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ABSTRACT In this paper, the size reduction of a dual-band circularly polarized (CP) Y-shaped dielectric
resonator antenna (YDRA) is performed. Unlike the conventional CP DRAs, the circular polarization in
the YDRA is achieved by the combination of linearly varying E-fields in the two arms of unequal length.
Therefore, a PEC boundary condition based technique is applied to the long arm of the dielectric resonator
(DR). As aresult, a 33.18% reduction in the size is achieved after the optimization of the DR for the required
frequency bands. A sample of the proposed design is fabricated to perform measurements. From the results,
the antenna obtains a wide impedance bandwidth for |S11| < —10 dB of 53.5% (2.3-3.98 GHz), 3 dB axial
ratios bandwidths (ARBWs) of 4.08% (2.4-2.50 GHz) and 10.91% (3.38-3.77 GHz) with respective peak
gains of 4.83 dBic and 4.81 dBic. The attained 3 dB ARBWs entirely cover the WLAN 2.4 GHz and WiMAX
3.5 GHz frequency bands.

INDEX TERMS Circular polarization, dielectric resonator antenna (DRA), miniaturization, PEC boundary.

I. INTRODUCTION
In early 1983, Long et al. pioneered the field of ceramic
antennas after studying the resonant modes, radiation charac-
teristics and excitation of modes in the cylindrical dielectric
resonator (CDR) [1]. McAllister and Long also presented the
rectangular and hemispherical dielectric resonator antennas
(DRAS) in the same and following year, respectively [2], [3].
In the aftermath, the DRAs have been researched for various
characteristics such as wide bandwidth, high gain, pattern,
and polarization reconfigurability to name a few. The benefits
of employing DRAs as compared to metallic antennas are the
relatively wider bandwidth, and higher radiation efficiency
that is primarily attributed to the absence of conductor losses.
Due to the recent advancement in wireless communica-
tion, the requirement of dual-/wide-band antennas has also
increased. For such systems, integration of circularly polar-
ized (CP) DRAs will enhance the performance as these
antennas are unaffected by the orientation of the transmit-
ter (Tx) and receiver and perform well against multi-path
interference or fading. One way to design a CP DRA is the
selection of an appropriate feeding mechanism (FM). The
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dual-point-based FM demonstrates a wider 3 dB axial ratio
bandwidth (ARBW) but takes up more space [4]-[6]. The
single-point type FM is simpler but typically obtains a narrow
3 dB ARBW [7]-[9]. The other strategy relies on the shape
modification of the DR [10]-[16]. Recently, the combination
of singly-feeding technique and modified DRs have been
reported to achieve wider 3 dB ARBWs that are comparable
with dual-point fed DRAs [17]-[19]. For instance, a cut in the
rectangular DR (RDR) followed by the addition of a smaller
ceramic block achieved a wide 3 dB ARBW of 44.73% [17].
In [18], a fan-blade-shaped CP DRA produces a dual-band
response with 3 dB ARBWs of 13.33% and 7.81%. Similarly,
a sigmoid-shaped dual-band CP DRA is reported with 3 dB
ARBWSs of 19.98% and 3.07% [19].

The development of compact dual-/wide-band antennas
is of great importance for portable device applications.
For microstrip antennas, various methods such as defected
ground structure (DGS), reactive loading, meandered and
fractal geometries have been demonstrated to achieve minia-
turization but at the expense of radiation property [20].
DRAs being efficient radiators have also been explored in
this context. The applied miniaturization methods can be
classified into five categories that are (i) use of the high
dielectric material, (ii) application of boundary conditions
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FIGURE 1. Geometry of the miniaturized DRA. (a) Panoramic view. (b) Top view. [h =217, f; =13.32,fg =

148, wy = 4.8, lg = 12.73, Iy = 13.25.| mm, [ 8 = 150°].

(PEC/PMC), (iii) loading the metallic strips around or top or
both surfaces of the DR, (iv) application of artificial magnetic
conductor (AMC), and (v) use of slot with meander lines.
One example of the first method uses a high permittivity
(e = 100) material but archives a narrow — 10 dB impedance
bandwidth (IBW) of 3% [21]. Another work proposed a
two-segment DR with a high aspect ratio to simultaneously
achieve miniaturization and —10 dB IBW > 11% [22]. For
(ii), the volume of DR was reduced by 50% by placing the
PEC at the symmetry [23], [24]. A combination of PEC and
PMC boundary conditions reduced the size by 75% [24].
Recently, a dielectric patch of very high permittivity is uti-
lized as a PEC resulting in a size reduction of one-half [25].
The works [26]-[28] belong to the third category where
miniaturization is achieved by covering only the top surface,
two surfaces (top and front wall), and three surfaces (left,
right, and front) with metallic strips but produces a narrow
bandwidth. For category (iv), Shahid et al. proposed the
DRA with AMC to achieve miniaturization with a narrow
bandwidth [29] and for (v), a work is reported recently [30].
However, all the above methods are mainly applied to linearly
polarized radiators and yield a single narrow-band response.
Therefore DRAs that can simultaneously deliver the dual-/
wide-band —10 dB IBW, miniaturization, and CP radiation
are demanded. In this context, one miniaturized dual-band CP
conventional RDR is developed that achieves both character-
istics (CP radiation and miniaturization) by the use of smaller
metallic patches on all four sidewalls of the DR [31]. The
TE;11” and TE{13” modes shifted towards lower frequency
by 18.3% and 5.44% with respect to the baseline design.
Additionally, the arrangement of metal patches excites the
orthogonal modes to produce narrow 3 dB ARBWs are 3.64%
and 1.37% at the lower and upper bands, respectively. Since
the fields inside the CP DRAs rotate with the phase angle,
the PEC boundary condition based volume reduction tech-
nique cannot be applied.

In this paper, we presented a size reduction of a dual-band
CP DRA by exploiting the unconventional shape of the
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DR. The geometry of the DR is Y-shaped that has arms
of unequal length and where the combination of linearly
polarized E-field from different arms combine to produce CP
radiation in the WLAN and WiMAX frequency bands [32].
By applying the PEC boundary on the longest arm, a size
reduction with CP radiation is achieved but the required
bands are not entirely covered. Therefore, some parameters
are optimized and the final design achieved a size reduction
of 33.18% with the 3 dB ARBWs fully incorporating the
WLAN and WiMAX bands. A larger size reduction and wider
3 dB ARBWs are obtained as compared to [31]. The excited
modes in the proposed design are identified by the Eigen-
mode simulations. The proposed design is fabricated and
measured. The details of antenna design and size-reduction
process, parametric study, Eigenmode analysis, and compar-
ison of the simulated and experimental results are detailed in
the following sections.

Il. ANTENNA DESIGN

Fig. 1 shows the geometry of the miniaturized DRA. The DR
is made up of Alumina (g, = 10) and placed on the upper side
of a copper-backed Taconic RF-35 substrate (g5, = 3.5, ¢t =
1.52 mm). The DR is excited through a strip that is vertically
mounted on the Face-I of the DR. The dimensions of the feed
were optimized to obtain better impedance matching at the
desired frequencies. One arm of the DR is rotated by angle
and one of the faces namely Face-III is fully covered by the
copper sheet to realize a PEC boundary. It can be seen that
only a few parameters are shown in Fig. 1. A complete list of
parameters is available in our previous study [32].

Fig. 2 depicts the design flow of the size-reduction and
parameter optimization that is performed to cover the WLAN
(2.401-2.495 GHz) and WiMAX (3.4-3.69 GHz) bands.
The simulated results of the reflection coefficients and axial
ratios (ARs) are plotted in Fig. 3. The geometry of the base-
line design is from our earlier study [32] that obtains a wider
—10 dB IBW of 62.07% (2.2-4.18 GHz). The generation
of CP wave under 3 dB criterion is explained with the help
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FIGURE 3. Comparison of the simulated results of the three antennas. (a) Reflection coefficients.
(b) Amplitude ratios (Ex /Ey). (c) Phase differences (A¢ = ZE, — /Ex). (d) Axial ratios.

of phase difference (A¢) and amplitude ratio (Ex/Ey) of the
two orthogonal components (l::x and I::y) of the E-field. The
simulated results of Ey/E, and A¢ for all three designs are
plotted in Fig. 3(b) and (c), respectively. For the baseline
design (Ant-I), the noted values from Fig. 3(b) and (c)
are 0.37-0.43 dB/—(0.68-1.25 dB) and 70.39-108°/
252.87-261.11°, respectively, to produce circular polar-
ization in the frequency range of 2.4-2.53 GHz and
3.2-3.75 GHz. With the application of the PEC boundary
on the long arm of Ant-I, a size reduction is achieved but
—10 dB IBW is reduced to 52.12% (2.27-3.87 GHz). From

VOLUME 9, 2021

Fig. 3(b), the E,/Ey values for Ant-II exist within the limit at
both bands, but the A¢ values in Fig. 3(c) do not meet the
criteria around the WLAN band and 20 MHz of WiMAX
band. The noted 3 dB ARBWs for Ant-II from Fig. 3(d)
are 3.08% (2.56-2.64 GHz) and 10.79% (3.42-3.81 GHz).
Therefore, some parameters (h, fr, fs, B) are optimized in
Ant-II design and termed as Ant-III. From Fig. 3(a), a dual-
band response is obtained with —10 dB IBWs of 11.81%
(2.23-2.51 GHz) and 34.19% (2.74-3.87 GHz). It can be
observed from Fig. 3(b) and (c) that the E,/Ey and A¢ values
are improved as compared to Ant-II, and the noted values
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FIGURE 4. Simulated effects of change in rotation angle g of the miniaturized arm of the DR: (a) Reflection

coefficients. (b) Axial ratios.
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FIGURE 5. Simulated effects of change in length /5 of the miniaturized arm of the DR. (a) Reflection coefficients.

(b) Axial ratios.

are —0.27-0.5 dB/ —0.35-0.04 dB and 69.82-108.56°/
250.90-250.74°, respectively. The corresponding 3 dB
ARBWs of the proposed design 4.48% (2.4-2.51 GHz) and
11.5% (3.36-3.77 GHz) that fully cover the frequency range
WLAN and WiMAX bands, respectively. It can also be
observed that the —10 dB IBWs and 3 dB ARBWs are
narrower than the baseline design. Nonetheless, the total
volume of the proposed DR is reduced as compared to the
baseline design, and the frequency bands of interest are
entirely covered. The volume reduction (V,.4.) is calculated
by

Vyed (%) = Voasetine = Vimin. % 100 (1

Vbaseline

where Vigserine = 17517.21 mm? is the volume of the baseline
design and V,;;,. = 11704.94 mm? is the volume of minia-
turized design. From (1), a volume reduction of 33.18% is
achieved by the application of the PEC boundary.

lIl. PARAMETRIC STUDIES
Fig. 4 demonstrates the simulated effect of change in angle
B of the miniaturized arm of the Y-shaped DR (YDR) on
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the reflection coefficients and ARs. It can be observed that
the impedance matching at the lower band is predominantly
affected by the angle 8 with an increase in the value of .
For the AR performance, the lower CP band tends to move
towards the lower frequency side while the merged bands at
the upper CP band tend to move away from one another with
an increase in angle 8. The best performance is achieved for
B = 150°.

Fig. 5 shows the simulated effects of variations in length
1, of the miniaturized arm on the reflection coefficients and
ARs. In the case of reflection coefficients, the resonance point
of the lower band moves towards a lower frequency with
an increase in the value of /,. For the upper band, it can be
observed that the resonance point around 3.75 GHz is mainly
affected by changing /, while the resonance point around
3 GHz remains almost constant. In the case of ARs, the upper
band AR minimum at 3.7 GHz is significantly affected by the
variations. The best response is noted for I, = 12.73 mm.

Fig. 6 plots the simulated effects of changing the length
I, of the DR on the reflection coefficients and ARs. From
Fig. 6(a), it can be observed that the resonance near 3 GHz
shows a greater sensitivity to the change in length /;,. For ARs,
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FIGURE 6. Simulated effects of change in length /;, of the DR. (a) Reflection coefficients. (b) Axial ratios.
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the lower CP band is tuned as the length /; is varied while
the lower resonance in the upper CP band shows a greater
variation as the length /,, is varied.

Fig. 7 depicts the simulated effects of change in length
of the PEC at Face-III on the reflection coefficients and
ARs. The length of PEC is represented by &, and varies in
a range of 21.7-11.7 mm with a stepsize of 5 mm. From
Fig. 7(a), the lower band showed greater sensitivity to vari-
ations in h,. From Fig. 7(b), the dual-band CP performance
is achieved only for 4, = 21.7 mm.

IV. EIGENMODE ANALYSIS

Before performing the Eigenmode simulation, the simulated
E-field at different frequencies are plotted for the proposed
design as shown in Fig. 8. For the lower AR band, the simu-
lated E-fields are observed on the top surface at 2.45 GHz for
phase angles of Z0° and /90° (see Fig. 8(a) and (b)). For the
upper CP band, the fields are displayed in panoramic views
at 3.05 GHz and 3.74 GHz as shown in Fig. 8(c) and (d). The
angle of observation is selected for a clearer view of field dis-
tributions in the arm of length /, and [,. Afterward, an Eigen-
mode simulation of the proposed design is performed. From
the Figenmode simulation, four modes (Mode-1, Mode-2,
Mode-3, and Mode-4) are identified that have the identical
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(b) o ©

FIGURE 8. Simulated E-field distributions. (a) 2.45 GHz /0°. (b) 2.45 GHz
/90°. (c) 3.05 GHz. (d) 3.74 GHz.

E-field distributions to those in Fig. 8. Fig. 9(a) plots the
variations in resonance frequencies of these modes for change
in the height & of the DR. For 7 = 21.7 mm, the resonance
frequencies of these modes are also shown in Fig. 9(a) while
the E-field distributions can be visualized in Fig. 9(b)-(e). It
can be observed from Fig. 9(b) and (c) that the E-field distri-
butions of Mode-I and Mode-II correspond to the dominant
mode. The length of the resonant mode equals the sum of
the length of the straight and miniaturized arm of the YDR
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FIGURE 10. Fabricated prototype and measurement of the proposed design. (a) Photograph. (b) Comparative
results of the simulated and measured reflection coefficients.

as the field is mostly concentrated in these two sections.
By observing the left photos in Fig. 9(d) and (e), it is noted
that the higher order modes are generated where the length of
resonant modes is approximately one and a half wavelength.
By comparing, it can be observed that the E-field distributions
in Figs. 8(a) and 9(c), 8(b) and 9(b), 8(c) and 9(d), and 8(d)
and 9(e) are similar. Also, the sense of circular polarization at
both bands is already discussed in [32] and is not shown here
to avoid repetition. The E-field distribution at the lower CP
band in [32] is similar to Fig. 8(a) and (b) and demonstrates
the generation of right-handed circular polarization (RHCP).
Therefore, the application of the PEC boundary does not
affect the polarity of the circular polarization. In addition, it is
noted from Fig. 3(c) that the upper CP band is out of phase as
compared to the lower band suggesting a reversal of polarity
of the radiated CP wave, i.e., left-handed circular polarization
(LHCP).

V. MEASUREMENT RESULTS AND DISCUSSION
A prototype of the proposed miniaturized CP DRA is fab-
ricated and measured. Fig. 10 shows a photograph and
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comparative results of the reflection coefficients, where the
measurement was performed using the Agilent ES071B RF
network analyzer. From Fig. 10(b), a wide —10 dB IBW
of 53.5% (2.3-3.98 GHz) is obtained in the measurement
as compared to the dual-band response in the simulation.
The deviation in the measured data can be related to the
fabrication tolerances. Fig. 11(a) shows a photograph of
the far-field testing of the fabricated prototype. The mea-
surements were performed in the broadside direction (8 =
0°, ¢ = 0°) for two range of frequencies considering the
simulated results. The comparison of simulated and mea-
sured 3 dB ARBWs and gains are depicted in Fig. 11(b).
From the measured data, the 3 dB ARBWs of 4.08%
(2.4-2.5 GHz) and 10.91% (3.38-3.77 GHz) were achieved
as compared to simulated values of 4.48% (2.4-2.51 GHz)
and 11.5% (3.36-3.77 GHz), respectively. The measured peak
gains within the lower and upper CP bands are 4.83 dBic
and 4.81 dBic, respectively. At the upper band, the maximum
difference in the simulated and measured gain is 1.35 dB
that is acceptable and can be attributed to misalignments in
the measurement setup and tolerances in the fabrication and
measurement [17].
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and yz-plane (¢ = 90°). (a) 2.45 GHz. (b) 3.5 GHz.

The comparison of the simulated and measured CP radi-
ation patterns at the frequencies of 2.45 GHz and 3.5 GHz
for the xz- and yz-planes are depicted in Fig. 12. It can be
observed that RHCP and LHCP radiation are dominant in the
lower and upper CP bands, respectively. Moreover, the differ-
ence between the co- and cross-pol radiation in the broadside
direction is greater than 23.5 dB for both frequencies. The
mismatch between the simulated and measured results can
be attributed to the measurement setup tolerances and mis-
alignment between the antenna under test (AUT) and horn
antenna. From the figure, the simulated/measured values of
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the front-to-back ratio for the broadside are 15.07/14.92 dB
and 10.48/10.82 dB, respectively, that are similar to the earlier
works [17], [33], [34].

Fig. 13 plots the graphs of simulated and measured
ARs versus theta for the xz-plane (¢ = 0°) and yz-plane
(¢ = 90°) at 2.45 and 3.5 GHz. From the plots, the sim-
ulated/measured 3 dB beamwidths at 2.45 GHz in the
xz- and yz-planes are —17°-22° (39°)/—12°-21° (33°) and
—102°-26° (128°)/—91°-8° (99°), respectively. Similarly,
the values at 3.5 GHz are found to be —11°-10° (21°)/
—13°-9° (20°) and —11°-22° (33°)/—6°-13° (19°) in the
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TABLE 1. Performance comparison of the proposed miniaturized CP DRA with earlier works.

C Size Radiated .
Ref. Radiator M1n1atur_1zat10n reduction wave —10 dB IBW (%) 3 dB ARBW C.;am.
technique Lo (%) (dBi/dBic)
(%) polarization
[18] Fan-blade-shaped DR - - CP 17.47/28.94 13.33/7.81 3/<0
[32] YDR - - CP 62.07 4.92/12.64 4.11/6.48
[22] Segmented DR high e, 11.15 LP 17 - 5.5
[23] CDR PEC boundary 50 LP 5.3 - -
[27] RDR Metal on the top and 70 LP 10 - 57
ront wall
[29] RDR AMC 85 LP 14.2 - 6.64
[30] CDR Slot w1t§1i rr:;(;andered 43 LP 18 B 0.8
[31] RDR Metal strips 18.32/5.44 CP 23.4/6.24 3.64/1.37 6.1/4.92
Prop. YDR PEC boundary 33.18 CP 53.5 4.08/10.91 4.83/4.81
100 In [29], an AMC ground is applied to RDRA that achieves
95t miniaturization of 85% and offers —10 dB IBW of 14.2%.
S gol Similarly, a meandered lines based slot fed CDRA achieves
g g5l miniaturization of 43% with —10 dB IBW of 18%. Although
2 sl the size reduction in the proposed design is less than the
- LP miniaturized designs, the antenna is a CP radiator and
S r . .. .
E B offers a wider —10 dB IBW. In [31], a miniaturized CP
E 01 RDRA is presented where the application of metallic strips
651 not only moves the resonance frequencies of the TE;;” and
60, > : p " TE113” modes by 18.32% and 5.44% at the lower and upper
" Frequency (GHz) bands, respectively, but also creates degenerate modes. On the

FIGURE 14. Simulated radiation efficiency of the proposed antenna.

xz- and yz-planes, respectively. From the graphs, there is a
considerable difference in the results of the yz-plane that is
mainly due to the misalignment between the Tx antenna and
AUT as well as the tolerances in the measurement setup.
Fig. 14 plots the simulated radiation efficiency of the pro-
posed antenna that is greater than 97% within the 3 dB AR
bands.

Table 1 summarizes a performance comparison of the pro-
posed miniaturized CP DRA with some of the earlier stud-
ies [18], [22], [23], [27], [29]-[32]. In [18], a dual-band CP
DRA is presented that has a wider 3 dB ARBW at the lower
CP band. In comparison, the proposed work demonstrated a
miniaturized design with a wider 3 dB ARBW at the upper
band and higher peak gains at both bands. In our previous
study [32], a YDR is presented that attains a wider —10 dB
IBW and 3 dB ARBWs along with a higher gain at the
upper band as compared to the proposed work. Nonetheless,
the 3 dB ARBWs of the proposed work cover the whole
frequency range of the intended applications using a radiator
that is 33.18% smaller in volume. The DRAs in [22], [23],
[27], and [29] are the miniaturized linear polarized (LP)
antennas. In [22], segmented DRs with a top of higher ¢,
than the lower one were utilized and one of the designs
simultaneously achieved 11.15% miniaturization and 17%
—10 dB IBW. The designs in [23] and [27] used pec boundary
and metal wrapping to achieve a size reduction of 50% and
70% with —10 dB IBW of 5.3% and 10%, respectively.
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contrary, the CP in the proposed work is due to the shaped of
the DR and a PEC boundary condition is applied to achieve
a larger size reduction of 33.18%. In addition, the proposed
work achieved a wider 3 dB ARBWs.

VI. CONCLUSION

In this paper, a PEC boundary condition is applied to achieve
the size reduction of a dual-band circularly polarized (CP)
Y-shaped dielectric resonator antenna (YDRA). A combi-
nation of the optimum location of a PEC boundary at the
long arm of the dielectric resonator (DR) and the parame-
ter optimization ensures a size reduction of 33.18% while
maintaining a dual-band circular polarization response. The
Eigenmode simulation is performed to identify resonance
frequencies of modes of interest. The reflection coefficients
of a prototype are measured using VNA showing —10 dB
53.5% (2.3-3.98 GHz). The far-field measurements demon-
strated a 3 dB ARBWs of 4.08% (2.4-2.5 GHz) and 10.91%
(3.38-3.77 GHz) that entirely cover the WLAN 2.4 GHz and
WiMAX 3.5 GHz frequency bands. The proposed antenna
can also be integrated with a 5G transceiver for the n78 band
(3.4-3.7 GHz) that is auctioned in South Korea.
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