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Abstract

In this paper, a compact circularly polarized quadrifilar antenna with planar inverted-F
antenna (PIFA) elements is presented. The proposed antenna consists of four PIFA elements
and a Wilkinson divider-based feed network fabricated on FR-4 substrate (g,=4.4, loss
tangent = 0.02, thickness = 1.6 mm). The total size of the antenna is 120 x 120 x 13.2 mm°.
Impedance matching with a reflection coefficient <—15dB and an axial ratio (AR) <3 dB
are achieved over the global ultra-high frequency (UHF) radio frequency identification
(RFID) frequency band and beyond. The realized gain ranges from 2.25 to 3.75 dBic within
the frequency band of interest from 860 to 960 MHz with a directional radiation pattern.
The proposed antenna is compact, low-cost and extremely wideband in terms of matching
and AR compared to state-of-the-art UHF RFID reader antennas.

Introduction

Radio frequency identification (RFID) has widely been used to identify various kinds of
objects with RFID tags attached to them [1]. The tags receive RF power transmitted by
the reader to power up their internal circuits which send the data back to the reader by
means of backscattering. Considering the size of system components, reader antennas are
relatively large, and thus difficult to be integrated into the working environment in terms
of installation efforts and aesthetic. Therefore, a compact design of reader antennas with
a low profile is of great interest. Besides, most of the reader antennas are desired to be cir-
cularly polarized in order to cope with the orientation diversity of the tags [2]. In some cases,
a specific radiation pattern is also necessary in order to define the tag-detectable areas or
directions. Another important requirement for the reader antenna is the bandwidth regard-
ing impedance matching and axial ratio (AR) to ensure secured communication with the
tags. Since the assigned frequency band of the ultra-high frequency (UHF) RFID varies
by global regions, a wideband reader antenna covering UHF RFID global bands is advanta-
geous for the manufacturers and system integrators since the product variety can be mini-
mized. Consequently, production and system maintenance can be simplified. According
to GS1 - the organization which manages global standards for business communication -
the global UHF RFID frequency band is allocated within 860-960 MHz [3]. In European
countries, the 866.6 MHz band with a 2 MHz bandwidth is common. For the USA, the
915 MHz band and a bandwidth of 26 MHz are assigned. As the examples of Asian coun-
tries, China allocates the 922.5 MHz band and 4 MHz bandwidth for RFID, whereas for
Thailand, the frequency band for UHF RFID is at 922.5 MHz with a 5 MHz bandwidth.
Thus, most UHF RFID reader antennas in the literature were designed to cover the resonant
frequency band from 860 to 960 MHz. If all requirements regarding bandwidth, polarization,
radiation pattern, and compact size must be fulfilled, designing the reader antenna is a very
challenging task [4].

State-of-the-art circularly polarized UHF RFID reader antennas in the literature fall into
two categories, truncated patch or annular ring antennas [5-9] and quadrifilar antennas
[10-15]. Truncated patch antennas generate circular polarization by truncation of the
square patch’s corners in one of the diagonals. Whereas the antenna from [5] utilized multiple
probe feeds at different positions for the 90° phase shift to enhance the AR bandwidth, [6] and
[7] feature meander line feeds to enhance the impedance bandwidth with a simpler feed
structure. In contrast to [7], the antennas from [5, 6] comprise an additional parasitic patch
to enhance the bandwidth. The parasitic patch must also be truncated and mounted over a

https://doi.org/10.1017/51759078720000276 Published online by Cambridge University Press


https://www.cambridge.org/mrf
https://doi.org/10.1017/S1759078720000276
https://doi.org/10.1017/S1759078720000276
mailto:suramate.c.ce@tggs-bangkok.org
https://orcid.org/0000-0002-7600-2518
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S1759078720000276&domain=pdf
https://doi.org/10.1017/S1759078720000276

International Journal of Microwave and Wireless Technologies

certain air gap on top of the main radiator. This design can fulfill
bandwidth requirements in terms of impedance matching and
AR at the cost of structural complexity. The high gain of more
than 8 dBic of these antennas was realized at the cost of a rela-
tively large reflector area (250 x 250 mm?®). With the need for
multiple layers and air substrates, the overall volume of these
antennas is relatively large. In general, the transmitted power of
RFID readers can be set by the reader’s control software. In
case of such high gain antennas, the reader’s power must be
reduced to be in compliance with the limited effective isotropic
radiated power or effective isotropic radiated power values
according to Federal Communication Commission (FCC),
European Telecommunications Standards Institute (ETSI), or
other regulations.

The antenna from [8] with low profile applied an annular ring
structure instead of a truncated patch. Despite the adoption of a
stacked parasitic element to improve the impedance and AR
bandwidth, the antenna could not cover the global UHF RFID fre-
quency band. Moreover, the ground plane of this antenna was
relatively large with the area of 250 x 250 mm? Compared to
[5] and [6], the truncated patch antenna from [9] placed the
bandwidth-enhancing parasitic element on the same layer with
the main patch. The bandwidth and gain of this antenna are
impressive at the cost of a typical large ground plane. If lower
antenna gain is acceptable, the size of the antenna can be reduced.
In the case of wideband UHF RFID reader antenna with unidir-
ectional pattern, quadrifilar antennas with four radiator elements
and a feed network have been reported in the literature [10-15].
The feed network divides the input power equally before feeding
to each radiator element with a sequential 90° phase shift to gen-
erate the circular polarization. Contrary to the truncated patch or
ring with a large reflector, quadrifilar antennas use a common
ground plane of the inverted-F elements and the power-splitting
feed network to enable a directional radiation pattern. This design
concept features a compact size, a low profile, and a large imped-
ance bandwidth. Among state-of-the-art UHF RFID quadrifilar
antennas, the design from [10] and [14] provide the largest
impedance and AR bandwidth which can cover the global UHF
RFID frequency band. The peak gain of [9] is observed at 915
MHz with 2.6 dBic, whereas at the lower and upper band limits
of 860 and 960 MHz, the gain is drastically decreased to —4.4
and —1.8dBic, respectively. In comparison, the designs from
[11-13] and [15] provide smaller bandwidths, especially regard-
ing the AR which are not sufficient to cover the global UHF
RFID band.

In order to stabilize the gain while fulfilling other requirements
including impedance matching and AR over the global UHF
RFID band, this paper presents a compact circularly polarized
quadrifilar antenna based on a phase-shifting feed network and
four planar inverted-F antenna (PIFA) elements. The proposed
antenna including the PIFA and all feeding elements have been
made from a low-cost FR-4 substrate (g,=4.4, loss tangent =
0.02, thickness = 1.6 mm). The PIFA elements can easily be con-
structed by cutting the FR4 sheet to different patterns before
assembling all the parts together. The feed network, also fabri-
cated on an FR4 substrate, comprises a two-stage Wilkinson
power divider and delay lines of different lengths to create
the phase shift. The overall size of the antenna is 120 x 120 x
13.2 mm” with a peak gain of 3.75 dBic and a directional radiation
pattern. The proposed design offers excellent impedance and
AR bandwidth covering the global UHF RFID band. The gain
variation over the entire bandwidth of 1dB is lower than
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Fig. 1. Configuration of the proposed antenna.

state-of-the-art quadrifilar antenna for RFID readers reported in
the literature.

Antenna design and fabrication

The proposed design is shown in Fig. 1 consisting of four radia-
tors and a feed network fabricated using an FR-4 substrate. In
contrast to quadrifilar antennas for UHF RFID readers based
on inverted-F elements reported in the literature, the proposed
antenna adopts the PIFA structure (https:/en.wikipedia.org/
wiki/Inverted-F_antenna) as the radiators in order to enhance
the bandwidth. The PIFA elements consist of the main radiating
plate with the dimensions 25 x 65 x 1.6 mm®, a shorting plate with
the size of 8 x 11.6 x 1.6 mm” and the feeding plate with the size
of 3x11.6 x 1.6 mm”. The PIFA elements were made by cutting
the main radiators, the shorting and the feeding plates from an
FR4 printed circuit board (PCB) with a single copper layer to
the sizes as aforementioned.

Then, these elements were assembled together to construct the
radiator as shown in Fig. 2. The feed network is a microstrip two-
stage Wilkinson divider fabricated on an FR4 PCB with the
dimensions of 120 x 120 x 1.6 mm® (see Fig. 3). Each output
port of the feed network was designed to provide the same signal
power with a sequential phase shift of 0°, 90°, 180°, and 270°. The
phase shifts were realized by different lengths of the delay lines at
the output ports of the divider. The PIFA radiators were then
assembled to the microstrip feed network by soldering their
feed points to the outputs of the divider. The PIFA radiators

Fig. 2. Geometry of the PIFA radiator element.


https://en.wikipedia.org/wiki/Inverted-F_antenna
https://en.wikipedia.org/wiki/Inverted-F_antenna
https://en.wikipedia.org/wiki/Inverted-F_antenna
https://doi.org/10.1017/S1759078720000276

1022

3mm  — -

1.6mm 120mm

R7.5mm

R5.9mm | Port 5 '

rt 1 11

_Igd—b— 50mm
- 120mm ——

Fig. 3. Feed network comprising two-stage Wilkinson power divider and delay lines
with geometric parameters.

are located ca. 10 mm above the feed network so that the overall
size of the antenna is 120 x 120 x 13.2 mm’. The total height of
13.2mm results from the distance between the feed network
and the radiator plus two times of the PCB thickness of 1.6
mm. The input of the divider is the main feed point of the pro-
posed antenna. This feed point is constructed using a 50 Q
SMA connector soldered to the signal path and the ground at
the backside of the circuit board.

All geometrical parameters of the proposed antenna have been
studied and optimized using Ansys HFSS. The radiators were ori-
ginally designed to resonate at the center frequency of 900 MHz.
By optimizing the widths of the radiator and the shorting plate as
well as the feed position of the PIFA radiator, the gain and the
impedance bandwidth have been optimized for the best perform-
ance. For the entire antenna including the PIFA elements and the
feed network, the AR bandwidth was optimized while maintain-
ing the gain and the impedance bandwidth. To achieve the circu-
lar polarization, equal power distribution and a sequential 90°
phase shift among the radiator elements must be ensured.

Figures 4 and 5 show the simulation results of the power dis-
tribution and the phases of the output signals of the feed network,
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Fig. 4. Simulated S-parameters of the Wilkinson power divider.
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Fig. 5. Simulated phase change over the frequency of the feed network’s output
signals.

respectively. The input of the feed network is defined as port 1
whereas ports 2-5 are the output ports. Figure 4 shows the
Wilkinson divider with two 100 Q balancing impedances. The
power distribution among the ports shows a variation around
1.5dB within the bandwidth of interest. The input matching is
ensured with a reflection coefficient lower than —20 dB over the
required bandwidth. Figure 5 confirms the 90° phase difference
among the four output ports feeding to the PIFA radiators at
900 MHz. The phase difference is decreased as the frequency is
decreased and increased as the frequency is increased due to the
change of the delay lines’ electrical lengths. However, within the
required frequency band, this change is relatively small so that
the circular polarization can still be achieved. After the overall
optimization, the proposed antenna was fabricated. A photograph
of the proposed antenna is shown in Fig. 6. The top layer of the

Fig. 6. Photograph of the antenna prototype.
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Fig. 7. Surface current at 860 MHz with the input signal’s phase: (a) 0° and (b) 90°.
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Fig. 8. Surface current at 960 MHz with the input signal’s phase: (a) 0° and (b) 90°.

radiators is an FR4 layer, whereas the copper layer is on the radia-
tor’s backside to simplify the soldering and construction.

Results and discussions

After the design and optimization of the PIFA elements and the
feed network, the overall antenna structure was again simulated.
The surface current on the PIFA elements with the input signal’s
phase of 0° and 90° is shown in Figs 7(a) and 7(b), respectively,
for the lower band of 860 MHz. It can be observed that the
PIFA elements 2 and 4 (see Fig. 1) are active with 0°, whereas
the elements 1 and 2 are active with 90°. At the upper band of
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Fig. 9. Input reflection coefficient of the proposed antenna.
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Fig. 10. Simulated and measured gain of the proposed antenna.

960 MHz, the elements 1, 2, and 4 are active with 0° as shown
in Fig. 8(a). As the phase is changed to 90°, the surface current
pattern is rotated so that the elements 1, 2, and 3 are active as
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Fig. 11. Axial ratio of the proposed antenna.

Fig. 12. Measurement of the proposed antenna in an anechoic chamber.
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Fig. 15. Measured AR of the proposed antenna as a function of the azimuth angle at
900 MHz.

shown in Fig. 8(b). The simulated surface current confirms that
the circular polarization is ensured for the entire bandwidth
from 860 to 960 MHz. The input reflection coefficient of the
antenna’s external SMA port is shown in Fig. 9. Despite discrep-
ancies of the simulated and measurement results which have
probably been caused by the fabrication inaccuracy, the matching
is excellent with a reflection coefficient lower than —15dB over
the entire bandwidth. The simulated and measured gain is plotted
in Fig. 10. Similar to the reflection coefficient, simulated and
measurement results show some differences. However, the meas-
urement shows that the fabricated antenna can provide a max-
imum gain of 3.75dB with a gain variation over the bandwidth
of 1 dB. Regarding the AR, the simulation shows an in-band max-
imum AR of 1.4dB at the upper and lower bands, whereas the
measurement shows an AR of lower than 1dB over the entire
bandwidth (see Fig. 11).

The antenna prototype was measured in an anechoic chamber
(see Fig. 12). The measured radiation patterns are shown in
Fig. 13 for the x-z plane and Fig. 14 for the y-z plane at 860,
900, and 960 MHz, respectively. The differences between the
simulated and the measured radiation patterns could originate
from the effect of the antenna fixture mounted on the anechoic
chamber’s turn table. The antenna provides a directional radiation
pattern according to the design goal. The measured AR over the
azimuth angle at 900 MHz is shown in Fig. 15 with a 3dB AR
beamwidth of 130.6° for the x-z plane and 95° for the y-z plane.
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Fig. 16. Reflection coefficient of the PIFA element with a variation of the element’s
width.

Table 1 shows a comparison of the proposed antenna’s per-
formance with related works from the literature. The proposed
antenna offers a good combination of relatively compact size, sim-
ple fabrication, relatively high gain, and very large impedance
matching as well as AR bandwidth with a directional pattern.
The gain variation over a bandwidth of 1 dB provided by the pro-
posed antenna is the lowest compared to state-of-the art quadri-
filar antennas from [10-15]. In the last column, the relative size
of each antenna is provided. This is calculated by dividing the lar-
gest dimension a of each antenna by the wavelength A at the cen-
ter frequency of the antenna. Compared to the antenna from [14]
with a comparable gain, our proposed antenna is slightly larger
whereas the bandwidth and gain flatness are greater. Compared
to a conventional directional RFID reader antenna with a 250 x
250 mm? reflector from [5, 6, 8], the antenna area can be reduced
by a factor of 1 - (120 x 120)/(250 x 250) or 77% in our case.

Parameter studies

In this section, parameter studies are shown with detailed infor-
mation about the effects on S-parameters and gain caused by
the variation of geometrical parameters of the PIFA elements.
The studies include the variation of width, length, and height as
well as width of the shorting plate and its distance to the PIFA
feed point. Figure 16 shows the input reflection coefficient at

Table 1. Comparison of UHF RFID reader antennas from the literature with the proposed antenna

Center frequency BW AR-BW Gain Gain variation Relative max.
Related works (MHz) (MHz) (MHz) (dBic) within BW (dB) Size (mm?3) dimension a/A
[10] 910 >200 >100 2.6 7 60 x 60 x 10 0.26
[11] 915 250 50 2.5 0.6 60 %60 x 17 0.26
[12] 915 220 >30 2.5 1.7 60 x60x9 0.26
[13] 915 150 >30 3.5 0.4 80x80x11.2 0.34
[14] 900 328 165 3.1 3 95x100 x 13.6 0.41
[15] 930 414 80 0.06 4 50 x50 x 0.5 0.22
Proposed 900 550 >250 3.32 1 120x120x13.2 0.51
antenna
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Frequency (GHz)

Fig. 17. Total gain of the antenna with a variation of the radiator element’s width.

the feed port of the radiator element 1 (see Fig. 1) as the width of
the PIFA element was varied from 25 to 29 mm whereas the
length was fixed at 65 mm. It is obvious that with the increasing
width of the PIFA elements, the resonant frequency is decreased.
The input reflection coefficients of the radiator elements 2-4 are
not shown to limit the length of the paper. However, a similar
trend was observed compared to the radiator element 1. By feed-
ing all radiator elements with the sequential 90° phase shift and
the same signal power, the total gain is shown in Fig. 17 with the
effect of the element’s width on the total gain of the antenna. The
gain is stable and optimized over the entire bandwidth with
the width of 25 mm. Then, the width was fixed at 25 mm, whereas
the length of the PIFA elements was varied. The effects of this
variation on the input reflection coefficient and the gain are
shown in Figs 18 and 19, respectively. As expected, the resonant
frequency is decreased with the increasing length of the element.
According to the simulation results in Fig. 19, the optimal length
of the element is 65 mm considering the gain flatness over the
bandwidth.

The next parameter study is related to the distance of the PIFA
element above the circuit board of the feed network. The PIFA ele-
ment’s width and length were fixed to 25 and 65 mm, respectively. If
the distance is small, the antenna is low profile. However, it is shown
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Fig. 18. Reflection coefficient of the PIFA element with a variation of the element’s
length.
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Fig. 19. Total gain of the antenna with a variation of the radiator element’s length.
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Fig. 21. Total gain of the antenna with a variation of the element’s height above the
feed network’s PCB.
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Fig. 22. The effect of the shorting plate’s width on the reflection coefficient of the
PIFA element.
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Fig. 23. The effect of the shorting plate’s width on the total gain of the antenna.

in Fig. 20 that the impedance matching is degraded as the PIFA
element is located near to the PCB of the feed network.
Considering the gain flatness over the bandwidth, the optimal height

Required
0 bandwidth

Reflection coefficient (dB)

18 mm

06 0.7 0.8 0.9 1.0 1.1 1.2
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Fig. 24. Effect of the distance between the feed and shorting plate of the PIFA radi-
ator on the input reflection coefficient.
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radiator on the antenna’s total gain.

of the element above the feed network is 10 mm as depicted in
Fig. 21 with an excellent impedance matching shown in Fig. 20.

Another important feature of the PIFA element is the shorting
pin or plate which provides degrees of freedom for the optimization
of matching over the bandwidth. Figures 22 and 23 show the effects
of the shorting plate’s width on the input reflection coefficient and
the total gain of the antenna, respectively. It is obvious that the
width of the shorting plate does not have a significant effect on
the antenna gain. However, the optimal width of 8 mm provides
the best matching over the bandwidth of interest. The impedance
matching depends strongly on the distance between the feeding
element and the shorting plate of the PIFA radiator as shown in
Fig. 24. The resonant frequency is increased as the distance between
the feed and the shorting plate is increased. The optimal distance is
15 mm regarding the matching of each PIFA element and the total
antenna gain as depicted in Fig. 25. Compared to others, this par-
ameter is the most sensitive one regarding the effect on impedance
matching and the antenna gain.

Conclusion

In this paper, a compact wideband circularly polarized directional
quadrifilar antenna for UHF RFID readers has been presented.
The proposed design is based on PIFA radiators constructed using
different parts cut out from an FR-4 PCB. The feed network is a two-
stage Wilkinson power divider with delay lines required for the phase
shifts to realize the circular polarization. Simulation and measure-
ment results showed that the proposed design could achieve a reflec-
tion coefficient <—15 dB over the global UHF RFID frequency band
from 860 to 960 MHz. The maximum antenna gain is 3.75 dBic with
1 dB gain variation over the required bandwidth. The AR <—1dB
was realized over the UHF RFID global band. Simulation and meas-
urement results show a good agreement. With a good combination
of impedance and AR bandwidth, gain, gain flatness, directional pat-
tern, and simple fabrication, the proposed antenna is a good candi-
date for UHF RFID applications. The size of the proposed antenna is
slightly larger than the one from a previous work with a comparable
gain. However, the bandwidth and the gain flatness over the band-
width are greater. Compared to a conventional directional UHF
RFID reader antenna with a 250 x 250 mm” reflector, our antenna
is still considered compact with an area reduction of 77%.
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