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Abstract
This article presents a dual-band dual-polarized, slotted cylindrical dielectric resonator 
antenna (CDRA) for wireless applications. Multiple inverted pentagons with slotted aper-
ture are used to radiate hybrid mode HEM11δ. The suggested radiator has two operating 
frequency bands: lower frequency band is from 3.75 to 3.96 GHz with 5.44% (210 MHz) 
fractional bandwidth resonating at 3.87  GHz while upper frequency band is from 6.58 
to 8.4 GHz with 24.29% (1820 MHz) fractional bandwidth resonating at 6.63 GHz. The 
lower resonating band is generated because of multiple slots while upper resonating band 
is due to the combination of CDRA and multiple slots. The lower band is linearly polarized 
whereas the upper band is dual-polarized (linear/circular). Circular polarization (CP) char-
acteristic is achieved at the upper frequency band by combining the effect of moon-type 
microstrip line and multiple slots. Axial ratio bandwidth (3-dB) is obtained about 7.06% 
(550 MHz) between 7.52 and 8.07 GHz with 0.62 dB minimum AR value at frequency 
8.01 GHz. This radiator can be used in partially S and C-band applications.

Keywords  Cylindrical dielectric resonator antenna (CDRA) · Circular polarization · 
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1  Introduction

Dielectric resonator antenna (DRA) is one of the popular antennas during the last three 
decades because of its essential characteristics such as large impedance bandwidth, sub-
stantial gain, smaller in size, high radiation efficiency (no conduction losses) and economi-
cal [1, 2]. DRA is available in different shapes like rectangular, cylindrical, hemispheri-
cal, or any other shape. But cylindrical and rectangular DRA is more useful because of 
their design flexibility and economical availability [1]. The cylindrical dielectric resonator 
antenna (CDRA) has three (TEmnp, TMmnp and HEmnp) modes, each of them are useful for 
obtaining a particular radiation pattern [3].

Dual/multi-band DRA is more useful in wireless communication because a single 
antenna can be used in more than one application. Mainly three techniques is used to 
achieve dual/multi-band characteristics: (1) Hybrid DRA [4, 5], (2) Using parasitic element 
with DRA [6] and (3) Creating higher order modes in addition to the basic mode of DRA 
[7]. Out of three, the last one is more fruitful, however it is quite complicated to develop a 
higher order mode in DRA [8, 9].

In today’s world of wireless communication, researchers are concentrating their efforts 
on dual-polarized antennas, which are unaffected by propagation direction and obey 
multipath between the transmitter and receiver [10]. In single feed DRA, there are many 
methods for obtaining circular polarization (CP) in DRA using distinctive geometry like 
elliptic DRA showing 3.5% AR bandwidth along with 14% impedance bandwidth [11], 
Super shape DRA (S-DRA) [12], Trapezoidal DRA [13], stacked CDRA with half split 
[14] and stacked rectangular DRA [15] using different permittivity. DRA excitation using 
cross slot with 3.91% (80 MHz) AR bandwidth [16], DRA of large size 75 mm × 75 mm 
with CP using slotted ground [17] showing AR bandwidth of 2.7% (59 MHz) and DRA 
excited with helical shape exciter [18] exhibiting 6.4% AR bandwidth along with 10.2% 
impedance bandwidth, microstrip line feed of question mark shape cubic DRA [19] 
and rectangular DRA with partial ground using meandered line [20], ring DRA of size 
50 mm × 45 mm with polygon of hexagonal shape [21], four ports MIMO antenna of large 
size 80  mm × 80  mm providing 20.86% (750  MHz) and 10.71% (560  MHz) impedance 
bandwidth [22] and CDRA with T-shape line feed having slot of square ring shape [23] 
is also presented. Some other dual band antennas based on DRA with CP characteris-
tic is designed using triangular shape aperture [24] of size 40 mm × 40 mm, omnidirec-
tional CDRA [25] with 5.71% and 7.99% impedance bandwidth, omnidirectional CDRA 
of radius 30 mm having CP with circular patch [26], rectangular DRA of very large size 
100 mm × 100 mm showing impedance bandwidth of 11.4% and 8.4% using cross slot [27], 
CDRA of size 40 mm × 40 mm with swastik shape aperture [28], eccentric semi annular 
elliptical DRA [29] exhibiting CP with 5.71% AR bandwidth, omnidirectional rectangular 
DRA excited with coaxial probe having 4.57% (210 MHz) AR bandwidth [30], V-shape 
microstrip line based CDRA of size 50  mm × 50  mm using modified slot [31] and ring 
shape DRA of size 50 mm × 50 mm with T-shape line feed having circular ring [32].

In the proposed work, a dual band characteristic is generated using multiple inverted 
pentagon slots and CDRA. The lower operating frequency band from 3.75 to 3.96 GHz 
is created due to multiple inverted pentagon slots and the upper operating band from 6.58 
to 8.4 GHz is generated because of the combining effect of CDRA and multiple slots. An 
orthogonal field is created due to the moon-like microstrip line and multiple inverted pen-
tagon slots. Because of this field, circular polarization (CP) achieves at the upper frequency 
band from 7.52 to 8.07 GHz with axial ratio (3-dB) bandwidth of 7.06% whereas the lower 
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band is only linearly polarized. The lower frequency band from 3.75 to 3.96 GHz provides 
the services  in S-band whereas the upper frequency band from 6.58 to 8.4  GHz comes 
under the category of extended C-band application and useful for the earth to space com-
munication [33].

The content of proposed work is organized in following sections. The proposed CDRA 
geometry and step by step design with parametric analysis are presented in Sect.  2 and 
Sect. 3 respectively. The results discussion along with experimental outcomes and perfor-
mances comparison with pervious work are discussed in Sect. 4. Finally, overall conclu-
sion of proposed work is described in Sect. 5.

2 � Antenna Geometry

The diagram of the proposed radiator is shows in Fig. 1a–c. It is built on a marginal price 
FR4 substrate (ɛr, sub = 4.4, tanδ = 0.02 and h = 1.6  mm) with width WS = 40  mm and 
length LG = 40  mm. Multiple inverted pentagon shapes are slotted on the ground plane 

Fig. 1   Schematic diagram a perspective view, b feeding structure, c top view without CDRA feed line
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of the substrate. A half moon shaped microstrip line (50Ω) is placed below the substrate. 
A cylindrical dielectric resonator (Alumina: ɛr CDRA = 9.8 and tanδ = 0.002) of height 
H = 11.1 mm and radius R = 12 mm is placed above the substrate. Details optimized dimen-
sions are given in Table 1.

The resonant frequency of hybrid mode HEM11δ with CDRA is computed by [10].

where Heff and ɛreff are the effective height and permittivity while R is radius of CDRA. 
Heff and ɛreff are calculated by following formulas [1].

By using these equations, the theoretical value for HEM11δ mode is identified to be 
3.87 GHz.

3 � Parametric Analysis

The effect of various parameters on the performance of the proposed CDRA are discussed 
in this section. The Ansys HFSS simulator is used to analyzed and optimized the antenna 
design. The parametric analysis is divided into two parts: (1) Reflection coefficient (S11) 
and (2) Circular polarization (CP) characteristics.

3.1 � Reflection Coefficient (S11)

Step to step design procedure of the proposed CDRA is presented in Fig. 2 and its cor-
responding reflection coefficient vs frequency graph is shown in Fig. 3. In step 1, step 
2 and step 3, the antennas are excited with single, double and triple inverted pentagon 
shape slot aperture using simple microstrip feed line whereas the antenna designed in 
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Table 1   Optimized parameter of 
the proposed CDRA

Symbol Dimension (mm) Symbol Dimension (mm)

LG = LS 40 C3 3.91
WG = WS 40 L1 8.22
H 11.1 L2 6.46
R 12 L3 4.70
h 1.6 L4 2.93
W1 2.43 L5 16.81
C1 10.15 L6 16
C2 7.22 d 3.48



2125Dual‑Band and Dual Polarized Inverted Pentagonal Shaped Hybrid…

1 3

step 4 with circle on the place of third inverted pentagon shape slot aperture using half-
moon type microstrip feed line. The antennas designed in step 1, step 2 and step 4 are 
resonating in dual band while antenna designed in step 3 is resonating in multiple band. 
The fractional bandwidth of proposed CDRA in step 4 compared to step 3 is improved 
due to circle in place of third pentagon slot and half-moon type microstrip feed line. 
The fractional bandwidth of 16.31% (1000  MHz) and 2.09% (150  MHz) resonatig at 
5.88 GHz and 7.14 GHz in step 1 while 4.42% (170 MHz) and 4.32% (300 MHz) reso-
natig at 3.87 GHz and 6.9 GHz in step 2 is obtained. The antenna designed in step 3 
using triple inverted pentagon slot is resonating in multiband at frequencies 3.78 GHz, 
6.87 GHz and 8.07 GHz with poor reflection coefficient and narrow bandwidths. While 
antenna designed in step 4 is resonating in dual band with fractional bandwidth of 
5.44% (210 MHz) in lower band between 3.75 and 3.96 GHz at frequency 3.87 GHz and 
24.29% (1820 MHz) in upper band between 6.58 and 8.40 GHz at frequency 6.63 GHz.

Fig. 2   Stepwise design procedure of proposed CDRA

Fig. 3   Reflection coefficient versus frequency graph with step to step design procedure
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3.1.1 � Effect of CDRA

Figure 4 displays the reflection coefficient vs frequency graph of antenna without and with 
CDRA. It is confirmed from Fig. 4 that the lower operating frequency band is due to CDRA 
and the upper opeating frequency band is because of the combined effect of with and with-
out CDRA. Thus the proposed CDRA is considered as a hybrid antenna. The antenna with-
out CDRA is resonating in single band from 6.03 to 7.86 GHz with fractional bandwidth 
of 26.34% (1830 MHz) at frequency 7.14 GHz while antenna with CDRA is resonating in 
dual band from 3.75 to 3.96 GHz with fractional bandwidth of 5.44% (210 MHz) in lower 
operating band at frequency 3.87 GHz while 6.58 GHz to 8.4 GHz with fractional band-
width of 24.29% (1820 MHz) in upper operating band at frequency 6.63 GHz.

3.1.2 � Effect of Height (H) and Radius (R) of CDRA

To optimized the antenna, the height (H) and radius (R) of CDRA are varried in step of 
0.5 mm and its effect on the reflection coefficient is observed as shown in Figs. 5 and 6 
respectively. In the observation of parametric variation, one parameter is varied while other 
is kept constant. The effect of height (H) variation on the reflection coefficient is observed 
at H = 10.1  mm, 10.6  mm, 11.1  mm, 11.6  mm and 12.1  mm as shown in Fig.  5 while 
the effect of radius (R) variation on the reflection coefficient is observed at R = 11 mm, 
11.5 mm, 12 mm, 12.5 mm and 13 mm as shown in Fig. 6. In variation of height (H), the 
antenna is resonating in dual band with fractional bandwidth of 5.44% (210  MHz) and 
24.29% (1820 MHz) for H = 11.1 mm and 5.49% (210 MHz) and 24.19% (1800 MHz) for 
H = 11.6 mm while antenna is resonating in multiband at frequencies 3.96 GHz, 6.72 GHz 
and 7.59 GHz for H = 10.1 mm, 3.93 GHz, 6.69 GHz and 8.72 GHz for H = 10.6 mm and 
3.81 GHz, 6.57 GHz and 8.04 GHz for H = 12.1 mm.

Fig. 4   Reflection coefficient versus frequency graph with and without CDRA
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In variation of radius (R), the three antennas are resonating in dual band with frac-
tional bandwidth of 3.53% (140 MHz) and 17.71% (1380 MHz) for R = 11 mm, 4.62% 
(180  MHz) and 19.96% (1510  MHz) for R = 11.5  mm while 5.44% (210  MHz) and 
24.29% (1820 MHz) for R = 12 mm in lower and upper resonating bands respectively. 
The two antennas are resonating in multiband at frequencies 3.84  GHz, 6.42  GHz, 

Fig. 5   Reflection coefficient versus frequency graph with the change in height (H) of CDRA

Fig. 6   Reflection coefficient versus frequency graph with the change in radius (R) of CDRA
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6.78 GHz and 7.92 GHz for R = 12.5 mm and 3.81 GHz, 6.69 GHz and 8.04 GHz for 
R = 13 mm.

In both variations, dual band of maximum fractional bandwidth 5.44% (210  MHz) 
between 3.75 and 3.96  GHz and 24.29% (1820  MHz) between 6.58 and 8.4  GHz is 
obtained for H = 11.1 mm and R = 12 mm. Thus, the optimized height (H) and radius 
(R) of CDRA are obtained 11.1 mm and 12 mm respectively.

3.1.3 � Effect of Dielectric Constant of CDRA

The effect of dielectric constant variation on the reflection coefficient is observed for the 
value of dielectric constant 8.8, 9.3, 9.8, 10.3 and 10.8 as shown in Fig. 7. In variation 
of dielectric constant, the antenna is resonating in dual band with fractional bandwidth 
of 6.19% (250 MHz) and 21.62% (1680 MHz) for dielectric constant 8.8 while 6.07% 
(240  MHz) and 22.48% (1710  MHz) for dielectric constant 9.3. The antenna for die-
lectric constant 9.8, is resonating in dual band with maximum fractional bandwidth of 
5.44% (210 MHz) and 24.29% (1820 MHz). The antenna for dielectric constant 10.3 is 
also resonating in dual band with fractional bandwidth of 6.07% (240 MHz) and 22.92% 
(1740 MHz) but antenna is resonating in triple band for dielectric constant 10.8 with 
fractional bandwidth of 5.08% (190 MHz), 6.79% (440 MHz) and 13.95% (1070 MHz).

The distribution of E-field inside the CDRA at frequency 3.87 GHz is exhibited in 
Fig.  8. It is confirmed from Fig.  8 that HEM11δ mode is generated, which is a basic 
mode [9]. This mode is generated due to the inverted pentagon slot. It is known that for 
the generation of HEM11δ mode, the CDRA must act like a horizontally placed magnetic 
dipole (inverted pentagon slots in the proposed CDRA act such magnetic dipole) [10]. 
This is also verified mathematically in Sect. 2.

Fig. 7   Reflection coefficient versus frequency graph with the change in dielectric constant of CDRA
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3.2 � Circular Polarization

Step to step design procedure of proposed CDRA is shown in Fig. 2 and its commensurate 
axial ratio graph is presented in Fig. 9. It is known that two essential conditions should be 
satisfied for the generation of circular polarization (CP) waves. (1) Electric field compo-
nent must be orthogonally (2) Phase difference between these fields must be 90° [20]. It is 
confirmed from Fig. 9 that in step 1, step 2 and step 3, the antenna is not resonating below 
the 3-dB line and does not fulfill the essential condition for CP creation. But in step 4, the 
proposed CDRA is resonating below the 3-dB line between frequency ranges 7.52 GHz to 
8.07 GHz with 7.06% (550 MHz) axial ratio BW having minimum AR value of 0.62 dB 

Fig. 8   Distribution of E-field in CDRA at 3.87 GHz a top view b side view

Fig. 9   Axial ratio graph with step to step design procedure
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at frequency 8.01 GHz. In the proposed radiator, the moon-like patch behaves like elec-
tric dipole whereas multiple slots of inverted pentagon shape behave like magnetic dipole 
that produces right angle (orthogonal) electric field [34]. However, at lower frequency, not 
possible to generate CP because no orthogonal component is present, that produces pure 
HEM11δ mode by CDRA.

The magnitude (EX/EY) and phase difference between EX and EY vs frequency graph are 
exhibited in Fig. 10. It can noticed from Fig. 10, that the phase difference between EX and 
EY is close to 90° and the value of magnitude (EX/EY) is near to 1 between the frequency 
range 7.52 GHz to 8.07 GHz. This concludes that the proposed CDRA is circularly polar-
ized between the frequency ranges 7.52 GHz to 8.07 GHz [22].

4 � Experimental Validation and Results Discussion

In this part, the simulated reflection coefficient of proposed CDRA is compared with 
experimental outcome measured by fabricated antenna. Figure 11 represents the com-
parative reflection coefficient graph of the experimental outcome and proposed simu-
lated CDRA whereas Fig.  12 represents the fabricated structure of proposed CDRA. 
Figure 12a represents the top view with CDRA while Fig.  12b represents the feeding 
structure of the fabricated CDRA. Agilent Technologies’ network analyzer of frequency 
range 300  kHz to 20  GHz is used to test the reflection coefficient of the fabricated 
CDRA for frequency range of 3.5 GHz to 8.5 GHz. The experimental fractional band-
width of 8.36% (330 MHz) between 3.78 and 4.11 GHz in the lower band while the frac-
tional bandwidth of 21.11% (1530 MHz) between 6.48 and 8.01 GHz in the upper band 
is obtained. However, the simulated antenna exhibits fractional bandwidth of 5.44% 
(210  MHz) in lower band between 3.75 and 3.96  GHz while fractional bandwidth of 
24.29% (1820 MHz) in the upper band between 6.58 and 8.4 GHz. The minor changes 
between experimental and simulated outcome are obtained because of the effect of the 

Fig. 10   Phase difference (between EX and EY) and magnitude (EX/EY) versus frequency graph of proposed 
CDRA
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thickness of connector and glue material on the substrate (to connect CDRA) [35]. In 
Table 2, a comparison of impedance bandwidth of proposed CDRA with the previous 
paper on dual-band DRA is presented. From comparison Table 2, it can conclude that 
the proposed CDRA has large impedance bandwidth.

Fig. 11   Comparison of reflection coefficient graph between measured and simulated results of CDRA

Fig. 12   Fabricated image of proposed CDRA a top view b feeding structure
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The comparison between simulated and measured axial ratio vs frequency graph in 
broadside direction (θ and ϕ = 0°) is represented in Fig. 13. The axial ratio bandwidth of 
proposed CDRA is measured by the dual linear pattern technique [35]. It is noticed from 
Fig. 13 that good similarity between measured and simulated AR graphs is obtained. Cir-
cular polarized of proposed CDRA in the frequency range 7.52 GHz to 8.07 GHz (simu-
lated) with 3-dB axial ratio bandwidth of 7.06% (550 MHz) while 7.59 GHz to 8.05 GHz 
(measured) with 3-dB axial ratio BW of 5.88% (460 MHz) is obtained. Table 3 shows the 
comparison of 3-dB axial ratio BW of proposed CDRA and recently publishing DRA. The 
proposed CDRA exhibits wider axial ratio BW. It is confirmed from Table 3, that the pro-
posed antenna is batter in terms of axial ratio bandwidth (ARBW).

Figure 14a, b shows the simulated and measured radiation pattern of proposed CDRA in 
E and H-plane at frequency 3.87 GHz while Fig. 14c, d shows the simulated and measured 
LHCP and RHCP in the XZ-plane at minimum axial ratio frequency 8.01 GHz. An anechoic 

Fig. 13   Comparison of the axial ratio bandwidth between simulated and measured CDRA

Table 3   Comparison of the proposed radiator with other DRA in term of axial ratio

References (Shape of 
DRA)

Size of DRA (mm) Excitation method Frequency band 
(GHz)

3-dB ARBW (%)

[24], RDRA 40 × 40 Aperture 5.18–5.34 3.4
[26], CDRA Pi × 30 × 30 Probe feed 2.31–2.43 5.06
[29], Semi annular 

DRA
35 × 35 Microstrip line 10.37–10.98 5.71

[30], RDRA 31 × 31 Microstrip line 5.15–5.36 4.57
[31], CDRA 50 × 50 Microstrip line 5.12–5.34 4.2
[32], CDRA 50 × 50 Microstrip line 4.41–4.65 5.29
CDRA (Proposed) 40 × 40 Aperture 7.52–8.07 7.06
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chamber is used for measurement purposes. A good difference has been seen between co and 
cross-polarization in the proposed radiator when it is kept in the principal axis that is θ = 0° 
and ϕ = 0°. Linear polarization characteristics (Ex ≠ Ey) are also verified by the difference 
between co and cross-polarization at 3.87 GHz frequency. A good agreement between meas-
ured and simulated radiation pattern is seen from radiation pattern. It is clear from Fig. 14 
that the proposed CDRA exhibits LHCP pattern with an 18 dB difference between LHCP and 
RHCP patterns. The horizontal (EH) and vertical (Ev) planes are used in the measurement of 
LHCP and RHCP patterns [36].

(4)ELHCP =
1
√

2

�

EH − jEV

�

(5)ERHCP =
1
√

2

�

EH + jEV

�

Fig. 14   Simulated and measured radiation pattern in the XZ plane a E-plane at 3.87  GHz, b H-plane at 
3.87  GHz, c RHCP and LHCP at 8.01  GHz (θ = 0°, ϕ = 0°), d RHCP and LHCP at 8.01  GHz (θ = 0°, 
ϕ = 90°)
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The gain and radiation efficiency of the proposed CDRA in broadside direction (θ = 0° 
and ϕ = 0°) is exhibited in Fig. 15. Two antenna methods are used to measurement of abso-
lute gain of the proposed CDRA in the anechoic chamber [10]. In both operating band, the 
simulated and measured gain of proposed CDRA is more than 3 dB. The simulated radia-
tion efficiency of proposed CDRA is more than 85% in both operating bands.

5 � Conclusion

A dual-band dual-polarized slotted hybrid antenna has been proposed and tested experi-
mentally. Dual-band has been achieved by the use of multiple inverted pentagon slots 
and CDRA. The lower operating band from 6.58 to 3.96 GHz is linearly polarized with 
fractional bandwidth of 5.44% (210 MHz) while the upper frequency band from 6.58 to 
8.4  GHz with fractional bandwidth of 24.29% (1820  MHz) is circularly polarized from 
7.52 to 8.07 GHz with 3-dB axial ratio bandwidth of 7.06% (550 MHz). A stable gain of 
more than 3 dB and radiation efficiency more than 85% has been obtained in both operat-
ing frequency bands. The lower frequency band from 3.75 to 3.96 GHz provides the ser-
vices in S-band whereas the upper frequency band from 6.58 to 8.4 GHz comes under the 
category of extended C-band application and useful for the earth to space communication.

Data Availability  Data sharing not applicable to this article as no datasets were generated or analysed during 
the current study.
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Fig. 15   Gain and radiation efficiency graph of proposed CDRA
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