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Analysis and Design of Circularly Polarized Capacitively-Fed
Planar Suspended Antenna for Universal UHF RFID Applications

Abstract. This research paper deals with the design of a circularly polarized reader antenna with a tennis ball-shaped radiating plate that operates at
a frequency range of 860-960 MHz with the center frequency of 910 MHz. In the fabrication of the tennis ball-shaped radiating plate, a small annular-
ring slot was first created on a circular radiating plate, followed by two diagonally opposite large arc-shaped annular-ring slots on either edge of the
circular radiating plate and then the truncation of the corners of the remaining main element of the plate. A prototype antenna with the final tennis
ball-shaped plate was subsequently assembled prior to excitation by the capacitively coupled feed technique to enhance |Ss4| bandwidth. The
prototype antenna could achieve an average gain of 6.18 dBic, |S14| covering the frequency range of 837.6-966.2 MHz, and the circular polarization
of 850.6-963.5 MHz, making it suitable for universal UHF RFID applications. In addition, simulations were carried out using CST Microwave Studio
for comparison with the experimental results.

Streszczenie. W artykule zaprezentowano projekt anteny o ksztaftcie pitki tenisowej pracujacej w zakresie czestotliwop$ci 860 — 960 MHz. Prototyp
anteny pokrywat zakrs 837.6 — 966.2 MHz co spetnia wymagania uniwersalnej komunikacji UHF RFID. Projekt i analiza planarnej anteny

cyrkularnie polaryzowanej do zastosowan w UHF RFID transmisji danych
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Introduction

Based on the radar principle, radio frequency
identification (RFID) technology is suitable for objects
identification and tracking applications. In a typical RFID
system which consists of a tag and a reader antenna, the
exchange of data is carried out through electromagnetic
waves. Currently, the RFID technology has found its
usefulness in manufacturing, security, logistics and
transportation [1-2]. Of the existing RFID bands, the Ultra
High Frequency (UHF) RFID band is commonly adopted for
various applications due to its long readable range, higher
transfer rate and robust capability. According to the
International Standardization Organization (ISO)’s 18000-63
standard, the UHF RFID universal band refers to the
frequency range of 860-960 MHz [3]. The Europe Union
(EU) and the city-state of Singapore have adopted the
866-869 MHz frequency. The Americas and some Asian
nations have used 902-928 MHz, while Japan and several
other Asian countries have implemented 952-955 MHz.
Typically, the design of the tag is of dipole antenna with a
linearly polarized (LP) radiation, and so is the design of the
reader antenna with the linearly polarized radiation.
Nevertheless, due to the inherent multipath fading and
mismatch polarization of the tag (when rotated positions),
the design of reader antenna of this research is of circularly
polarized (CP) radiation to overcome both issues.

Previous research [4-14] investigated three existing
UHF RFID reader antenna structures fed by single linear
electric coaxial probe: the single-layer, suspended, and
stacked antennas. The first structure (i.e. the single-layer
antennas) could achieve the less satisfactory [Sq1|
bandwidth (BW) of 1-2% and gain of <4 dBi, but the
advantages of this structure are its low profile and ease of
fabrication [4-6]. The suspended structure (with an air gap)
could achieve a better |S11| BW of 4-5% and a higher gain
of <9 dBi [7-12]. With the stacked structure antenna
(multi-layer structure), the |S11] BW was enhanced to >10%
with a much higher gain of >9 dBi [4, 7, 13-14]; however, it
is bulky and difficult to design.

In [15-25], the previously three structures were
experimented with different feeding methods to improve the
|S11] BW. The stacked [15] and suspended structured
antennas [16] with an L-shaped feeding probe could

achieve the |S11] BW of >22%. The suspended [17] and
single structured antennas [18] with an F-shaped feeding
probe produced the |S11| BW of >15%. In [19], the
suspended structure antenna with a T-shaped feeding
probe achieved the |Sq1| BW of 41% with an SWR of <2.
The stacked structured antenna with an aperture couple
feeding achieved the [S11| BW of >25% [20-21]. In [22], the
stacked structured antenna with strip or line plate feeding
connected directly to the radiating plate could achieve the
|S11] BW of >25.8%. In [23-24], the suspended structured
antenna with capacitively coupled feeding on the same
plane as but outside the radiating plate produced the |S4]
BW of >25%. The suspended antenna with capacitive feed
(i.e. rectangular slot near the feeding probe) on the
radiating plate generated the |S11| BW of 5.3% [25].

In addition, various CP-radiation generating techniques
were employed in [26-32]. In [4-7, 26], the truncation
technique whereby the corners or edges of the radiating
plate are truncated were discussed. The insertion technique
with slot, slit, strip plate or spur line on the radiating plate or
at the corners or edges of the plate were experimented in
[4-7, 18, 26-30]. In addition, the generation of CP radiation
was achieved with the use of cross or orthogonal antennas
[4-7, 31]. In [4, 7, 32], an antenna with square radiating
plate was integrated with a Wilkinson power divider circuit
with 90° phase difference.

This research paper has proposed a square suspended-
structure antenna with tennis ball-shaped radiating plate
excited by the capacitively coupled feed technique to fully
cover the universal UHF RFID band. In the fabrication of the
tennis ball-shaped plate, a small annular-ring slot was first
created on a circular radiating plate, followed by two
diagonally opposite large arc-shaped annular-ring slots on
either edge of the circular radiating plate and the truncation
of the corners of the main section of the radiating plate. In
the implementation of the capacitively coupled feeding
technique, a small annular-ring slot was connected to a
coaxial probe to enhance and achieve the |S{1] BW of
14.13% (837.6-966.2 MHz). A paring and the truncation
techniques of the CP radiation were achieved a 3-dB axial
ratio (AR) BW of 12.41% (850.6-963.5 MHz) with the
average gain within the universal UHF RFID band of
6.18 dBic.
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The organization of the rest of the paper is as follows:
Section |l details the structure, evolution and design of the
proposed antenna. Section Il discusses the parametric
study of the initial antenna, capacitively coupled feed,
paring and truncation techniques. Section IV deals with the
simulation and measurement results with regard to the |S11|
BW, AR BW, radiation patterns and gains. The simulations
were carried out using the CST MICROWAVE STUDIO
software program. The concluding remarks are provided in
Section V.

Antenna structure and design

Figure 1 illustrates the geometry of the proposed UHF
RFID reader antenna. The antenna was composed of a
165 x 165 mm square-shaped structure (G) and the tennis
ball-shaped radiating plate of 69.7 mm in radius (R). The
height (hg) of the epoxy substrate (£=3.78) was 1.6 mm,
while the copper thickness (f,) and loss tangent of the
substrate were 0.03 mm and 0.04, respectively. The
antenna design was of suspended structure with a
42 mm air-gap (h.) between the radiating plate and the
ground plane. In addition, on the radiating plate was a small
annular-ring slot which was directly connected to a linear
electric coaxial probe
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Fig.1. Geometry of the UHF RFID reader antenna

The capacitively coupled feed (i.e. the small annular-ring
slot) was located vertically opposite to the center of the
radiating plate with a distance point (d,) of 456 mm. The
inner (R2) and outer (R3) radii of the small annular-ring slot
were 3.17 mm and 5.6 mm, respectively. The feeding probe
length (k) and the ground plane thickness (t;) were
respectively 43.6 mm and 1.6 mm. Four metallic posts were
mounted between the radiating plate and the ground plane
and the distance (dn) from the metallic post center to its
nearest antenna corner was 7.07 mm. Two of the metallic
post centers of opposite corners served as the center points
from which two large arc-shaped annular-ring slots were
created. The double paring divided the circular radiating
plate into three sections, consisting of two leaf-shaped
sections and one large middle section. The inner (R4) and
outer (Rs) radii of the large annular-ring slots were 74 and
81.5 mm, respectively. The four corners of the middle
section of the radiating plate were subsequently truncated
into arc shape with a radius (Re) of 30 mm individually. The

amalgamation of the three sections (i.e. two leaf-shaped
sections and the middle section) formed the tennis
ball-shaped radiating plate of the proposed antenna.
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Fig. 2. Design evolution of the proposed antenna: (a) circular
radiating plate antenna (stage#1), (b) the antenna with a small
annular-ring slot (stage#2), (c) generation of two large annular-ring
slots (stage#3), (d) truncation of four corners (stage#4 or proposed
antenna).
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Fig. 3. Comparison of the simulated |S44|, AR and gain for the four
stages of the antenna evolution (a) |S4|, (b) AR and rad gain.
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Table 1. The parametric values at the four stages of the antenna

evolution
Parameters | Stage#1 | Stage#2 | Stage#3 Proposed
(mm.) (mm.) (mm.) antenna (mm.)
G 165 165 165 165
ha 42 42 42 42
hq 1.6 1.6 1.6 1.6
dy 45 45 45 45
dn 7.07 7.07 7.07 7.07
R 63.23 69.7 69.7 69.7
R, - 3.45 3 3.17
Rs - 6.4 5.6 5.6
Ry - - 74 74
Rs - - 81.5 81.5
Rs - - - 30

Figure 2 illustrates the design evolution of the proposed
antenna, consisting of four main stages. Fig. 2 (a) depicts
the initial suspended-structure antenna excited with linear
electric coaxial probe (stage#1). In stage#2, to enhance the
|S+1] BW, the capacitively coupled feeding technique using
the small annular-ring slot as the feeding point was
implemented, as shown in Fig. 2 (b). In stage#3, the two
large arc-shaped annular-ring slots (i.e. two leaf-shaped
sections) were created for generation of the CP radiation
(Fig. 2 (c)). The remaining middle section of the radiating
plate was subsequently truncated along its four corners to
shift the AR to approach the center frequency. The three
sections in combination produced the tennis ball-shaped
radiating plate of the proposed antenna (stage#4), as
shown in Fig. 2 (d). Table 1 presents the parametric values
at the four stages of the evolution of the proposed antenna.

Figure 3 (a) illustrates the simulated [S14| BW throughout
the evolution of the proposed antenna. At the first stage of
the evolution, an impedance mismatch was observed. With
the introduction of the small annular-ring slot (stage#2), the
[S11] BW of 15.69% (814.2-957 MHz) was achieved. In
stage#3, the |S11| BW was 13.71% (850.8-975.6 MHz), and
the proposed antenna (stage#4) could achieve the |S11| BW
of 13.89% (845.8-972.2 MHz).

Figure 3 (b) shows the simulated 3-dB AR BW and
gains throughout the antenna evolution. Both stages#1 and
#2 could achieve the simulated AR BWs of 40.00 dB with
21.98% (800-1000 MHz) and were of linearly polarized
radiation. The 3-dB AR BW achieved in stage#3 at
the resonant frequency of 860 MHz was 9.88%
(827.5-912.5 MHz), while that of stage#4 (the proposed
antenna) at the center frequency (910 MHz) was 12.31%
(853-965 MHz). The average simulated gains for stages#1
and #2 of the antenna evolution were <3 and >6 dBi, while
those for stages#3 and #4 were >6 dBic.

Parametric study

This section discusses the suspended-structure initial
antenna, the capacitively coupled feed technique for the
|S11] BW enhancement, the paring technique to create the
two arc-shaped large annular-ring slots for CP radiation
generation, and the corners-truncation technique for shifting
the AR to be near the center frequency. The proposed
reader antenna is developed for use in the UHF RFID
system and applications. The [S14], |S11] BW, 3-dB AR BW
and gain are the deciding criteria for the suitability and
applicability of the antenna.

Initial antenna at stage#1, the radius of the circular
radiating plate of the suspended-structure initial antenna
was determined using TMi10 mode [16, 33]. The basic
design parameters of the initial suspended antenna
encompass the height of the air-gap (ha), the height of the
dielectric substrate (hg) and the dielectric constant (&) were
42 mm, 1.6 mm and 3.78, respectively. Based on [16, 33],

the resultant radius of the circular radiating plate at the
center frequency (910 MHz) was 59.23 mm. Nonetheless,
the air-gap height of a typical suspended-structure antenna
with linear electric coaxial probe is limited to not exceeding
20 mm; otherwise, the impedance mismatch would ensue.
To overcome the height limitation, the capacitively coupled
feeding technique was integrated with the linear coaxial
feed for impedance matching and the [Sy1| BW
enhancement. Figure 4 depicts the simulated |Sq1| and
resonant frequencies achieved with five circular radiating
plate radii (R) of 55.23, 59.23, 63.23, 67.23 and 71.23 mm.
The resonant frequencies for the radii of 55.23, 59.23
(identical to the above calculation), 63.23, 67.23 and
71.23 mm were 1000, 960, 910, 870 and 825 MHz,
respectively, with varied impedance mismatch. At this
stage, the simulated gain was <3.00 dBi and the radiation
was purely linear polarization with AR of 40 dB, as shown in
Fig.3 (b).
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Fig. 4. The simulated |S44| relative to resonant frequency for various
radii (R) of the circular radiating plate (stage#1).

a)

[Su| (dB)

= R;=44mm
R;=5.4 mm
R;=6.4 mm
-25 e o o Ry=74mm
== = R;=84mm

BOO 820 840 860 880 900 920 940 960 980 1000

Frequency (MHz)
b)

Gain (dBi)

= = = Ry=44mm

R; =154 mm
R;=6.4 mm
3 e o o R3=74mm
= R;=8.4 mm

.

800 820 8B40 860 B8O 900 920 940 960 980 1000

Frequency (MHz)

Fig. 5. The simulation results by varying R;
(a) |S11| versus frequency (b) gains versus frequency.

(stage#2):
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Capacitively coupled feed technique (stage#2). At
stage#2, the capacitively coupled feeding technique was
employed to matching and enhancing the |S11| BW
(Fig. 5 (a)). In general, the insertion of slots into the
radiating plate of an antenna affects the resonant frequency
of the antenna. In this research, the radius (R) of the
circular radiating plate thus required optimization and the
optimal R was 69.7 mm with the resonant frequency of
910 MHz (i.e. the center frequency). At this stage, the
simulations were carried out by varying the outer radius of
the small annular-ring slot Rs (i.e. 4.4, 5.4, 6.4, 7.4, 8.4 mm)
while using G, ha, hq, dp, dm, R and R, from Table 1. Similar
to those of stage#1, the polarization and beam achieved in
stage#2 were vertical and unidirectional, respectively.
Figure 5 (a) illustrates the simulated |S11] and |S11] BW for
the various outer radii of the small annular-ring slot R3. The
simulated resonant frequencies and |S11| BWs for R3 of 4.4,
5.4, 6.4, 7.4 and 8.4 mm, respectively, were 865 MHz (with
impedance mismatch and no |S11| BW), 890 MHz (BW of
12.96%), 910 MHz (15.69%), 940 MHz (11.58%) and
953 MHz (10.63%). The Rs of 6.4 mm was resonant center
frequency and |[Sq1| BW of 814.2-957 MHz (15.69%)
indicated the failure to cover the universal UHF RFID band.
In Figure 5 (b), the maximum gain of 7.12 dBi at the center
frequency (910 MHz) was achieved for Rz of 6.4 mm, while
the average gains achieved with R; of 5.4, 6.4, 7.4 and
8.4 mm were >6.50 dBi, except for the case of R3 = 4.4 mm
where there was impedance mismatch was average gain of
5.63 dBi.

Paring technique (stage#3). In the third stage, the
simulations were carried out to identify R4 that provided the
lowest AR by concurrently varying the inner radii (R4) of the
two large annular-ring slots. In this research, the maximum
outer radius (Rs) of the large annular-ring slots was limited
to 81.5 mm to avoid an overlap with the small annular-ring
slot. In addition, except for R4 which was varied between
44-80 mm, G, ha, hg, dp, dm, R, R2, Rz and Rs were referred
to the optimal values in Table 1. Figure 6 (a) illustrates the
simulated |S44|] and |S11| BW relative to the resonant
frequency for varying R4 (i.e. 44, 50, 56, 62, 68, 74 and
80 mm). The simulated resonant frequencies for R4 of 44
(without two leaf-shaped sections), 50 (with two “smallest”
leaf-shaped sections and “widest” gap between the leaf-
shaped and middle sections), 56, 62, 68, 74 and 80 mm
(with two “largest” leaf-shaped sections and “narrowest” gap
between the leaf-shaped and middle sections), respectively,
were 903.8 (BW of 11.65%), 893.4 (11.69%), 903.81
(11.67%), 904.4 (11.71%), 905.4 (12.70%), 910 (13.71%)
and 913.6 MHz (14.95%). The simulation results also
showed that, except for that of 50 mm, Rs of 44 mm and
56-80 mm generated the frequencies that covered the
universal UHF RFID band (860-960 MHz). The frequency
range for R4 of 50 mm was 844.4-951.6 MHz. Figure 6 (b)
illustrates the simulated AR relative to the resonant
frequency for the various R4. The simulated 3-dB AR BW for
R4 of 44 (without two leaf-shaped sections), 50 (with two
“smallest” leaf-shaped sections and “widest” gap between
the leaf-shaped and middle sections), 56, 62, 68, 74 and
80 mm (with two “largest” leaf-shaped sections and
“narrowest” gap between the leaf-shaped and middle
sections), respectively, were 9.01%, 9.83%, 9.24%, 9.3%,
9.77% at 860 MHz and 9.88% at 843.3 MHz. Based on the
simulation results, an AR of <0.8 dB could be achieved only
for R4 of 74 mm. In addition, the simulated 3-dB AR BW for
all the R4 (i.e. 44-80 mm) indicated the failure to cover the
universal UHF RFID band. Figure 6 (c) depicts the
simulated gains for the various R4. The average gain was
>6.15 dBic (860-960 MHz) with the highest gain of
>6.25 dBic achieved at R4 of 80 mm. (with two “largest”
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leaf-shaped sections and “narrowest” gap between the leaf-
shaped and middle sections).

Truncation technique (stage#4). In the final stage, the
four corners of the middle section of the radiating plate were
truncated into arc shape with a radius (Res) of 20-35 mm to
shift the AR in order to reach the center frequency. The
amalgamation of the two small leaf-shaped and the large
middle sections subsequently formed the tennis ball-shaped
radiating plate of the proposed antenna. At stage#4, Rs was
varied between 20 and 35 mm, while G, ha, hy, dp, dm, R,
R2, R3, R4 and Rs were referred to the optimal values in
Table 1. Figure 7 (a) illustrates the simulated |S+1| and |S14|
BW relative to the resonant frequency for varying Rs (i.e.
20, 25, 30 and 35 mm). The simulated resonant frequencies
for Re of 20, 25, 30 and 35 mm were 896.6 MHz (BW of
13.45%), 916.8 MHz (13.51%), 910 MHz (13.89%) and
910.4 MHz (14.46%), respectively.
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Fig. 6. The simulation results by varying R, (stage#3): (a) S|,
(b) AR and (c) gain.

The simulated [S14] BW for all the Rg (i.e. 20—-35 mm)
indicated to cover the universal UHF RFID band.
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Figure 7 (b) shows the simulated 3-dB AR BW relative to
frequency for the various Rs. The simulated 3-dB AR BW for
Rs of 20, 25, 30 and 35 mm, respectively, were 11.2% of
BW (838.1-940 MHz), 11.26% (847.5-950 MHz), 12.31%
(853-965 MHz) and 12.7% (871.9-987.5 MHz). The findings
also revealed that it was only Re of 30 mm that the
simulated 3-dB AR BW covered the universal UHF RFID
band. Figure 7 (c) depicts the simulated gains for the
various Rs. The maximum simulated gains for Re of 20, 25,
30 and 35 mm, respectively, were 6.52 dBic at 900 MHz,
6.48 dBic at 910 MHz, 6.50 dBic at 900 MHz, and 6.5 dBic
at 900 MHz. The average simulated gain within the
universal UHF RFID band was approximately 6.33 dBic.
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Fig. 7. The simulation results by varying Rs (proposed antenna):
(a) |S1], (b) AR and (c) gain.

Simulation and experimental results

This section presents the comparisons between the
simulation outcomes of the proposed antenna and the
measured results of the prototype antenna. Fig. 8 illustrates
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the front, perspective and cross-sectional views of the
prototype antenna. Both the simulation and measured
results relative to frequency encompass the |S41| BWs, the
3-dB AR BWs, the gains and the radiation patterns in the
x-y and x-z planes. The comparison revealed a close
resemblance  between the simulaton and the
measurements, as shown in Figs. 9-11.
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w v
04
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I SRS .

Fig. 8. The proposed CP reader antenna for the universal UHF
RFID band: (a) front view, (b) perspective view, (c) cross-sectional
view.

The measurements were carried out using Agilent 8720
vector network analyzer. In Fig. 9 (a), the simulated and
measured |S11| were resonant at the frequency of 910 and
902.6 MHz, with the |S11| BW of 13.89% (845.8-972.2 MHz)
and 14.13% (837.6-966.2 MHz), respectively. The
measured antenna gain, AR and radiation patterns are
performed in the receiving mode in an anechoic chamber.
The measurement setup uses transmitting standard dipole
antenna with Anritsu MP-651B and the proposed antennas
were separated by a distance of the far-field region.
Mean-while, the boresight gain was measured based on the
Friis transmission formula that can be accomplished by
swept frequency. The simulated and measured AR at 860,
910 and 960 MHz of 2.79, 0.49 and 2.79 dB; and 2.54, 0.82
and 291 dB, respectively, while the simulated and
measured 3-dB AR BW were 12.31% (853-965 MHz) and
12.41% (850.6-963.5 MHz), as shown in Fig 9 (b).
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Fig. 9. The simulation and measurement results: (a) |S+|, (b) AR,
(c) gain.

Figure 9 (c) shows the simulated and measured gains at
the frequencies of 860, 910 and 960 MHz of 6.37, 6.48 and
6.00 dBic; and 6.44, 6.31 and 5.8 dBic, respectively. The
average simulated and measured gains within the universal
UHF RFID band were, respectively, 6.28 and 6.18 dBic.
Figure 10 illustrates the simulated and measured radiation
patterns at 860, 910 and 960 MHz in the x-z plane. The
simulated half-power beamwidths (HPBWSs) of the
co-polarization (left-hand circular polarization: LHCP) at
860, 910 and 960 MHz were 85.1°, 83.8° and 82.5°
respectively. The simulated cross-polarization (right-hand
circular polarization: RHCP) levels at 860, 910 and
960 MHz at the main lobe of the radiation pattern were
-16.1, -40 and -16.3 dB, respectively. The measured
HPBWSs of the co-polarization (LHCP) in the x-z plane at
860, 910 and 960 MHz were 84.1°, 83.6° and 82.5°, while
the measured cross-polarization (RHCP) levels at 860, 910
and 960 MHz were -15.15, -40.00 and -15.45 dB,
respectively.

Figure 11 depicts the simulated and measured radiation
patterns at 860, 910 and 960 MHz in the x-y plane. The

simulated half-power beamwidths (HPBWSs) of the
co-polarization (left-hand circular polarization: LHCP) at
860, 910 and 960 MHz were 84.4° 83.7° and 82.5°
respectively. The simulated cross-polarization (right-hand
circular polarization: RHCP) levels at 860, 910 and

960 MHz at the main lobe of the radiation pattern were
-16.11, -37.11 and -16.11 dB, respectively. The measured
HPBWSs of the co-polarization (LHCP) in the x-y plane at
860, 910 and 960 MHz were 84°, 83.5° and 82.5°, while the
measured cross-polarization (RHCP) levels at 860, 910 and
960.00 MHz were-16, -30 and -16.2 dB, respectively.

Simulated : Co-polarization
Simulated : Cross-polarization
== == Measured : Co-polarization
== = Measured : Cross-polarization

Fig. 10. The simulated and measured radiation patterns in the x-z
plane (a) 860 MHz (b) 910 MHz and (c) 960 MHz
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Simulated : Co-polarization
Simulated : Cross-polarization
== == Measured : Co-polarization
== == Measured : Cross-polarization

Fig. 11. The simulated and measured radiation patterns in the x-y
plane (a) 860 MHz (b) 910 MHz and (c) 960 MHz

Conclusion

This research has proposed the tennis ball-shaped
radiating plate integrated into the suspended-structure
antenna for generating the CP and unidirectional radiations
that cover the universal UHF RFID band. The proposed
antenna was of simple design and 165x165x42 mm in
dimensions. The experiments provided the relatively
satisfactory results with regard to |S¢4| BW and 3-dB AR BW
with the average gain of >6 dBic. The HPBWs of
co-polarization (LHCP) in the x-y and x-z planes were >80°.
Nevertheless, one shortcoming of the proposed antenna

was the cross-polarization (RHCP) of >-20 dB at 860 and
960 MHz in both planes.
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