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A Compact Broadband Circularly-Polarized Patch Antenna with
Wide Axial-Ratio Beamwidth for Universal UHF RFID Applications

Zhongbao Wang*, Ya-Nan Wang, Xinhong Liu, Hongmei Liu, and Shaojun Fang

Abstract—A compact broadband circularly-polarized (CP) patch antenna with a wide 3-dB axial-ratio
(AR) beamwidth is proposed for universal ultra-high-frequency (UHF) radio frequency identification
(RFID) applications. The proposed antenna consists of four triangular radiation patches and a compact
feed network. Each of the radiation patches is grounded by shorting pins for 3-dB AR beamwidth
enhancement and patch miniaturization. The feed network having a miniaturized hybrid coupler and
two trans-directional couplers is proposed for good circular polarization. Measured results show that
the −10-dB impedance bandwidth of the antenna is 18.4% (820–986 MHz); the 2.5-dB AR bandwidth
is 32.8% (700–975 MHz); and the gain is 5.12 dBic. The measured 3-dB AR beamwidths for the
planes of phi = 0◦ and phi = 45◦ are 177◦ and 190◦, respectively. The overall antenna size is
0.408λ0 × 0.408λ0 × 0.053λ0 at 900 MHz.

1. INTRODUCTION

Radio frequency identification (RFID) is developing extensively and is driving Industry 4.0 revolution [1].
Owing to the fast reading rate and long-distance battery-less reading capability, ultra-high-frequency
(UHF) RFID has been widely used in logistics management, smart tracking, electronic toll collection,
store security, and other fields through non-contact automatic identification of radio frequency signals.
The UHF RFID reader antenna is a key element to maximize reading range. However, the UHF
frequencies authorized for RFID applications are different in different countries and regions. Therefore,
the design of a compact broadband antenna having a bandwidth larger than 12.8% (840–955 MHz) is
of great significance to cover all UHF RFID operation bands.

In general, RFID tag antennas are linear polarization. Considering the arbitrary orientation of the
tags, circularly-polarized (CP) antennas are usually used in UHF RFID readers to avoid polarization
mismatch and enable tag reading [2]. So far, many CP patch antennas have been presented for UHF
RFID reader applications. There are two types of CP patch antennas, including a multi-feed version
and a single-feed version. However, the single-feed single-patch CP antennas have inherently narrow
impedance and axial ratio (AR) bandwidths [3]. In [4], the CP antenna has impedance and AR
bandwidths of less than 2%. To achieve wide impedance and AR bandwidths, some techniques have
been proposed, including the use of parasitic patches [5], L-shaped ground plane [6], coupled rotated
vertical metallic plates [7, 8], and a stacked structure [2, 9]. In [5], a CP patch antenna was achieved
by using an eccentric annular patch and a parasitic element loaded beside the radiating patch. The
impedance bandwidth was enhanced to be 56.5%, but the AR bandwidth was only 6.13%. Based on a
direct-feed single-layer corner-truncated square patch antenna with an L-shaped ground plane, a novel
technique of loading three narrow slits into the corner-truncated square patch was proposed in [6]. Broad
impedance and AR bandwidth of 48.6% and 16.4%, respectively, were attained. However, the height of
the CP patch antennas [5, 6] was larger than 0.17λ0. In [7], a stacked structure using a modified half
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E-shaped patch, a parasitic patch, and four rotated vertical metallic plates on the ground plane was
presented, which had the impedance and AR bandwidths of 14.2% and 9.0%, respectively. However,
the structure of the CP patch antenna [7] is very complex, and the AR bandwidth is still narrow, which
cannot cover all UHF RFID operation bands.

Compared to the single-feed version, multi-feed CP patch antennas have better impedance and AR
bandwidths [10–13]. In [10], a 3-dB T-type power divider with a 90◦ phase-shifting line was arranged
at the inside of the annular-ring patch for producing CP radiation, and a circular parasitic patch was
suspended above the annular ring, which had the impedance and AR bandwidths of 10.6% and 6.0%,
respectively. In [11], a stacked patch antenna fed by a 3-dB branch-line coupler enhanced the AR
bandwidth to 17.7%. However, the used three layers of patches resulted in an antenna height of larger
than 0.074λ0. Furthermore, three or four feeds of the patch were sequentially connected to the microstrip
line and spatially positioned to achieve 90◦ phase differences between two adjacent feed points, and 3-
dB AR bandwidths of 10.7% and 16.4% have been achieved, respectively [12, 13]. However, these CP
antennas have narrow 3-dB AR beamwidth.

Many works have been done to design compact CP patch antennas for UHF RFID readers. By
etching a cross-slot in the radiation patch and loading four grounded coupling patches on the four corners
of the radiation patch, the antenna size was reduced to 0.36λ0 × 0.36λ0 × 0.05λ0 [14]. The realized gain
at 922 MHz was 5.5 dBic with an AR bandwidth of 4.9%. In [15], a low-profile CP annular-ring patch
antenna with the height of 0.032λ0 was proposed, which had the impedance and AR bandwidths of 3.5%
and 0.65%, respectively. Besides, meta-surfaces were used to reduce the height of CP patch antennas [16]
and generate CP radiation [17, 18]. However, this method is complicated. The bandwidth and 3-dB AR
beamwidth of these CP antennas [14–16] are narrow.

To provide wide angular coverage, it is critical for a CP RFID antenna to have a wide 3-dB AR
beamwidth. In [4], asymmetric-circular-shaped slotted CP patch antennas with slits were proposed for
RFID applications, which had a 3-dB AR beamwidth of 100◦. In [19], a 3-dB AR beamwidth of 121◦ was
achieved by dielectric loading of a vertical elliptical-patch antenna. In [20], the 3-dB AR beamwidth of
a probe-feed square patch antenna was extended to 140◦ by using the pin-loaded technique. In [21], by
etching two pairs of asymmetric slots on the patch and loading coupled strips, a 3-dB AR beamwidth of
188◦ was obtained. Up to now, most of the AR beamwidth enhancement methods have been proposed
for satellite communications or GPS applications [19–21], whose the AR bandwidth is narrow (less than
3.5%).

In this paper, a compact broadband CP patch antenna with a wide 3-dB AR beamwidth is proposed
for universal UHF RFID applications. The antenna consists of four triangular radiation patches and a
compact feed network. Each of the radiation patches is grounded by shorting pins and fed with phase
angles of 0◦, −90◦, −180◦, and −270◦, respectively. The shorting pins not only effectively reduce the
antenna size but also increase the 3-dB AR beamwidth. Furthermore, a compact feed network having a
miniaturized 3-dB hybrid ring coupler and two 3-dB trans-directional (TRD) couplers [22] is proposed
for good circular polarization.

2. ANTENNA DESIGN AND PARAMETRIC STUDIES

Figure 1 shows the configuration of the proposed compact broadband CP patch antenna with a wide 3-dB
AR beamwidth, which consists of four triangular radiation patches and a compact feed network. Each
of the radiation patches having a circular defect structure is fed by a coplanar circular coupling patch
with a probe and grounded by the shorting pins. The radiation patches and circular coupling patches
are printed on the top side of an FR4 substrate with the thickness h1 = 1.6 mm, dielectric constant
εr1 = 4.4, and loss tangent tan δ1 = 0.02. The feed network is implemented on an F4B substrate
with the thickness h2 = 1.0 mm, dielectric constant εr2 = 2.73, and loss tangent tan δ2 = 0.003. An
air gap with a height of h = 15 mm between the substrates is used to broaden the bandwidth. Note
that the substrates have a dimension of 136mm × 136 mm (Ls × Ls). Figure 2 shows the details of
the radiation patch and circular coupling patch. Each of the radiation patches is an isosceles right
triangle with a hypotenuse length of Lp = 128 mm, which is connected to the ground plane by the
shorting pins with a diameter of Ds = 1.0 mm. The gap-width between the triangular radiation patches
is G = 8mm. The distance between the shorting pin and the hypotenuse of the triangular radiation



Progress In Electromagnetics Research C, Vol. 113, 2021 3

Triangular

radiation patch

Circular

coupling patch

Probes

Feed network

Shorting pins
Ground plane

F4B substrate

FR4 substrate

x

y
z

(a) (b)

z

x y

h

h

h

1

2

SMA connector

Figure 1. Configuration of the proposed compact broadband CP patch antenna. (a) Exploded view.
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Figure 3. Comparison of the 3-dB AR
beamwidth of the proposed CP antenna with or
without shorting pins.

patch is Dp = 2.0 mm. The distance between the adjacent shorting pins is D = 7.5 mm. The center
of the circular coupling patch is connected by a probe with a diameter of Df = 1.0 mm. By properly
selecting the distance between the probe and the shorting pin (Lf = 24 mm), the radius of the circular
coupling patch (Rc = 7 mm), and the slot width between the circular coupling patch and the radiation
patch (S = 0.8 mm), the input resistance and reactance can be easily determined. The large inductance
generated by the long probe is compensated by the capacitance between the circular coupling patch and
the radiation patch. As a result, good impedance matching can be obtained. Moreover, the shorting
pins not only reduce the overall size of the proposed antenna but also increase the 3-dB AR beamwidth.
Figure 3 gives the comparison of the 3-dB AR beamwidth of the proposed CP antenna with or without
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Figure 4. Configuration of the proposed feed network. (a) Equivalent circuit. (b) Layout (W0 =
2.8 mm, W1 = 2.0 mm, W2 = 6.0 mm, Wc = 1.0 mm, Wh = 0.5 mm, Rh = 23.5 mm, L0 = 7.8 mm,
L1 = 5.5 mm, L2 = 7.2 mm, L3 = L4 = 155.6 mm, Lc = 33.7 mm, Sc = 1.0 mm, Sr = 1.0 mm,
Dc = 14.1 mm, C1 = 5pF, C2 = 3 pF, R = 51Ω).

the shorting pins. By using the shorting pins, the 3-dB AR beamwidth is increased from 109◦ to 173◦.
Figure 4 shows the configuration of the proposed feed network, which is composed of a miniaturized

3-dB hybrid ring coupler and two identical 3-dB TRD couplers. The 3-dB hybrid ring coupler provides
equal-power anti-phase outputs. For miniaturization, each of the λ/6 uniform transmission-line sections
in the 7λ/6 ring coupler [23] is replaced by a T-type structure. The T-type structure is composed of
two-section transmission lines (Z1, θ1) and a step-impedance open-circuited stub (Z2, θ2, and Z3, θ3),
as shown in Figure 4(a). Based on the equivalent theory [24], the design equations of the miniaturized
3-dB hybrid ring coupler are derived as follows,

Z1 =
Zh sin θh

tan θ1 (1 + cos θh)
, (1)

Z2Z3 cot θ3 − Z2
2 tan θ2

Z2 + Z3 cot θ3 tan θ2
=

Zh sin θh cos2 θ1

sin2 θh − 4 sin2 θ1 cos2 θh
2

, (2)

Zh = Z0

√
3 − 1

2

(
cot2

θh

2
+ tan2 θh

2

)
, (3)

where Zh and θh are the characteristic impedance and electrical length of the λ/6 uniform transmission
lines in the 7λ/6 ring coupler [23], respectively. Z0 is the port impedance. The solution of Equations (1)–
(3) is not unique, which implies that four variables (e.g., θ1, θ2, θ3, and Z3) can be used to flexibly
design the miniaturized 3-dB hybrid ring coupler. The 3-dB TRD coupler is composed of a set of
coupled microstrip lines and four loading capacitors [22], which can provide a balanced output power
distribution and 90◦ phase difference between output ports 2 and 3 (meanwhile, 90◦ phase difference
between output ports 4 and 5), as shown in Figure 4(a). Based on the theoretical analysis and calculation
of the TRD coupler [22], the loading capacitors (C1, C2) and the electrical parameters of the coupled
lines (Z0e, Z0o, θ) can be obtained. Then, the physical dimensions of the transmission lines can be
calculated by using the transmission-line synthesis tool ADS Linecalc. After the HFSS EM simulation,
the layout and dimensions of the proposed feed network are obtained and shown in Figure 4. Port 1
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Figure 5. Simulated S-parameters of the proposed feed network. (a) Amplitude. (b) Phase.
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Figure 6. Simulated electric field vector distribution in the slots between the triangular patches at
different time instants. (a) ωt = 0. (b) ωt = π/2. (c) ωt = π. (d) ωt = 3π/2.

is the input port of the feed network. The anti-phase output ports of the miniaturized 3-dB hybrid
ring coupler are connected to the input ports of the TRD couplers by two equal-length 50-Ω microstrip
lines (L3 = L4). The simulated S-parameters of the proposed feed network are shown in Figure 5. It
is seen that the proposed feed network has a balanced power distribution between the output ports
(6.3 ± 0.8 dB) from 840 MHz to 960 MHz with |S11| < −13 dB. The phase difference between adjacent
output ports is 90◦ ± 7◦.

Figure 6 gives the time-varying electric field vector distribution in the slots between the triangular
patches at the center frequency of f0 = 900 MHz. It is observed at different instantaneous times ωt = 0,
π/2, π, and 3π/2, where ω = 2πf0 is the angular frequency. The magnitudes of electric field vector
distributions at ωt = 0 and π are almost the same, while their directions are opposite. The electric
field rotating direction shown in Figure 6 is anticlockwise, leading to a right-handed circularly-polarized
(RHCP) radiation.

Figure 7 gives the effect of the height of the air gap h on |S11| and AR of the proposed CP patch
antenna. It is observed that the height of the air gap h has a significant effect on the |S11| and AR
of the antenna. When h is increased from 10 to 20 mm, both the frequencies for minimum |S11| and
AR are decreased, especially for AR. This is because the resonant frequency of the triangular radiation
patch shifts down as the air gap increases. Figure 8 gives the effect of the gap-width G between the
triangular radiation patches on |S11| and AR of the proposed CP patch antenna. When the gap-width G
is increased from 6 to 10 mm, the impedance bandwidth is slightly increased, and the AR in the upper
band is improved, but the AR in the lower band (near 840 MHz) is degraded. Thus, the gap-width
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Figure 7. Effect of the air-gap height h on the performances of the proposed CP patch antenna. (a)
|S11|. (b) AR.

0.80 0.85 0.90 0.95 1.00
-25

-20

-15

-10

-5

 |S
 1

1
| 
(d

B
)

Frequency (GHz)

  G = 6 mm

  G = 7 mm

  G = 8 mm

  G = 9 mm

  G = 10 mm

0.80 0.85 0.90 0.95 1.00
0.0

0.5

1.0

1.5

2.0

2.5

3.0

  G = 6 mm

  G = 7 mm

  G = 8 mm

  G = 9 mm

  G = 10 mm

A
x

ia
l 

R
a

ti
o

 (
d

B
)

Frequency (GHz)

(a) (b)

Figure 8. Effect of the gap-width G between the triangular radiation patches on the performances of
the proposed CP patch antenna. (a) |S11|. (b) AR.

G = 8mm is selected as a compromise between the AR and impedance matching in the band from 840
to 955 MHz for universal UHF RFID applications.

Figures 9 and 10 give the effect of the slot-width S between the circular coupling patch and the
triangular radiation patch on |S11|, AR, and gain of the proposed CP patch antenna. When the slot-
width S is increased from 0.2 to 1.4 mm, |S11| at 900 MHz is improved, but the antenna gain is decreased.
This is because the reflection wave from the circular coupling patch and triangular radiation patch is
increased and absorbed by three resistors R in the feed network. Besides, the AR is degraded when the
slot-width S is changed from 0.8 to 0.2 or 1.4 mm. Figures 11 and 12 give the effect of the number of
the shorting pins n on gain, |S11|, and AR of the proposed CP patch antenna. When the number of the
shorting pins n is increased from 5 to 15, the antenna gain is increased, and the AR in the upper band
is improved. For n greater than 15, the effect of the shorting pins on gain, |S11|, and AR is slight. Thus,
the number of the shorting pins n = 15 is selected as a compromise between manufacturing complexity
and antenna performances.
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Figure 9. Effect of the slot-width S between the circular coupling patch and the triangular radiation
patch on the performances of the proposed CP patch antenna. (a) |S11|. (b) AR.
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3. EXPERIMENTAL RESULTS AND DISCUSSIONS

The prototype of the proposed CP antenna is fabricated and shown in Figure 13. The far-field
performances of the fabricated antenna are measured in an anechoic chamber, and the S-parameters
are measured by an Agilent N5230A vector network analyzer.

Figure 14(a) gives the simulated and measured |S11| of the proposed CP antenna. The measured
|S11| is less than −10 dB from 820 to 986 MHz (18.4%), which can easily cover the entire UHF RFID
band (840–955 MHz). Figure 14(b) gives the AR and gain at boresight. The measured AR bandwidths
are less than 2.5 dB from 700 to 975 MHz (32.8%). In the universal UHF RFID bands, the measured
AR is less than 2 dB, and the gain is more than 4.3 dBic with a peak gain of 5.12 dBic. There are some
discrepancies between the simulated and measured results, which are mainly due to inaccurate values
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Figure 12. Effect of the number of the shorting pins n on the performances of the proposed CP patch
antenna with (n − 1)D = 105 mm. (a) |S11|. (b) AR.
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Figure 13. Photograph of the proposed compact broadband CP antenna. (a) Overall view. (b) Feed
network.
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Figure 14. Simulated and measured results of the proposed CP antenna. (a) |S11|. (b) AR and gain.
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Figure 15. Simulated and measured radiation patterns of the proposed CP antenna. (a) 840 MHz. (b)
900 MHz. (c) 960 MHz.

of the used capacitors and the dielectric constant of the FR4 and F4B substrates in the fabricated
prototype.

Figure 15 shows the simulated and measured far-field radiation patterns at 840, 900, and 960 MHz.
Symmetrical RHCP radiation patterns in the upper half-space are achieved. The half-power beamwidths
for the RHCP at 840, 900, and 960 MHz are 126◦, 118◦, and 102◦, respectively. The simulated and
measured 3-dB AR beamwidths of the proposed CP antenna at the center frequency of 900 MHz are
shown in Figure 16. It is observed that the measured 3-dB AR beamwidths are 177◦ and 190◦ in the
planes of phi = 0◦ and phi = 45◦, respectively. Table 1 compares the proposed CP antenna with the
previous UHF RFID patch antennas. The proposed CP antenna provides a wider operation bandwidth
(i.e., overlapping bandwidth of impedance matching and 3-dB AR) with wider 3-dB AR beamwidth
and half-power beamwidth. The cost of these advantages is the antenna height larger than 0.05λ0 and
a moderate antenna gain.

Table 1. Comparison between the proposed CP antenna and the existing UHF RFID patch antennas.

References Antenna size
Impedance
bandwidth

3-dB AR
bandwidth

3-dB AR
beamwidth∗

Half-power
beamwidth#

Gain
(dBic)

[2] 0.75λ0 × 0.75λ0 × 0.11λ0 25.8% 13.5% 76◦ 64◦ 8.6
[3] 0.79λ0 × 0.79λ0 × 0.11λ0 19.7% 11.0% 85◦ 60◦ 9.3
[4] 0.27λ0 × 0.27λ0 × 0.014λ0 1.9% 0.7% 100◦ / 3.8
[5] 0.60λ0 × 0.60λ0 × 0.171λ0 56.5% 6.1% / / 7.0
[6] 0.60λ0 × 0.60λ0 × 0.18λ0 48.6% 16.5% / 73◦ 8.6
[7] 0.45λ × 0.45λ0 × 0.074λ0 14.2% 9.0% / 77◦ 7.3
[9] 0.60λ0 × 0.60λ0 × 0.089λ0 21.4% 13.4% 90◦ / 7.0
[10] 0.67λ0 × 0.67λ0 × 0.043λ0 10.6% 6.0% / 65◦ 8.9
[11] 0.75λ0 × 0.75λ0 × 0.074λ0 20.2% 17.7% 90◦ / 6.5
[12] 0.75λ0 × 0.75λ0 × 0.075λ0 13.1% 25.1% / / 7.0
[13] 0.75λ0 × 0.75λ0 × 0.11λ0 25.6% 16.4% 75◦ / 8.3
[14] 0.36λ0 × 0.36λ0 × 0.05λ0 22.7% 4.9% / / 5.5
[15] 0.463λ0 × 0.463λ0 × 0.032λ0 3.5% 0.65% / 72◦ 7.2

This work 0.408λ0 × 0.408λ0 × 0.053λ0 18.4% > 32.8%� 177◦ 118◦ 5.1

∗ 3-dB AR beamwidth at the center frequency. # Half-power beamwidth at the center frequency.
� AR less than 2.5 dB.
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Figure 16. Simulated and measured 3-dB AR beamwidths of the proposed CP antenna.

4. CONCLUSION

In this paper, a compact broadband CP patch antenna has been presented for universal UHF RFID
applications. By using shorting pins, the miniaturization of the patch antenna and the enhancement of
3-dB AR beamwidth have been achieved. Besides, T-type transmission-line sections and step-impedance
open-circuited stubs have been proposed to further reduce the size of the 7λ/6 ring coupler [23].
Meanwhile, using the advantages of the TRD coupler [22], a compact feed network has been presented
for good circular polarization. Compared to the previous broadband UHF RFID patch antennas [2, 3, 5–
13], the proposed CP antenna has a wider operation bandwidth with a wider beamwidth and a smaller
size.
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