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ABSTRACT A compact single-fed circularly polarized dielectric resonator antenna (DRA)with an enhanced
3-dB axial ratio bandwidth (ARBW) and gain is proposed. The DRA is implemented by joining a smaller
dielectric resonator (DR) to one sidewall of amain rectangular DR and is excited by an offset vertical metallic
strip. With this configuration, two sets of degenerate orthogonal modes, the TE111 mode and TE113 mode,
are simultaneously excited to realize wideband circular polarization operation. Furthermore, by removing
a small DR portion from the lower corner of the main DR, the boresight gains at higher frequencies are
significantly enhanced. An antenna prototype is fabricated and measured to verify the performance of
the proposed design. The experimental results illustrate that the proposed antenna achieves a measured
3-dB ARBW of approximately 44.73% (3.68–5.80 GHz) in conjunction with a broad −10 dB impedance
bandwidth of 69.66% (2.9–6.0 GHz). The measured boresight gain is found to be 5.49±0.85 dBic within
the passband with a maximum value of 6.34 dBic at 4.7 GHz. Moreover, reasonable agreement between the
simulated and measured results is achieved.

INDEX TERMS Bandwidth enhancement, circular polarization, dielectric resonator antenna, higher order
mode, wideband antenna.

I. INTRODUCTION
A dielectric resonator (DR) fabricated with a low-loss and
high-permittivity material was implemented for the first time
as an antenna by Long et al. [1] in 1983. Since then,
dielectric resonator antennas (DRAs) have become very pop-
ular radiators for applications at microwave frequencies.
With the absence of inherent conductor losses and surface
waves, the DRA achieves higher radiation efficiency than a
microstrip antenna. In addition, the DRA has other attrac-
tive features, such as a wide bandwidth, a simple mean
of excitation, and versatility with regard to its shape and
material. These attractive features make the DRA an excel-
lent antenna candidate for modern wireless communication
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systems [2], [3]. Specifically, DRAs with circularly polar-
ized (CP) radiation are preferred for such systems, as CP
antennas, compared to linearly polarized (LP) antennas, are
less affected by multipath interference and by misalignment
between the transmitting and receiving antennas [4]. As a
result, the design of the CPDRAhas been subject of increased
amounts of interest, as noted in several studies [4]–[19].

The generation of the orthogonal degenerate modes is
typically required in the antenna structure to realize circular
polarization. In CPDRAs, the required orthogonal degenerate
modes can be generated either by single-point or multi-point
feeding techniques [3]. A multi-point feed CP DRA can
achieve a wider 3-dB axial ratio bandwidth (ARBW) but also
requires an external feeding network, such as a power divider
or hybrid coupler, resulting in an inevitable increase in the
overall size, greater losses, and greater complexity of the
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antenna system as well [5], [6]. In contrast, single-point feed
CP DRA has a simpler structure but usually gives a narrower
3-dB ARBW (typically 3-6%) [7]–[9]. Therefore, a variety of
techniques have been reported to broaden the 3-dB ARBW
of a single-feed CP DRA. For example, with two concentric
open half-loops to excite a rectangular DR, a 3-dB ARBW of
approximately 13% with a gain of 5 dBic was reported [10].
In other work [11], a 3-dB ARBW of 23.75% and a useful
gain of 4.23 dBic were achieved by combining the CP bands
of a Spidron fractal slot antenna and a grooved DR. In another
study [12], a rectangular DR excited by a modified cross-
slot leading to a wide 3-dB ARBW of 24.6% and a gain of
more than 5 dBic was presented. Two vertical microstrip lines
arranged in a perpendicular fashion were also implemented
to excite a cylindrical DR [13], reportedly showing a 3-dB
ARBW of 24.6% with an average gain of 5.5 dBic. Another
approach is to fabricate DRs with special geometries. For
example, a pixelated DR composed of 8 × 8 grid DR bars
with different heights fed by a narrow rectangular slot was
introduced, offering a 14.63% 3-dB ARBW with a peak
gain of 6.13 dBi [14]. Pan et al. presented a trapezoidal
DRA excited by an inclined slot to attain a 3-dB ARBW
of 21.5% and a peak gain of 8.39 dBic [15]. Fakhte et al.
used an inverted trapezoidal probe to excite a stair-shaped
DRA, resulting in a wide 3-dB ARBW of 22% with a useful
gain of 5.7 dBic [16]. Moreover, the aforementioned tech-
niques can be combined to enhance the CP bandwidth of
DRAs further. Several CP DRAs with a wide 3-dB ARBW of
more than 40% have been reported. By using a stair-shaped
coupling slot [17] and a vertical strip feedline [18] to excite
multiple DR elements, wide 3-dB ARBWs of 41.01% and
44.2%were attained, respectively. However, in these designs,
the use of a large slot on the ground plane [17] and/or partial
ground plane [18] resulted in bidirectional radiation patterns.
In a recent study [19], a single fed wideband CP DRA with
a 3-dB ARBW of approximately 46.9% and a peak gain
of 4.73 dBic realized by implementing four vertical metallic
plates around a square DR was reported. This design, how-
ever, inevitably increases both the antenna footprint and the
complexity.

In this article, a wideband single-fed CP DRA simply
excited by an offset vertical metallic strip is proposed. By
adding a smaller DR to the sidewall of the main rectangular
DR, both the fundamental TE111 and the higher order TE113
modes are effectively excited and their CPmodes are merged,
resulting in an increase of approximately two times in the
CP bandwidth as compared to that achieved solely with a
rectangular DR. In addition, a small DR portion from the
lower corner of the main rectangular DR is also removed to
increase the radiation from the side walls [21], thus signif-
icantly enhancing the broadside gain at higher frequencies.
As a result, a maximum enhancement of up to 3.0 dBic in
the boresight gain is attained at 5.5 GHz. The performance
of the proposed CP DRA is initially investigated and simu-
lated in CST Microwave Studio using the finite-integration
technique in the time-domain and is later experimentally

FIGURE 1. Configuration of the proposed CP DRA. (a) Perspective view.
(b) Top view. (wg = 27.5, lg = 31.5, wdr = 9.2, ldr = 23.41, hdr = 25.78,
w1 = 5, l1 = 10.57, h1 = 11.25, w2 = 5.8, l2 = 5.5, h2 = 6.2, wp = 4.5,
lp = 9.22, s1 = 6.4, s2 = 6.97, s3 = 3.75. Units: mm).

validated through a fabricated prototype. Reasonable agree-
ment is achieved between the simulated andmeasured results.

Section II describes the antenna configuration. Section III
presents the design procedure, operation mechanism, and
bandwidth and gain enhancement techniques. The experi-
mental results of the fabricated antenna are summarized and
discussed in Section IV. Lastly, important conclusions are
drawn in Section V.

II. ANTENNA CONFIGURATION
Figure 1 presents an illustration of the configuration of the
proposed CP DRA. The proposed antenna structure includes
a Taconic TLY-5 (εr = 2.2, tanδ = 0.0009) dielectric
substrate with dimensions lg×wg and a thickness of 0.76mm.
The ground plane is mounted on the bottom layer of the
substrate. The main rectangular DR, which is made of a
ceramic material with permittivity of 10, has dimensions of
ldr × wdr × hdr and is positioned on the top surface of the
substrate at the position determined by the design parameters
s1 and s3. A small DR dimensions of l1×w1×h1 is added to
the sidewall of the main DR. A small DR portion l2×w2×h2
in size, indicated here the dashed red area, is removed from
the left lower corner of the main DR. A metallic strip with
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a width of wp and a length of lp is adhered vertically to the
sidewall of the main DR to excite the proposed DRA. A probe
feed is connected at the center of the vertical strip at the
position determined by the design parameters s1 and s2. The
design parameters of the proposed antenna are optimized to
maximize the CP bandwidth, a determined by the criteria of
|S11| ≤ −10 dB and AR ≤ 3 dB. The optimized geometrical
parameters of the proposed antenna are shown in the caption
of Figure 1.

III. ANTENNA OPTIMIZATION
Three different design configurations were considered during
the design process, leading to the final design, as presented
in Figure 2. Antenna I is a rectangular DRA excited by an off-
set vertical metallic strip to generate CP operation. Antenna II
is implemented by adding a smaller DR to the sidewall of the
main DR in Antenna I to broaden the 3-dB ARBW. Finally,
the proposed antenna is realized by removing a small DR
portion from a corner of themainDR inAntenna II to enhance
the boresight gain.

FIGURE 2. Methodology adopted to design the proposed CP DRA.

1) AXIAL RATIO BANDWIDTH ENHANCEMENT
This subsection presents the technique used to broaden the
3-dB ARBW. The design process starts with Antenna I. The
dimensions of the main rectangular DR in Antenna I, ldr ×
wdr × hdr , are set to 23.41 mm× 9.2 mm× 25.78 mm such
that the main rectangular DR operates with the fundamental
TE111 and the higher order TE113 modes. The vertical metallic
strip has a width of wp = 4.5 mm and a length of lp =
9.22 mm. The feed point location is defined as s1 = 6.60 mm
and s2 = 5.36 mm. With this offset feeding configuration,
the two orthogonal degeneratemode pairs of the TE111 (TEx111
and TEy111) and TE113 (TE

x
113 and TE

y
113), responsible for the

generation of the CP wave, can be excited. As the dimensions
of the main DR along the x-axis and y-axis differ, the resonant
frequencies for a pair of similar modes will also differ. Using
the dielectric waveguide model (DWM) [20], the resonant
frequencies of the main rectangular DR are estimated to be
3.21 GHz (TEy111), 4.41 GHz (TE

y
113), 5.48 GHz (TE

x
111), and

6.08 GHz (TEx113). A full-wave simulation is conducted for
Antenna I. Simulated results of the reflection coefficient and
AR performance of Antenna I are shown in Figure 3. As
observed, Antenna I achieves a wide −10 impedance band-
width of 2.96–6.17 GHz with several dips found at 3.3 GHz,
4.4 GHz, 5.1 GHz, and 6.1 GHz. The simulated electric
fields at these four frequencies are illustrated in Figure 4.
The modes observed at 3.3 GHz and 5.1 GHz are identified

FIGURE 3. Simulated results of Antenna I and Antenna II. (a) Reflection
coefficients and (b) axial ratios.

FIGURE 4. Simulated electric fields of Antenna I (a) TEy
111 at 3.3 GHz,

(b) quasi-TEx
111 at 5.1 GHz, (c) TEy

113 at 4.4 GHz, and quasi-TEx
113 at

6.1 GHz.

as the TEy111 and quasi-TEx111 modes, respectively; corre-
spondingly, the modes observed at 4.4 GHz and 6.1 GHz are
identified as the TEy113 and quasi-TEx113 modes, respectively.
The mode frequencies attained by simulation closely corre-
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FIGURE 5. Simulated amplitude ratios and phase differences of the
radiated electric fields of Antenna I and Antenna II.

spond to those anticipated using the DWM. As observed from
Figure 3(b), Antenna I has a minimal AR point at 4.2 GHz,
which is almost between the orthogonal degenerate modes
TEy111 and quasi-TEx111. The 3-dB ARBW of Antenna I is
3.87–4.76GHz (20.63%). Although the degeneratemode pair
of TEy113 and quasi-TEx113 is excited, these modes do not
properly meet the necessary conditions for CP generation,
resulting in poor CP radiation with an AR value of∼6.75 dB
at 5.9 GHz.

Antenna II is a modification of Antenna I in which a
smaller DR with the optimized dimension of l1 × w1 ×
h1 = 10.57 mm × 4.1 mm × 11.25 mm is simply added
to the sidewall of the main DR. Figure 3 also shows the
simulated results of the reflection coefficient and the AR
performance of Antenna II. The−10 dB reflection bandwidth
of Antenna II is 2.81–5.82 GHz. It was also found that the
resonant modes of Antenna II are slightly shifted to a lower
frequency range as compared to those of Antenna I due to the
presence of the added DR. As observed from Figure 3(b),
Antenna II achieves a significantly enhanced 3-dB ARBW
of 3.73–5.78 GHz (43.11%), nearly twice that of Antenna I.
This is due to the impact of the added DR, which significantly
improves the CP radiation of the second orthogonal degener-
ate mode pair of TEy113 and quasi-TEx113, with a subsequent
combination with the CP radiation of the first orthogonal
degenerate mode pair TEy111 and quasi-TE

x
111, thus achieving

broadband CP operation.
In order to generate CP waves, it is necessary to imple-

ment two orthogonal electric far-fields with equal ampli-
tude and a 90◦ phase difference. Figure 5 illustrates the
amplitude ratio (|Ex |/|Ey|) and the phase difference (PD)
( 6 Ex − 6 Ey) between the two electric far-fields in the
x-axis (Ex) and y-axis (Ey) directions. In Antenna I,
the amplitude ratio (|Ex |/|Ey|) and PD (6 Ex − 6 Ey) fluctu-
ate between 0.77–1.42 and 73◦–95◦, respectively, providing
a relatively narrow CP bandwidth in the frequency range
of 3.87–4.76 GHz. As the frequency increases, the amplitude
ratio (|Ex |/|Ey|) falls until it is much lower than 1 while the
PD fluctuates around 78◦. Therefore, poor CP performance
is obtained, and the AR value exceeds 3 dB. With the smaller
DR added to the main DR, the amplitude ratios (|Ex |/|Ey|) of

FIGURE 6. Comparison between Antenna II and the proposed antenna in
terms of the (a) reflection coefficients and (b) axial ratios and gains.

around 1 are extended to higher frequencies. In the frequency
range of 3.73–5.78 GHz, Antenna II has a slowly varying
amplitude ratio (|Ex |/|Ey|) around 1 (0.82–1.28) and a PD
ranging from 80◦ to 100◦, leading to a wider CP bandwidth.
These results demonstrate that Antenna II achieves a signifi-
cantly enhanced 3-dB ARBW as compared to Antenna I.

2) GAIN ENHANCEMENT
Although the 3-dB ARBW Antenna II is significantly
enhanced as compared to that of Antenna I, the simulation
indicated that the boresight gain of Antenna II at higher
frequencies is relative low. Moreover, due to the effect of
the added DR, the main beam is tilted away from the
+z-direction, which also reduces the boresight gain. There-
fore, in this subsection, a gain-enhancement technique is
applied to Antenna II to realize the proposed wideband
CP DRA antenna with high gain performance. It has been
experimentally demonstrated [21] that the boresight gain can
be improved by increasing the radiation from the sidewalls
of a rectangular DRA compared to that from the corre-
sponding top wall. Applying this technique to our design,
to increase the radiation intensity from the side walls, a small
DR portion with the optimized dimension of l2 × w2 ×
h2 = 5.5 mm × 5.8 mm × 6.2 mm is removed from a
corner of the main rectangular DRA. Figure 6 shows the
simulated results of the reflection coefficients, ARs, and
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FIGURE 7. Simulated radiation patterns at 5.5 GHz of Antenna II and the
proposed antenna on the two cutting planes of xz- and yz-planes.

boresight gains of Antenna II and the proposed antenna. It
can be seen in Figure 6(a) that the impedance bandwidth is
slightly shifted toward a higher frequency after the removal
of the small DR portion. The impedance bandwidth for
|S11| ≤ −10 dB for the proposed antenna is 2.89–5.95 GHz
(69.23%). As observed in Figure 6(b), the 3-dB ARBWs
of the Antenna II and the proposed antenna are similar and
are 3.73–5.78 GHz (43.11%) and 3.71–5.82 GHz (44.28%),
respectively. These results indicate that the operations of
the TE111 and TE113 modes of the main rectangular DRA
are not greatly affected by removing a small DR portion.
However, Figure 6(b) clearly shows that the gains in the
boresight direction (θ = 0◦) of the proposed antenna at
higher frequencies are much higher than that of Antenna II.
A maximum enhancement of up to 3.0 dBic in boresight gain
is attained at 5.5 GHz. Within the 3-dB ARBW, the boresight
gains of the proposed antenna range from 4.11 to 7.09 dBic.
Figure 7 illustrates the radiation patterns of Antenna II and
the proposed antenna at 5.5 GHz on two cutting planes
(xz- and yz-planes). Clearly, when removing the small DR
portion, the increased radiation from the side walls not only
results in enhanced boresight gain performance but also
reduces the beam-tilting effects due to the presence of the
added DR.

In order to determine the sense of circular polariza-
tion, the electric field distributions with time period T are
observed on the top surface of the proposed DRA along
the +z-direction at 4.0 GHz and 5.7 GHz, as depicted
in Figure 8. As shown in Figure 8(a), the electric vector E
for t = 0 points from the higher right corner to the lower
left corner. When t increases from t = 0 to t = T /4,
the electric vector E rotates by 90◦ in the counterclockwise
direction. Similarly, in Figure 8(b), the electric vectors E
for t = 0 and t = T /4 are also orthogonal to each
other with a counterclockwise sense of rotation. Therefore,
the proposed antenna generates right-handed circular polar-
ization (RHCP) fields in the +z-direction throughout the
operating bandwidth. It is worth to mention that the sense
of CP can be changed from RHCP to LHCP with the pro-
posed antenna by mirroring the antenna structure through
the x-axis.

FIGURE 8. Simulated electric field distribution of the proposed antenna
observed along the +z-direction with time period T at (a) 4.0 GHz and
(b) 5.7 GHz.

FIGURE 9. Simulated and measured reflection coefficients of the
proposed antenna (the fabricated prototype is shown in the inset).

IV. EXPERIMENTAL RESULTS AND DISCUSSION
Aprototype of the proposed antenna was fabricated for exper-
imental validation. A photograph of the fabricated antenna
is shown in the inset of Figure 9. The DR was made of an
alumina ceramic material with a dielectric constant of 10 and
a loss tangent of 0.0001. The ground plane was mounted
onto the bottom surface of a Taconic TLY-5 (εr = 2.2,
tanδ = 0.0009, and thickness of 0.76mm) dielectric substrate
with a size of 31.5 mm × 27.5 mm. Epoxy adhesive was
used to glue the DR to the top surface of the dielectric
substrate. The metallic vertical strip was cut from adhesive-
backed copper tape to adhere easily onto the DR surface. A
SMA connector was soldered onto the metallic strip at the
feed point. The S11-parameter was measured using an Agilent
8510C vector network analyzer. The measured and simulated
S11-parameters are shown in Figure 9. The measured and
simulated impedance bandwidths for |S11| ≤ −10 dB are
69.66% (2.9–6.0 GHz) and 69.23% (2.89–5.95 GHz), respec-
tively. Good agreement is achieved between themeasured and
simulated results.

The far-field properties of the proposed antenna, in this
case ARs, RHCP gains, and radiation patterns were measured

VOLUME 8, 2020 41049



S. Trinh-Van et al.: Single-Fed CP DRA With an Enhanced ARBW and Enhanced Gain

FIGURE 10. Simulated and measured results of the (a) axial ratios and
(b) RHCP gains and total efficiency.

in an RF anechoic chamber in which a dual-polarized horn
antenna was utilized. The measured and simulated AR in
the boresight direction (θ = 0◦) provided by the pro-
posed antenna is illustrated in Figure 10(a). As observed,
the measured 3-dB ARBW is 3.68–5.80 GHz (44.73%) while
the simulated 3-dB ARBW is 3.71–5.82 GHz (44.28%).
Note that the measured 3-dB ARBW is entirely covered
by the −10 dB impedance bandwidth, resulting in a usable
bandwidth of 44.73% (3.68–5.80 GHz) for CP operation.
Within the measured 3-dB ARBW, measured RHCP gain
ranges from 4.64 to 6.34 dBic, as shown in Figure 10(b). Gain
variation of less than 1.7 dBic is obtained in the boresight.
Reasonable agreement was noted between the measured and
simulated results, with some discrepancies mainly caused
by fabrication imperfections and experimental tolerances.
Figure 10(b) also shows the simulated total efficiency of the
proposed antenna, which remains at more than 88% through-
out the passband, with a peak value of 98% at 4.7 GHz.
Figure 11 plots the measured and simulated radiation patterns
of the proposed antenna on the xz-plane (φ = 0◦) and
yz-plane (φ = 90◦) at the four frequencies of 4.0 GHz,
4.5 GHz, 5.2 GHz, and 5.7 GHz. It is evident that the
proposed antenna is an RHCP antenna, and that the radia-
tion patterns are directional toward the boresight direction.

FIGURE 11. Simulated and measured normalized radiation patterns of
the proposed antenna at (a) 4.0 GHz, (b) 4.5 GHz, (c) 5.2 GHz, and
(d) 5.7 GHz (dotted lines are the simulated results and solid lines
are the measured results).

On both planes for these four frequencies, the RHCP gains
are approximately 19.5 dB higher than the left-handed circu-
lar polarization (LHCP) gains in the boresight direction. In
sum, the measured results indicate that the proposed antenna
achieves a wide CP bandwidth of 44.73% from 3.68 to
5.80 GHz with a |S11| value of less than −10 dB, an AR
level of less than 3 dB, and gain variation less than 1.7 dBic,
while the maximum measured RHCP gain is 6.34 dBic at
4.7 GHz. The achieved CP operating frequency band of the
proposed antenna covers the operating bandwidths of several
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TABLE 1. Comparison between the proposed wideband CP DRA and
designs in previous studies.

systems, such as WiMAX (3.6–3.8 GHz and 5.25–5.85 GHz)
andC-band satellite communications (3.7–4.2GHz for down-
links). In addition, it is important to note that the proposed
antenna can be directly scaled in order to work with any other
desired frequency band.

A comprehensive comparison between the proposed
wideband CP DRA and designs presented in earlier
works [14]–[19] is conducted, as summarized in Table 1. The
results of this comparison provide evidence that the proposed
antenna has a wider CP bandwidth and a higher gain as
compared to the other DRAs [14], [16]–[18]. Although one of
these designs [15] has a higher gain, the proposed antenna has
a much wider CP bandwidth and a smaller antenna footprint.
Compared to one study [19], the proposed antenna provides a
slightly narrower CP bandwidth performance but has a much
higher gain with a simpler structure.

V. CONCLUSION
A compact single-fed CP DRA with enhanced AR band-
width and gain characteristics has been designed, fabri-
cated, and measured. The experimental results demonstrate
that the proposed CP DRA exhibits a wide 3-dB ARBW
of 44.73% (3.68–5.80 GHz), which is entirely covered
by a measured −10 dB impedance bandwidth of 69.66%
(2.9–6.0 GHz). Within the passband, a measured peak RHCP
gain of 6.34 dBic was attained with gain variation of less
than 1.7 dBic. The radiation pattern of the proposed CP
DRA is directional, and in the broadside direction, the RHCP
gain is approximately 19.5 dB more than the LHCP gain. In
addition, the proposed antenna has a simple configuration and
a straightforward feedingmechanism. Therefore, this antenna
can feasibly support various wireless communication systems
where a broadband and high-gain CP antenna element is
necessary.
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