210 x 32.4 0.6 x 0.6 x 0.09 @860 MHz 810-960, (16.9%) 860-930, (7.8%) 8.7
[16] 210 x 210 x 30 0.64 x 0.64 x 0.09 @915 MHz 903-927, (2.6%) 902-950, (5.25%) 3.1
[23] 240 x 240 x 107 0.73 x 0.73 x 0.33 @915 MHz 884-932, (5.3%) 890-934, (4.8%) 9.8
[24] 200 x 200 x 13.2 | 0.615 x 0.615 x 0.04 @922.5 MHz 906-936, (3.26%) 920-925, (0.54%) 8.65
[25] 140 x 140 x 10.4 0.42 x 0.42 x 0.03 @915 MHz 900-930, (3.3%) 911-922, (1.2%) 7.3
[26] 129.2 x 129.2 x 26 0.37 x 0.37 x 0.075 @867 MHz 854-889, (4.02%) 857-975, (12.88%) 6.45
[27] 180 x 180 x 100 0.54 x 0.54 x 0.30 @915 MHz 820-1230, (40%) 895-970, (7.3%) 6.3
[28] 110 x 110 x 15 0.33 x 0.33 x 0.05 @915 MHz 872-1095, (22.7%) 888-933, (4.9%) 5.52
[29] 60 x 60 x 7.5 0.17 x 0.17 x 0.02 @866.5 MHz 854-877, (2.66%) 862871, (1.03%) 1.5
(@) 0 (b) 6 () 7
6
—“10F-Wego - - - - - - - - 5 S AR e W
4 .
2 20 2 3L
5 s
4 30 g}
- )
0F
40 simulated -t —=a— simulated
—=— simulated —2 [ 902MHz 928MHz
measured| d —> - —e— measured
750 1 1 1 1 1 1 1 1 1 1 r'nleasure 73 1 1 1
600 700 800 900 1000 1100 1200 13( 700 800 900 1000 1100 1200 800 900 1000 1100 1200
Freq (MHz) Freq (MHz) Freq (MHz)
FIGURE 9. Simulated and measured |.S11|, ARs, and gains of the proposed antenna. (a) |S11|. (b) AR. (c) gain.
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FIGURE 10. Simulated and measured radiation patterns. (a) 915 MHz. (b) 1060 MHz.

results show that the antenna achieves an impedance bandwidth
(IS11] < -10dB) from 663 MHz to 1191 MHz and a 3 dB ax-
ial ratio bandwidth from 710 MHz to 1085 MHz. A peak gain
of 6.36 dBic is achieved at 925 MHz. The antenna gain ranges
from 5.52 dBic to 6.36 dBic within the North American UHF
RFID band (902-928 MHz). The measured gain remains above
4.5 dBic across 8851150 MHz, confirming the robust perfor-
mance over a wide frequency range. Due to deviations in the
substrate dielectric constant and fabrication-related imperfec-
tions, the measured gain is slightly lower than the simulated re-
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sult, and the measured 4.5 dBic bandwidth remains comparable
to the simulated 5 dBic bandwidth.

Figure 10 illustrates the simulated and measured radiation
patterns of the proposed antenna in the xz-plane and yz-plane,
at 915 MHz and 1060 MHz. The results show good agreement
between simulation and measurement, and the antenna exhibits
good directional radiation characteristics.

Table 2 compares the performance of the proposed antenna
with that of previously reported circularly polarized UHF RFID
reader antennas. Notably, the proposed design achieves the
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widest impedance bandwidth and axial ratio bandwidth among
all referenced antennas. In contrast to the antennas reported
in [3, 10, 16,23, 24], it offers over a 50% size reduction, with
a smaller footprint. This enhances its suitability for integra-
tion into compact RFID devices. Although the antenna in [25]
achieves a gain of 7.3 dBic in a compact size, its axial ratio
bandwidth is extremely narrow at only 1.2%. Compared with
the designs in [26-28], the proposed antenna provides a simi-
lar gain but demonstrates superior performance in terms of size,
impedance bandwidth, and axial ratio bandwidth. While the an-
tenna in [29] has a smaller footprint, its gain is approximately
5 dB lower than that of the proposed design.

4. CONCLUSION

This paper presents a compact wideband circularly polarized
RFID reader antenna. Directional radiation is achieved through
the implementation of vertical fences along the antenna’s side-
walls. Additionally, a coupling inner ring embedded within the
outer ring effectively broadens the gain bandwidth. The an-
tenna is fabricated on FR4 substrates and occupies a compact
volume of 100mm x 100mm X 24.6 mm. Measured results
show a —10dB impedance bandwidth of 56.96% and a 3 dB
axial ratio bandwidth of 41.78%. The measured gain remains
above 4.5 dBic over the 885-1150 MHz range, with a peak gain
of 6.36 dBic achieved at 925 MHz. Owing to its low cost, com-
pact size, relatively high gain, and wide axial ratio bandwidth,
the proposed reader antenna is an excellent candidate for UHF
RFID reader applications, particularly in scenarios where tag
antennas are susceptible to frequency deviations and in space-
constrained environments.
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