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Abstract. Two reader antennas, which are designed using
the L-probe-fed suspended patch, are designed for the
UHF band. To generate circular polarization, the L-
shaped probe is modified by including an extra bend to
provide one more degree of tuning freedom to the reflec-
tion coefficient without affecting the axial-ratio perfor-
mance much. The proposed single-element reader antenna
is able to achieve a CP bandwidth of 5.5 % (890 MHz to
940 MHz) and a maximum antenna gain of 9.7 dBi. When
designed into a 2x2 array, the proposed reader antenna is
able to produce CP bandwidth of 5.3 % (910 MHz to
960 MHz) with an antenna gain of 14.7 dBi. The read
ranges of the proposed antenna and its array are 6.3 m
and 10.9 m, respectively.

Keywords

UHF reader antenna, L-probe-fed patch, circularly
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1. Introduction

Radio-frequency identification (RFID) is an emerging
technology that uses electromagnetic waves to extract
information stored in a tag placed on an object. It is able to
offer long reading range and multiple detections at the
same time. As of now, RFID has been successfully imple-
mented in property management, public transportation, and
livestock identification [1]. The frequency range of
860 MHz to 960 MHz, also known as the ultra-high fre-
quency (UHF) band, is of particular interest as the wireless
systems working in this frequency range is promising
a higher data transfer rate. The regulated UHF RFID spec-
trum is 902 MHz to 928 MHz for the United States,
919 MHz - 923 MHz for Malaysia, 952 MHz — 956.4 MHz
for Japan, and 866 MHz — 869 MHz for Europe and others.

It is very desirable for a UHF RFID reader antenna to
have wide bandwidth and good circular polarization (CP)
so that the tag will not be affected by its orientation. One of
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the most common ways to achieve circular polarization is
truncating the microstrip patch resonator. With the use of
a simple truncated square patch, the design in [2] is able to
achieve a 3-dB axial ratio (AR) bandwidth of 2.4%. Other
techniques are also combined with the truncated patch with
the aim of improving its AR bandwidth. Some of these
techniques include using meandered strips [3], [4], loading
slots into the patch [5], [6], and using stacked element [7,
8, 9]. In [9], a stacked patch antenna which consists of
a parasitic patch, a radiating patch, and a microstrip line is
proposed for wide impedance and AR bandwidths. Offset
can also be introduced to the orientation of the feeding
probe to generate two orthogonal electric fields that are 90°
out-of-phase. This technique is also used in [10—12], where
the excitation probe is displaced along the diagonal line
joining the two opposite corners of a patch radiator.

The application of the L-shaped probe for exciting
a linearly polarized patch antenna was first demonstrated
by Luk et al. in 1998 [13], achieving an impedance band-
width of 36%. Later, many researchers have successfully
deployed the L-shaped probe for designing various CP
antennas [14] and some of them are for the UHF RFID
purposes. In [15], an arc-shaped L probe was used to feed
a suspended circular patch with multiple slots to achieve
a CP bandwidth covering 800 MHz—1000 MHz. Although
this design has large bandwidth, involvement of multiple
slots may complicate the fabrication process. An L-shaped
probe was deployed for exciting two slot-loaded circular
patches in [16]. In this case, the two patches are stacked for
achieving a CP bandwidth of 14.2%. The only shortcoming
here is that it requires the use of double-layer structure,
which may increase the manufacturing costs. Radiating
patches in other shapes are incorporated with the L probe
for designing CP reader antennas in [17], [18]. A single-
layered triangular patch with a notch is presented in [17].
While in [18] a combination of the triangular and semicir-
cular patches is proposed for generating CP operation. The
impedance bandwidths of the two designs are 25.4% and
19.9%, respectively, and the corresponding CP bandwidths
are about 3.0% and 4.3%. The L-probe was also used to
design dual-polarized [19] and differential antennas [20].

ELECTROMAGNETICS
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In this paper, a novel and simple modified L-shaped
probe feed, which consists of three wire sections, is intro-
duced to excite an un-truncated rectangular patch for de-
signing reader antenna for the UHF band in Malaysia. By
using the newly modified L-probe-fed patch as the unit
element, a 2 x 2 array antenna is also designed to achieve
a higher antenna gain. For the antenna array, a Wilkinson
power divider is used for splitting the input power into four
channels for feeding the L-probe-fed patches. Both the
single-element antenna and antenna array are simulated
using the CST Microwave Studio. Prototypes were built
and the measured results were compared with the simulated
results. Detailed parametric analysis has been conducted to
investigate the performance of the proposed antenna.

2. Antenna and Array Configurations

The configuration of the single-element L-probe-fed
patch antenna is discussed first. It consists of three parts:
ground plane, folded L-shaped probe, and radiating patch,
as shown in Fig. 1. Both of the ground plane (G,, G,) and
the radiating patch (W, L) are made up of rectangular alu-
minum plates, while the probe is built using a copper wire
with radius r|. Here, the excitation probe is modified from
the conventional L-probe by folding an extra bend. With
reference to Fig. 1, the feeding probe consists of 3 wire
sections: the vertical wire section with length of L, is
pointing in the z direction, the horizontal wire section with
length Ly, is directing in the y direction, and the intercon-
necting wire with length Ly is in the x direction. The L-
shaped probe is excited using an SMA connecter, which is
bolted to the ground plane with an offset of (Ax, Ay) along
the diagonal line joining the two opposite vertices. Such
offset is essential for generating circular polarization. The
radiating patch is positioned at a height H from the ground
plane using foams (& ~1). The optimized parameter values
are shown in Tab. 1, and the prototype of the optimized
antenna is shown in Fig. 2.

Next, a 2 x 2 antenna array is designed using the sin-
gle-element antenna. It consists of a Wilkinson power
divider printed on a FR-4 substrate with thickness of
1.5 mm, with a copper ground plane underneath the sub-
strate. The four L-probes and the patches are placed on top
of the power dividing network as shown in Fig. 3. The
power dividing network is made up of multiple 50-Q (with
line width of 2.87 mm) and 70.7-Q (with line width of
1.51 mm) strip lines, as well as a few matching resistors, so
that good impedance matching can be achieved in all the
five ports. An SMA connector is soldered to the 50 Q strip
line, which has a small section of matching stub (24 mm)
as input port.

When expanded into array, the length (L) of the
patches is slightly changed to 108 mm for achieving better
performance in impedance matching and CP bandwidth.
Figure 4 is a photograph showing the profile view of the
fabricated 2 x 2 antenna prototype for the UHF reader.
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Tab. 1. Optimized parametric values for the single-element

L-probe-fed patch antenna (in mm).
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Fig. 3. Configuration of the 2 x 2 antenna array.
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Fig. 4. Profile view of the fabricated 2x2 array prototype.

3. Results and Discussion

The reflection coefficient is measured using an
R&S® ZVB8 Vector Network Analyzer (VNA), and the
read range of the proposed antenna is measured by con-
necting the antenna to a commercially available UHF
reader Mi-1801B, where the power of the reader is set to
be 30 dBm. For assessing the read range of the reader an-
tenna, an RAPITA® UHF RFID tag is stuck on a piece of
foam block secured on a stand as depicted in Fig. 5.

Figure 6(a) shows the simulated and measured reflec-
tion coefficients of the proposed single-element antenna. In
general, the measured result is in good agreement with the
simulated one. From the measured reflection curves, it can
be seen that there are two resonance dips, one at 800 MHz
(simulation: 800 MHz) and the other one at 880 MHz
(simulation: 905 MHz). The prototype has achieved
ameasured impedance bandwidth from 760 MHz to
990 MHz (26.3%), which is slightly smaller than the sim-
ulated one of 760 MHz to 1050 MHz (31.9%). In the axial
ratio measurement, the proposed antenna is set up as the
transmitting antenna while an R&S®HE300CE Active
Directional Antenna is deployed as the receiving antenna
in the far-field region. The power received by the direc-
tional antenna is measured at two orthogonal orientations
with respect to the transmitting antenna, and the corre-
sponding axial ratio is then derived by taking the differ-
ences between the two received powers. Figure 6(b) shows
the simulated and measured axial ratios of the proposed
antenna. The proposed single-element antenna is able to
achieve a 3-dB AR bandwidth of 5.5% (890 MHz to
940 MHz) and the lowest axial ratio occurs at 910 MHz
with a magnitude of 1.6 dB. Obviously, the CP operation
of this antenna is limited by its AR performance. For this
case, the frequency range is sufficient to cover the UHF
RFID bandwidth (919 MHz-923 MHz) of Malaysia. The
electric field distributions of the single-element L-probe-
fed patch antenna are shown in Fig. 7. Electric fields in the
cavity region between the patch and its ground show that
the displacement of the L-probe at this location has enabled
the excitation of the degenerate TM*y;, modes at 800 MHz
(shown in Fig. 7(a)) and 905 MHz (shown in Fig. 7(b)),
respectively. The combination of the two modes has made
the CP operation possible in this case.

The antenna gain and radiation patterns of the single-
element antenna are then measured. With reference to

Fig. 5. Experimental setup for measuring the read range of the
reader antenna.
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(a) 800 MHz, (b) 905 MHz.



1036 K. S. CHENG, E.-H. LIM, Y.-N. PHUA, CIRCULARLY POLARIZED SUSPENDED PATCH ANTENNA FED BY MODIFIED L-PROBE

=
=
< 6 -
— 54 g .§
— ~ Q
S % £
= {4 § 3
‘s 04 ~ ]
&} el =
S 2 -161 \
-5 2 2 ] 'y
;2 201 \\’ — Measured
0 180°4— ¢ p—0° o 221 : : : . .
100 80 60 40 20 0 20 40 60 80 100 700 800 900 1000 1100 1200
Elevation Angle (°) Frequency (MHz)
(a) @
-8 94
74 — — Measured
46 —_ a\ N
3 g S 6
S ) S
g 14 § 2
= o~ = 44
&} - 3]
< X 3
gz <
42 24
L-_. . 1
ol 180°e—¢ p—=0_ 1, 0 ; ; , , ,
100 80 60 40 20 0 20 40 60 80 100 860 880 900 920 %40 960
Elevation Angle (°) Frequency (MHz)
) (b
Fig. 8. Simulated radiation pattern and measured read range in Fig. 9. SimUIf“ted a‘nd measured (a) reflection coefficients and
the (a) x-z plane and (b) y-z plane, at 920 MHz. (b) axial ratios of the proposed antenna array.
Figs. 8(a) and (b), the simulated antenna gains and the 207 1"
measured read ranges of the proposed single-element an- 10
tenna are presented at 920 MHz in the x-z and y-z planes as =
a function of elevation angle 6, respectively. The simulated = S E
peak gain is 9.7 dBi with a broadside radiation pattern. It @ 6 ED
corresponds to a read range of 6.3 m. Both of the antenna = &
gain and read range decrease as the elevation angle is in- © 43
creased (both x-z and y-z planes). At 90° and —90°, the read 2 &
range is 1.3 m.
. . . o o 10
Figure 9(a) depicts the simulated and measured re- 180°+—¢ ¢ —=0
flection coefficients for the proposed 2 x 2 antenna array. 10080 60 40 20 0 20 40 60 50 100
The simulated result shows that the impedance bandwidth Ele"a“‘(’n)Angle( )
ranges from 890 MHz to 960 MHz and it is limited by the :
frequency response of the Wilkinson power divider. Fig- 207 112
ure 9(b) shows the simulated and measured axial ratios of 110
the proposed antenna. As can be seen, the measured 3-dB
AR bandwidth is 5.4%, covering the frequency range of ~ 18 g
910 MHz-960 MHz, showing reasonable agreement with % le &
the simulated results (5.35%, 895 MHz-945 MHz). The E é
discrepancy in resonance frequency can be due to manu- © 14 3
. . . 3
facturing tolerances. Figures 10(a) and (b) show the simu- , ~
lated antenna gain and measured read range of the pro- 104 .
osed antenna array in the x-z plane and y-z plane at 1
920 MHy. The simulated peak gain is in the boresight (69— e p  p—e 0t |’
0°) di z. 1he simulated peak gain 1s in fel40;e31§, 'i“h'_ 100 80 60 40 20 0 20 40 60 80 100
) direction, giving a maximum gain o . i. This Elevation Angle (°)

trend is reflected in the measured read range, which max- (b)

1m1;es at.lQ.9 m m. this direction. The read range decreases Fig. 10. Simulated antenna gain and measured read range in the
until a minimum distance of about 1 m at = 35° (both x-z (a) x-z plane and (b) y-z plane of the 2 x 2 antenna at
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The proposed single-element antenna (with bend and
offset) is first compared to a similar suspended patch
antenna centrally fed by a traditional L-probe which does
not have any bend. Simulations show that only the modi-
fied L-probe with an offset is able to achieve circular po-
larization but not for the centrally fed probe. Then, the
traditional L-probe is simply offset to the same excitation
location (Ax, Ay) like that for the proposed antenna. In this
case, the antenna performances such as reflection coeffi-
cients, ARs and gains for the cases with and without a bend
are almost similar. This holds for both the single-element
and array. It will be shown in the parametric analysis that
the extra bend introduced in the probe gives one more
degree of freedom for tuning the impedance matching of
the antennas.

4. Parametric Analysis

In order to gain further insight into the design param-
eters of the proposed single-element antenna, a detailed
parametric analysis has been performed to visualize their
effects on the reflection coefficient and axial ratio. First,
the length of the patch, / is studied. Figure 11(a) shows the
reflection coefficients for three different lengths (/=
100 mm, 110 mm and 120 mm). The first resonant dip at
800 MHz is not affected by the change in /. However, the
following resonant dip has shifted to a higher frequency
when the length is increased. At /=120 mm, the second
resonance dip shifts to 960 MHz with a good matching
level of —36 dB. Figure 11(b) shows the effects of the
length on the axial ratio. For the patch length of 120 mm,
the antenna doesn’t have good CP characteristics as its
axial ratio is greater than 3-dB across the entire UHF fre-
quency range. As for /=100 mm, the trend shows that it
may have the possibility of exhibiting CP at a higher fre-
quency, but since the purpose is to use the antenna as
a UHF RFID reader, the result in this frequency range will
not be discussed further.

Next, the width of the patch w is varied and the
effects are investigated. Figure 12(a) shows the reflection
coefficients for different values of w. When w is increased,
both of the resonances shift to lower frequencies. For w =
129 mm, the passband is 800 MHz-1080 MHz. For w=
149 mm, the impedance bandwidth has reduced to the
range of 737 MHz-810 MHz, which is out of the UHF
range. The similar trend is also seen in the axial ratio, as
shown in Fig. 12(b). As w increases, the operational CP
bandwidth shifts to lower frequencies. For the case of w =
129 mm, no AR bandwidth is available within the range of
interest. While for 149 mm, the AR bandwidth is covering
890 MHz-935 MHz, which corresponds to 4.9% of band-
width.

Effects of the height of the patch on the reflection co-
efficient and axial ratio are studied as well. Figure 13(a)
shows how the reflection coefficient is changing with dif-
ferent heights (H = 20 mm, 30 mm and 40 mm). The height
of the patch relative to the ground plane is a crucial param-
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Fig. 13.

eter as only slight difference of 10 mm can totally detune
the antenna performance. Even though the two resonant
dips are still visible, their reflection magnitude jeopardizes
as H is changed from the dominant value. As can be seen
in Fig. 13(b), the AR bandwidth shifts lower as the height
is increased. When the height of the patch is made 20 mm,
the axial ratio performance deteriorates, making it not
suitable for RFID usage. At H =40 mm, a small working
CP range of 8§70 MHz-905 MHz is observed. However,
when the reflection coefficient is taken into consideration,
this configuration is not a viable one.

Now the parameters related to the modified L-shaped
probe are investigated. First, the vertical length of the
probe L, is varied from 20 mm to 30 mm with 5 mm in-
crement. As can be seen from Fig. 14(a), L, is another
parameter that has significant effect on the reflection char-
acteristics. A small change of 5 mm can worsen the per-
formance of the antenna by a lot. For L,= 20 mm, there is
still a resonance dip with magnitude smaller than —10 dB at
1000 MHz, but the magnitude is only around —11 dB.
When L, is increased to the proposed length of 25 mm,
avery good resonance with large bandwidth can be
achieved. However, slight increase of 5 mm to 30 mm can
completely get the resonance detuned. The effects of the
axial ratio are shown in Fig. 14(b). Varying L, does not
have significant effect on the axial ratio. Thus, L, is
an important parameter to tune the impedance matching
without affecting the axial ratio much.
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Fig. 14. Effects of the vertical length of the probe L, on the

(a) reflection coefficient and (b) axial ratio of the
proposed single-element antenna.

Subsequently, the effects of the wire section Ly, are
studied for three different lengths (2.5 mm, 5.0 mm and
7.5 mm). The results are shown in Figs. 15(a) and (b).
Changing Ly, does not affect the resonant frequency of the
lower resonance, but the magnitude can be significantly
affected. As can be seen from Fig. 15(a), the magnitudes
for the three different lengths are —15dB, —20 dB and
—29 dB, respectively. When Ly, is increased, the impedance
matching level of the two resonances improves. As for the
higher resonance dip, both the resonant frequency and the
magnitude are affected by the change in Ly;. It can be seen
from Fig. 15(a) that increasing Ly; causes the resonance to
shift to lower frequencies. On the other hand, the AR pass-
band is not affected by L;; much, as shown in Fig. 15(b).
One noticeable difference is that better axial ratio
(~0.5 dB) is achievable at 920 MHz when Ly, is 7.5 mm.
Finally, the wire section Ly, is varied from 40 mm to
60 mm, and the effects on the reflection response are stud-
ied in Fig. 16(a). Again, both of the resonances fluctuate
when Ly, is varied. The axial ratio performance is not
affected much by any change in Ly, in this range.

Comparison between the proposed antenna and some
of the traditional L-probe-fed reader antennas is shown in
Tab. 2. The impedance bandwidth and the maximum gain
achieved by the proposed antenna is the largest among the
rest, whereby the larger gain can be associated with larger
ground plane. However in terms of the AR bandwidth, this
work shows a greater bandwidth when compared to [22]
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Tab. 2. Comparison between the proposed antenna and some
of the traditional L-probe-fed patch antennas.

but not [15], [16] and [21]. Even though this work has
a smaller AR bandwidth, the advantage can be seen in
terms of the simple design. In [15] and [16], the antenna
configurations require multiple slots in the radiating patch,
in addition to needing multiple stacked elements to achieve
the desired characteristics. The monopole structure in [21]
has very low antenna gain. The proposed antenna is simple
and cost-effective as it only involves one ground plane, one
probe, and one rectangular radiating patch without needing
additional slots and stacking elements to achieve high
antenna gain.

5. Conclusion

A modified L-shaped probe is explored as the feeder
of the suspended rectangular patch for designing a circu-
larly polarized UHF reader antenna. Here, the feeding
probe is comprised by an L-shaped probe which has
an extra bend section, and the probe is placed along the
diagonal line of the rectangular patch for generating
degenerate modes. The bend has provided one more degree
of tuning freedom to the reflection coefficient without
affecting the AR performance much. The proposed single-
element reader antenna and its array are able to generate
AR bandwidth of 5.5% and 5.3%, respectively. Testing on
the RAPITA® UHF RFID tag with a power of 30 dBm, the
proposed reader antenna has achieved a maximum read
range of 6.3 m and the 2 x 2 array is able to reach 10.9 m
in open space. Both of the proposed antennas can be used
by the UHF readers in Malaysia. Good agreement has been
found between the simulated and measured results.
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