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Abstract: In this study, a compact 2 × 2 circularly polarized (CP) sequentially rotated (SR) dielectric
resonator antenna (DRA) array operating in the IEEE 802.11a band is presented. To acquire the CP
radiation, an elliptical slot (ES) was introduced to couple a rectangular dielectric resonator (RDR).
The ES generates two resonant frequencies corresponding to the dominant even and odd modes. The
SR feeder is made of four quarter-wavelength microstrip transformers to reduce the input impedance
of the elements and, consequently, maximize the power transferred to each element. Experimental
and simulation verifications were conducted on a 54 × 50 × 0.813 mm3 prototype to evaluate the
performance of the proposed antenna array, which achieved a VSWR < −10 dB bandwidth of 1 GHz
(5.1–6.05 GHz) and axial ratio (AR) < 3 dB of 0.95 GHz (5.1–5.85 GHz). The agreement between the
simulated and measured results confirmed the validity of the proposed design.

Keywords: antenna array; circular polarization; elliptical slot; sequential rotation; wideband

1. Introduction

Since the DRA was first introduced by Long et al. [1] in 1983, it has attracted increasing
attention due to features such as low cost, minimal loss, compact size, light weight, and
ease of excitation. Among them, one important characteristic is that DRAs can be coupled
by several excitation topologies, such as feeds of the microstrip, aperture coupling, coplanar
waveguides, and coaxial probes [2]. Martin et al. (1990) first used a microstrip slot to couple
a cylindrical DR [3].

Precise prior knowledge of the coupling between the DRs and the feeding topology is
crucial for matching the DR with the feeding network as well as motivating the preferred
mode within the DR. As such, the aperture-coupling topology is the most prominent
feeding technique [4,5]. An attractive feature of the DR is its ability to be molded into
different shapes, such as cylindrical, hemispherical, and rectangular. The RDR has several
advantages: it is easier to manufacture and has three independent dimensions that provide
a degree of freedom, and thus, better design flexibility [6].

In the open literature, a limited number of rounded CP SR DRA arrays have been
reported. The first was introduced by Petosa et al. (1996) [7]. A 2 × 2 cross-shaped
dielectric array was excited by microstrip-fed slot apertures to improve the polarization
bandwidth by up to 16%, while an impedance bandwidth of 25% was obtained for the
X-band. Pang et al. (2000) [8] constructed a 2 × 2 array, employing a cross-shaped slot to
excite the DRs. The array achieved a 16% 3 dB AR as well as 14% impedance bandwidth
in the C-band. Laisné et al. (2002) [9] presented a design to enable CP by relying on a
metallic strip printed on top of the DR. The array AR presented a bandwidth of over 18%
in the Ku-band. Kishk et al. (2003) [10] used a single-fed probe-excited DRA to excite a
shape-modified DR to obtain CP radiation operating in the x-band. Yang et al. (2007) [11]
proposed an elliptical DR to form a 2 × 2 array operating in the X-band with 80 × 80 mm2

operating in the X-band to achieve an impedance bandwidth of 44%. The 80 × 80 mm2

prototyped array achieved an AR bandwidth of 26%. Recently, Lin et al. (2017) [12]
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employed a fractal cross-slot to excite four DRs and achieved an axial bandwidth ratio of
18%. The length and width of the proposed array were 100 and 84 mm, respectively.

In this study, a novel approach is proposed to design an SR CP DRA array for the
IEEE 802.11a band. In Section 2, we describe the design and analysis of elliptical aperture-
coupled rectangular ceramic blocks to obtain CP radiation. The proposed four-quarter-
wavelength transformer feed network topology is described in Section 3. In Section 4, the
simulated and measured results are stated to authenticate the feed network performance.
Finally, Section 5 concludes this paper.

2. Resonating Element

The initiated array is composed of four resonating elements, each comprising a RDR
coupled to an ES. In this section, the fundamentals of the resonating elements are described.

2.1. Elliptical Slot

Traditional rectangular and circular slot functions at a single-resonant frequency
exhibit linear polarization. In contrast, the ES can excite the f e,o

11 , the two-fold frequency
corresponding to TMo

11 and TMe
11 modes, required for circular polarization radiation while

retaining a single simple feed. The ESs have a characteristically thin bandwidth, low gain,
and low efficiency. The ESs can resonate and emit radiation excellently only in the vicinity
of the resonant frequency.

Figure 1 depicts an ES carved on the bottom side and coupled to a microstrip on
the top side. The semi-major a and semi-minor b axes of the ES are chosen to maintain
a low b/a ratio, thereby increasing the eccentricity. Owing to the axis similarity, the
ES generates two resonating frequencies corresponding to the dominant even and odd
modes. The eccentricity as a design factor offers supplementary elasticity and improves the
practicality of elliptical structures. A higher eccentricity leads to a larger bandwidth [13].
Consequently, accurate resonant frequency calculations are critical and essential. The
theoretical phenomena for calculating the resonance frequency of an ES were reported
in [14,15]. The eccentricity relation can be described by Equation (1).

e =

√
1−

(
b
a

)2
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Figure 1. Schematic of open-ended microstrip line with ES: (a) Front plane; (b) Ground plane. 
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The ES generates two resonant frequencies corresponding to the dominant even and
odd modes. These two resonant modes can be determined using Equation (2), as reported
in [16]:

f e,o
11 =

15
πea

√
qe,o

11
εr

GHz (2)

where f e,o
11 is the two-fold frequency corresponding to TMe

11 and TMo
11 modes, respectively,

while εr is the permittivity of the used substrate.
The approximated Mathieu function qe,o

11 for even and odd mode is given by
Equations (3) and (4):

qe
11 = −0.0049e + 3.7888e2 − 0.7228e3 + 2.2314e4 (3)

qo
11 = −0.0063e + 3.8316e2 − 1.1351e3 + 5.2229e4 (4)

The resonant frequencies come close to each other as the eccentricity decreases and
vice versa.

2.2. Rectangular Dielectric Resonator

The RDR shape has the advantage over other shapes because its dimensions can
be chosen independently, which enables dimensional freedom selection [17]. The rect-
angular geometry offers further elasticity with respect to aspect ratios and bandwidth
management [18]. A dielectric waveguide model was employed to investigate the rectan-
gular DRA [19]. Once the DRA is placed on the bottom plane, the TE modes are triggered.
Equation (5) is used to calculate the resonant frequency of the fundamental mode TE111 [20].
The proposed single resonating element is depicted in Figure 2.

f0 =
c

2π
√

εr

√
k2

x + k2
y + k2

z (5)

where εr is the dielectric constant, c the speed of light, and k0 the wave number in free
space, while kx, ky, and kz represent the wave number in x, y and z-directions inside the DR,
respectively.
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Figure 2. The 3D geometry of the proposed RDR coupled to an ES at the bottom plane.

The dielectric wave guide mode (DWM) provides no mathematical formula for cal-
culating the resonant frequency for higher-order modes. These modes can be determined
by monitoring the electric field distribution within the DR. Higher resonant frequencies
correspond to higher TE modes. For the proposed design of an ES coupling a RDR, the
simulated E-field distribution plot is illustrated in Figure 3. It can be observed from the
figure that totally two orthogonal modes are obtained, namely TEx

δ21 and TEy
1δ1 at 5.8 GHz.
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3. Array Feeding Topology

Figure 4 depicts the proposed feed network, which is composed of four curved
quarter-wave transformer sections connected together in a successive order to formulate a
four-port network. The array is formed as a sequential rotated architecture of series and
parallel assembly to layout four output port networks. The quarter-wave segments were
prototyped in a circular outline to decrease discontinuity. The feeding topology generates
a phase shift of 90◦ and an equal power split for neighboring output ports. The signal
magnitudes of four output ports that are fed to each resonating element are theoretically
equal; however, there exists a phase difference of 90◦ between the two adjacent ports.
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The width of all the microstrip segments is a quarter-wavelength with different
inherent impedances depending on the binomial quarter-wavelength transformer theory.
The binomial theory was used to form the four output ports as an input impedance of 50 Ω
to match with 100 Ω at the last segment. Once the characteristic impedances are found,
the widths of the microstrip sections can be determined. Table 1 lists the corresponding
impedance and width of each segment.

The multi-segment quarter-wavelength transformer is employed to decrease the
current attenuation along the array fed, and consequently, increase the coupled power
to array radiating elements. Figure 5 reveals that reducing the input impedance leads to
an increase in current transmission, resulting in a rise in the obtained power. It can be
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seen that sufficient current flows throughout the feeding network to reach all the radiating
elements.

Table 1. Width and characteristic impedance of the transformers.

Transformer Element Width [mm] Characteristic Impedance
[Ω]

Z0 1.898 50
Z1 1.77 52.21
Z2 1.32 62.09
Z3 0.796 80.52
Z4 0.539 95.75

Z Load 0.483 100
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Figure 6 shows the power allocation over the feeding network. It can be seen from
the figure that the power takes place exactly above the coupling slots on the bottom plane,
resulting in the maximum power being transferred to the DRs. This proves that the power
nodes take place at the desired locations based on the calculated dimensions of the feeding
array network.
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4. Measurement Results and Discussions
4.1. Single Element Parametric Study

The single RDR coupled to an ES shown in Figure 7 is firstly prototyped and nu-
merically simulated to clarify the relationship between the proposed antenna parameters
to achieve optimum performance. Figure 8 depicts the parametric study carried out to
optimize the ES radii when coupled to the RDR. Figure 8a shows that if the radius a varies
from 5.8 to 5.2 mm, the resonance is shifted to the left as the radius a increases. Figure 8b
shows the resonance variation according to changes in the radius b. It is also observed that
the resonance moves toward the left as b increases. To fine tune the resonance at 5.8 GHz,
the radii dimensions for a and b were selected to be 5.5 and 2.5 mm, respectively. Figure
8c shows the resonance behavior once the length and width of the RDR is varied between
8.5 to 9.5 mm if the height is kept constant at 6 mm. The optimum resonance occurs if the
length and width are 9 mm with −22.9 dB at 5.81 GHz.
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dimensions variations.

Figure 9 depicts the AR variation at the main beam angle of 0◦ with respect to the
ES radii a and b alteration while keeping the dimensions of the RDR unchanged. From
Figure 8a, it can be observed that if the radius a increases, the 3 dB AR bandwidth moves
toward higher frequency. Also, Figure 8b shows that the 3 dB AR bandwidth shifts toward
the left as the radius b decreases. The optimum polarization purity occurs when radii a and
b equal 5.5 and 2.5 mm respectively.

4.2. SR 2 × 2 Array Results

Figure 10 shows the assembled geometry of the proposed CP DRA array. The proposed
antenna uses Duroid RO4003C as a substrate with a dielectric constant of 3.38 from Rodgers.
The substrate size was 54 × 50 × 0.813 mm3. The DRs were made of E-11 material from
T-cream with a dielectric constant of 11.5. The dimensions of the resonating elements were
fine-tuned to achieve optimum performance. The DR dimensions were 9, 9, and 6 mm in
length, width, and height, respectively. The elliptical slots were printed at the bottom of
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the substrate with radius a equal to 5.5 mm and radius b equal to 2.5mm. On the other side
of the substrate, copper was etched to form a microstrip feed network.
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Figure 11 shows the simulated and measured return losses. The minimal measured
resonance was achieved at 5.87 of −15.72 dB, whereas the bandwidth ranged from 5.1 to
6.05 GHz. Meanwhile, the simulated resonance achieved a value of −15.28 dB at 5.85 GHz
and a bandwidth that ranged from 5.078 to 6.08 GHz. The agreement between the simulated
and measured return losses was acceptable, which was attributed to the accuracy of the
simulation enlivenment settings and measurement conditions.

Figure 12 illustrates the simulated and measured electric fields at the electric co-
polarized and electric cross-polarized planes at a frequency of 5.8 GHz. From the figure,
we can infer that the polarization is a left-hand circular polarization (LHCP) in the broad
side direction. The difference between the cross-polarization and co-polarization at the
xz-plane was approximately −20 dB.

Figure 13 shows the simulated and measured gains over the resonance ranges. The
maximum simulated gain occurs at 5.35 GHz of 10.32 dBi, while that of the measured gain
occurs at 5.34 GHz of 10.24 dBi. The measured gain was extracted using a gain transfer
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method using a helical antenna as a reference. A reflector at the feeding network side might
be used to increase the gain performance. The simulated total efficiency ranges from 0.7%
to 0.9, confirming the effectiveness of the design.
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Figure 14 shows the simulated and measured ARs at the main angle of 0◦. The
simulated AR bandwidth ranges from 5.08 to 6.08 GHz, while the measured AR ranges
from 5.05 to 6.05 GHz. The simulated and measured AR impedance bandwidth was 17.9%
and 18% respectively. The agreement between the simulated and measured results was
fairly good.



Appl. Sci. 2021, 11, 8779 10 of 12Appl. Sci. 2021, 11, x FOR PEER REVIEW 10 of 12 
 

  
Figure 13. Simulated and measured gains and simulated total efficiency. 

Figure 14 shows the simulated and measured ARs at the main angle of 00. The simu-
lated AR bandwidth ranges from 5.08 to 6.08 GHz, while the measured AR ranges from 
5.05 to 6.05 GHz. The simulated and measured AR impedance bandwidth was 17.9% and 
18% respectively. The agreement between the simulated and measured results was fairly 
good. 

 
Figure 14. Simulated and measured axial ratios. 

5. Conclusions 
In this study, a novel 2 × 2 SR CP DRA array antenna with a compact size of 54 × 50 

mm2 was introduced. The antenna array was composed of four different radiating ele-
ments, each composed of a RDR mounted over an elliptical slot. The elliptical slot was 
used to excite two orthogonal modes within the DR that were required for the CP opera-
tion. The array exhibited an impedance bandwidth of 17% operating in the IEEE 802.11a 
band. The sequentially rotated series–parallel stub technique was employed to construct 
the feed network to allow symmetrical positioning of microstrip patch elements, which 

Figure 13. Simulated and measured gains and simulated total efficiency.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 10 of 12 
 

  
Figure 13. Simulated and measured gains and simulated total efficiency. 

Figure 14 shows the simulated and measured ARs at the main angle of 00. The simu-
lated AR bandwidth ranges from 5.08 to 6.08 GHz, while the measured AR ranges from 
5.05 to 6.05 GHz. The simulated and measured AR impedance bandwidth was 17.9% and 
18% respectively. The agreement between the simulated and measured results was fairly 
good. 

 
Figure 14. Simulated and measured axial ratios. 

5. Conclusions 
In this study, a novel 2 × 2 SR CP DRA array antenna with a compact size of 54 × 50 

mm2 was introduced. The antenna array was composed of four different radiating ele-
ments, each composed of a RDR mounted over an elliptical slot. The elliptical slot was 
used to excite two orthogonal modes within the DR that were required for the CP opera-
tion. The array exhibited an impedance bandwidth of 17% operating in the IEEE 802.11a 
band. The sequentially rotated series–parallel stub technique was employed to construct 
the feed network to allow symmetrical positioning of microstrip patch elements, which 

Figure 14. Simulated and measured axial ratios.

5. Conclusions

In this study, a novel 2 × 2 SR CP DRA array antenna with a compact size of
54 × 50 mm2 was introduced. The antenna array was composed of four different radiating
elements, each composed of a RDR mounted over an elliptical slot. The elliptical slot was
used to excite two orthogonal modes within the DR that were required for the CP operation.
The array exhibited an impedance bandwidth of 17% operating in the IEEE 802.11a band.
The sequentially rotated series–parallel stub technique was employed to construct the feed
network to allow symmetrical positioning of microstrip patch elements, which resulted
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in a good AR bandwidth of 18%. The antenna gain within the operating frequency was
a maximum of 10.24 dBi. A comparison between the proposed antenna with the other
2 × 2 SR CP DRA array reported in the literature is presented in Table 2. The design can be
further enhanced by applying the concept of frequency reconfigurability. The approach
presented by [21] of using water to vary the antenna resonance seems to be interesting for
future work.

Table 2. Comparison between the proposed array and other 2 × 2 SR CPs.

Reference Size [mm] Bandwidth % Axial Ratio % Peak Gain (dBi)

[7] Not mentioned 25 16 8
[8] Not mentioned 14 16 12
[11] 80 × 80 44 26 10

Proposed work 54 × 50 17 18 10.24
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