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Abstract—A wideband high gain circularly polarized layered cylindrical dielectric resonator antenna
(DRA) that operates in a higher order mode is proposed in the X-band frequency range. The antenna
consists of two dielectric layers having different dielectric constants and radii. The results demonstrate
a considerably improved performance as a result of adding the outer dielectric layer, where wider
impedance and axial ratio bandwidths have been attained in conjunction with a higher broadside gain
of ~ 14dBic. A prototype has been built and measured with close agreement between experimental
and simulated results.

1. INTRODUCTION

The applications of cylindrical dielectric structures as resonant cavities were proposed more than five
decades ago [1]. Since then, numerous studies have investigated their applications as high frequency
radiators [1-6]. Compared with linearly polarized antennas, circularly polarized (CP) radiators offer
a number of useful features such as eliminating the need for a precise alignment between transmitting
and receiving antennas as well as a minimized impact of interference. Therefore, considerable studies
have focused on the design of circularly polarized cylindrical DRAs. For example, a cross-slot fed
CP cylindrical DRA that operates at the HE;15 resonance mode has been reported with respective
impedance and axial ratio (AR) bandwidths of 28% and 7.4% as well as a gain of ~ 3.5dBic at
5.75GHz [7]. An alternative approach has been proposed in [8], where a cylindrical DRA that is
fed by a number of slot apertures has been optimized to provide a comb-shape with an AR bandwidth
of ~ 4% and a 3.5dBic gain. Furthermore, a CP cylindrical DRA fed by a quadruple strip has been
investigated experimentally, where four vertical conformal strips have been placed around the DRA
circumference in order to achieve wider AR and impedance bandwidths of 25.9% and 34.5%, respectively,
in conjunction with a broadside gain of 5dBic [9]. In another study, a single probe feeding has been
utilized to excite several CP cylindrical and rectangular DRAs, where it has been noted that two
orthogonal resonance modes, TM{,, and TMY,,, can be excited by changing the probe length to achieve
maximum AR and impedance bandwidths of 1.2% and 5.7%, respectively [10]. Additionally, a study
of a dual-band CP cylindrical DRA that operates in the HE11; and HEq13 resonance modes have been
presented with respective impedance and AR bandwidths of 23.5% and 7.4% and a maximum gain of
7dBic [11]. In addition, respective impedance and axial ratio bandwidths of 25.36% and 3.23% have been
achieved in conjunction with a 6.5 dBic gain using a single probe excitation of an elliptical cylindrical
DRA [12]. Therefore, circularly polarized DRAs have been reported with a maximum broadside gain
of 7dBic for DRAs that support lower order resonance modes. However, a substantially higher gain
can be accomplished by utilizing a DRA that operates in a higher order mode, albeit with a narrower
bandwidth [13, 14].

Received 28 November 2018, Accepted 16 January 2019, Scheduled 19 February 2019
* Corresponding author: Salam Khamas (s.khamas@sheffield.ac.uk).
The authors are with the Department of Electrical Engineering and Electronics, University of Sheffield, Sheffield S1 4DT, UK.




66 Abdulmajid and Khamas

The bandwidth enhancement of lower order mode operating cylindrical DRAs has received
considerable attention by employing novel techniques such as introducing air gaps and DRA stacking,
as well as coating, using various materials. For example, the first experimental results for a multi-layer
wideband cylindrical DRA have been reported with an impedance bandwidth of 30% that has been
achieved when the outer layer dielectric constant is approximately half that of the inner layer [15].
Additionally, a wider impedance bandwidth of 66% has been achieved in conjunction with a 5.5 dBi
gain for a stacked cylindrical DRA that consists of three segments placed on top of each other with
respective dielectric constants of 6.15, 2.32 and 10.2 for the bottom, middle and top layers [16]. In a
later study, a wideband four-element cylindrical DRA array has been proposed with 47% impedance
bandwidth and ~ 4 dBi gain, where the TMy;s mode has been excited [17]. An alternative investigation
has demonstrated that a substantial bandwidth enhancement can be achieved by stacking two cylindrical
DRAs vertically [18], where a 55% impedance bandwidth and 5dBi gain have been obtained. In
addition, a wideband two-layer transparent cylindrical DRA has been demonstrated experimentally,
here a conformal conducting strip has been utilized in order to excite the HE;;5 mode with 30%
impedance bandwidth and 7dBi gain [19]. A multilayer multi-permittivity half-cylindrical DRA has
been investigated experimentally with more than 52% impedance bandwidth [20, 21].

Therefore, the reported layered cylindrical DRA studies have focused on the impedance bandwidth
enhancement of linearly polarized lower order mode configurations. This mean far field radiation
characteristics such as the axial ratio have not been considered for layered DRAs. In addition, a
high gain wideband cylindrical DRA has not been reported in earlier studies neither for linearly
nor circularly polarized radiations. Furthermore, the impact of the outer dielectric layer on higher
order mode operation of cylindrical DRAs has also not been considered earlier. These limitations are
addressed in this study where a layered higher order mode cylindrical DRA is proposed with noticeable
improvement in the near and far field radiation characteristics. Experimental and simulated results
demonstrate a broadside gain of approximately 14 dBic in combinations with wider axial ratio and
impedance bandwidths. Additional advantages of incorporating the outer dielectric layer have been
observed such as the enhanced tolerance to fabrication errors as was well as the improved physical
support to otherwise a fragile DRA geometry due to a decreased aspect ratio. The proposed high-gain
and wide-band antenna can be suitable for X-band applications such as satellite communication.

2. ANTENNA CONFIGURATION

The proposed layered cylindrical DRA and feed network are illustrated in Fig. 1, where the DRA
dimensions have been chosen as a; = 3mm, h; = 32mm, he = 33mm with a variable outer layer
thickness of d,. The antenna has been placed on a 150 x 100 mm? ground plane that has been printed
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Figure 1. Geometry of the configuration. (a) Layered cylindrical DRA. (b) Top view of the feed
network.



Progress In Electromagnetics Research C, Vol. 90, 2019 67

on a thin Ro4350B dielectric substrate with respective thickness, dielectric constant and loss tangent of
0.8 mm, 3.5 and 0.0037. The DRA element has been created using Alumina with a dielectric constant
of 10 and loss tangent 0.0001, while the outer dielectric layer has been 3D printed using Polyimide with
a dielectric constant of 3.5 and a loss tangent of 0.0027. Further, in order to generate CP radiation,
a cross-slot has been itched on the ground plane with identical arm widths of ws; = wse = 0.7 mm
and unequal arm lengths of ls; = 4.4mm and [ss = 6.2mm. The whole structure has been fed using
a microstrip line that has been printed on the lower side of the Ro4350B dielectric substrate with an
open stub length of Iy, = 2.5 mm for optimum matching. Unequal length of cross-slot arms have
been chosen in order to excite two near-degenerate orthogonal modes of equal amplitude and 90° phase
difference, which generates the required CP wave [7,9,22]. Prototypes of the cylindrical DRA and the
outer layer are presented in Fig. 2.

The parametric sweep of CST microwave studio has been utilized in order to study the impact of
varying the outer layer thickness in terms of impedance and AR bandwidths as well as gain as illustrated
Fig. 3 and Table 1. From these results it can be observed that a thicker outer layer of J, = 17 mm,
provides a significant improvement in the impedance and axial ratio bandwidths, as well as gain, to
28.34%, 9.52% and 13.9 dBic, respectively, compared to 5.96%, 0.86%, and 6.6 dBic for a single layer
configuration. The improved bandwidth can be attributed to the fact that the outer dielectric coat acts
as a transition layer between the DRA and free space. This is in addition to the merged bandwidths
due to multi-mode excitation at adjacent resonance frequencies. Similarly the gain has been improved

Figure 2. The outer dielectric coat and cylindrical DRA before and after assembly.
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Figure 3. Simulated characteristics of a two-layer circularly polarized cylindrical DRA for various d,.
(a) S11 and AR. (b) Gain.
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Table 1. Radiation characteristics for various outer layer radii when a; = 3mm.

Figure 4. F-field strength around the circularly polarized layered cylindrical DRA at 11 GHz.

d(ag —ar)mm | S1; bandwidth % | AR bandwidth % | Gain dBic
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Figure 5. Impedance bandwidth and gain as functions of the outer layer thickness.

owing to multiple reasons such as exciting the higher order hybrid modes of HE{17, HE{19 and HE11 11 at
10 GHz, 10.6 GHz and 12 GHz, respectively, compared to only exciting the HE117 mode at 11.6 GHz for
a single layer configuration. In addition, Fig. 4 demonstrates that increasing the outer layer thickness
improves the energy confinement inside the dielectric resonator element resulting in a further gain
increment. Moreover, with reference to Fig. 5, it can be noted that the maximum impedance and axial
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Figure 6. The H-field component inside a CP cylindrical DRA with varying outer layer thickness when
the HE{19 modes is excited at 10.6 GHz.

ratio bandwidths have been achieved in conjunction with a high gain using an outer layer thickness of
0, = 17mm, which corresponds to ~ 1.14)\,. The magnetic field distribution inside the CP CDRA is
illustrated in Fig. 6 for various outer layer thicknesses at 10.6 GHz, where it can be noted that the excited
higher order mode of HEj19 has not been altered by varying the outer layer thickness. The impact of
fabrication errors has also been investigated by studying the modes resonance frequency variation for
fabrication errors of 0.05, 0.1 and 0.2mm in the case of outer layer that has thicknesses of §, = 7.5
and 17mm. In each case the error has been added to the cylindrical DRA radius and the resonance
frequency has been tracked for fixed coat dimensions. As can be noted from Table 2, the increment
of the outer layer thickness minimizes the impact of fabrication errors. This can be attributed to the
fact that for the layered CDRA, the dimensions variation is taking place in the vicinity of reduced wave
reflections at the cylindrical DRA surface compared to the case of a single layer DRA, which means an
improved fabrication tolerance.

Table 2. Impact of fabrication errors on the resonance frequency of the layered cylindrical DRA.

Single layer CDRA Two-layer CDRA Two-layer CDRA
Fabrication error (mm) (no coating) (0g = 7.5mm) (0g = 17 mm)
Af (%) Af(%) Af(%)
0.05 1.52 0.63 0.45
0.1 2.5 1.18 0.82
0.2 4.98 1.91 1.46

3. EXPERIMENTAL RESULTS

The inner cylindrical DRA has been fabricated by T-Ceram using Alumina with a fabrication precision
of 0.05 mm. The outer dielectric layer has been printed with the aid of 3D printing technology at the
University of Sheffield using Polyamide. Moreover, a double sided adhesive backed copper tape has been
used in order to eliminate the air gaps between the antenna and ground plane. The DRA has been fed
using an SMA connector that is connected in one end to the feeding microstrip line and in the other to
the Agilent Technologies E5071C vector network analyzer thorough a 50 coaxial cable. The calibration
has been implemented using the Agilents 85052D calibration kit. The radiation patterns and gain have
been measured using an NSI near field system.

3.1. Single Layer Circularly Polarized CDRA Configuration

A single layer cylindrical DRA has been fabricated with dimensions that support the HE;17 higher order
mode. The reflection coefficient is presented in Fig. 7, and it can be noted that the respective simulated
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Figure 7. Reflection coefficient of a single-layer circularly polarized cylindrical DRA operating in the
HE117 mode.

— Simulated ;
=== Measured 0 - )

60 <60

Normaliazed Fatteren {(dB)
Normaliazed Patteren (dB)

=
=
-]
=
b3
=

240 “ 240

150 e e am ~
R 150 =N - 210

180

(a) (b)

Figure 8. Radiation pattern of a single-layer circularly polarized cylindrical DRA excited in the HEq17
mode at 11.55 GHz. (a) ¢ = 0°. (b) ¢ = 90°.

and measured impedance bandwidths are 6% and 5.8%, where the former extends from 11.4-12 GHz, and
the latter covers a frequency range of 11.4-12 GHz. The slight discrepancy of 1% between experimental
and simulated results can be attributed to measurements errors as well as a possible fabrication error of
less than 0.2 mm as illustrated in Table 2. The simulated and measured radiation patterns for the HEq17
mode, are illustrated in Fig. 8 at 11.55 GHz, where it can be noticed that this is a left-hand circularly
polarized, LHCP, antenna since the broadside Fj component is stronger than the Er counterpart by
more than 15dB. The measured and simulated AR and broadside gains are illustrated Fig. 9 with
close agreement for a broadside gain of 6.6 dBic at 11.55 GHz. In addition, both of the simulated and
measured axial ratio bandwidths are ~ 0.86% over a frequency range of 11.5 to 11.6 GHz. Based on
these results, it can be concluded that the narrower bandwidth represents a key limitation of higher
order mode operation. Therefore, a layered CDRA will be considered next to accomplish gain and
bandwidth enhancements at the same time.
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Figure 9. Gain and axial ratio of a single-layer circularly polarized cylindrical DRA.

3.2. Two Layer Circularly Polarized CDRA Configuration

The single layer cylindrical DRA has been coated by an outer dielectric layer fabricated using a 3D
printing in order to address the narrower impedance and AR bandwidth limitations as well as improving
the gain further. A cylindrical airgap with a radius of a; has been created in the center of the outer
dielectric layer in order to accommodate the DRA element as illustrated in Fig. 2. Potential airgaps
between the two cylindrical layers have been eliminated using a Polyamide dielectric powder. Although
measurements have demonstrated a negligible airgaps impact at the considered frequency range, it is
expected that such impact will be more pronounced at the mm-wave frequency range. Fig. 10 presents
the simulated and measured return losses in the case of §, = 7.5 mm, where it can be observed that
the simulated impedance bandwidth is 23.5%, which extends from 10-12.6 GHz, and agrees well with
the measured counterpart of 22% over a frequency range of 10-12 GHz. The increment in the mode
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Figure 10. Reflection coefficient of a multi-layer circularly polarized cylindrical DRA when §, =
7.5 mm.
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Figure 11. Radiation patterns of a multi-layer circularly polarized cylindrical DRA when é, = 7.5 mm
at 10.6 GHz. (a) ¢ =0°. (b) ¢ =90°.

Gain (dBi)

— Simulated
=== Neasured

10.0 10.5 11.0 11.5 12.0 12.5 13.0

ol
th

Frequency (GHz)

Figure 12. Gain of a multi-layer circularly polarized cylindrical DRA when ¢, = 7.5 mm.

order can be attributed to the increment of the permittivity of the surrounding medium [23]. Fig. 11
illustrates the radiation patterns for the HE119 mode at 10.6 GHz, where a LHCP radiation exists since
the boresight E';, magnitude is greater than the F'r counterpart by more than 20 dB. Exciting the HE;19
and HEq; 11 modes has contributed to increasing the antenna gain to 8.6 dBic for the HE;19 mode and
11dBi at the HEqq,11 resonance mode as shown in Fig. 12. The axial ratio has been simulated and
measured at boresight as depicted in Fig. 13. The simulations predict a 3dB AR bandwidth of 6.8%
that extends from 10.4 to 11 GHz, which agrees well with the measured counterpart. The enhanced axial
ratio bandwidth results from the merged bandwidths of the HE;;7 and HE119 resonance modes that
have been excited at 10 and 10.9 GHz, respectively. These results demonstrate sound improvements in
the higher order modes DRA performance when a dielectric coat layer is incorporated.
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Figure 13. Axial ratio of a multi-layer circularly polarized cylindrical DRA when §, = 7.5 mm.

3.3. Further Performance Improvement

The antenna performance in terms of axial ratio and impedance bandwidths, as well as gain, can be
improved further by altering the outer layer thickness. Therefore, a second optimized design has been
measured using an outer dielectric layer thickness of 4, = 17mm. However, in order to maintain an
optimum matching, the width of the cross-slot arms has been altered to ws; = wse = 0.8 mm while
the unequal slot arm lengths have not been modified. This variation in the slot width is expected as
the effective dielectric constant of the configuration can be altered for various outer layer radii. Fig. 14
presents the simulated and measured reflection coefficients of the thicker circularly polarized layered
CDRA, where it can be noted that the simulated impedance bandwidth of 28%, which covers a frequency
range of 9.4-12.5 GHz, agrees well with the measured counterpart of 28.3% that extends from 9.3 to
12.3 GHz. Once again, the same higher order resonance modes of HE;17, HE119, and HE11 11 have been
excited at 9.6, 10.6, and 12.2 GHz, respectively. The far field patterns are illustrated in Fig. 15 for the
HE19 resonance mode at the minimum axial ratio frequency point of 10.6 GHz. The left-hand circularly
polarized (LHCP) radiation has been maintained since the Ey, field in the boresight direction is stronger
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Figure 14. Reflection coefficient of circularly polarized layered cylindrical DRA when 4, = 17 mm.
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Figure 15. Radiation pattern of a circularly polarized layered cylindrical DRA with an outer layer
radius of da = 17 mm excited in the HE;;9 mode at 10.6 GHz. (a) ¢ = 0°. (b) ¢ = 90°.
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Figure 16. Gain of a circularly polarized layered cylindrical DRA with an outer layer radius of
0q = 17mm.

than the EFr component by more than 23 dB. It should be noted that the weaker electromagnetic fields
inside the thicker outer layer minimizes the radiation to the DRA sides. In contrast, stronger confined
fields exist inside the DRA element, which contributes to a maximized broadside radiation and, hence,
higher gains of 13.9dBic and 11.7dBi for the HEq19 and HEq; 11 resonance modes, respectively, as
illustrated in Fig. 16. The simulated and measured axial ratios are presented in Fig. 17 with almost
identical bandwidths of ~ 9.5% over a frequency range of 10 to 11 GHz. These results confirm that
increasing the outer layer thickness, §,, from 7.5 to 17 mm, improves the gain from 8.6 to 13.9 dBic,
respectively. As mentioned earlier, this enhancement can be attributed to the fact that increasing
the thickness of the outer dielectric enhances the maximum energy confinement inside the dielectric
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Figure 17. Axial ratio of a layered circularly polarized cylindrical DRA with an outer layer radius of
0q = 17mm.

Table 3. Comparison between the proposed layered circularly polarized cylindrical DRA and previously
reported designs.

Impedance AR Outer layer Gain Resonance Feeding
References . . .
BW BW size dBic Mode mechanism
P d ant
roposed antentia 23.5% 6.8% 0.50, 8.6 HE110 Cross slot
0o = 7.5 mm
Proposed antenna
28.3% 9.5% 1.14Xg 13.9 HE119 Cross slot
do = 17mm
[7] 28% 4.7% - 3.5 HE115 Cross slot
8] 9% 4% - 3.5 - Coaxial probe
[9] 34.5% 25.9% - 5 - strip feed
[10] 5.7% 1.8% - - TM110 probe
[11] 23.5% 7.4% - 7 HEq13 Slot aperture
[12] 25.36 % 3.23% - 6.5 - probe
[24] 18% - 0.77Ag - TMo1s probe
[25] 45% - 0.85\¢ - TMo1s probe

resonator layer.

Based on the presented analyses and results, increasing the outer layer thickness improves all the
radiation characterises as well as fabrication tolerance. On the other hand, an outer layer thickness
of §, = 17mm increases the antenna size considerably, which may not be appealing for applications
at the considered frequency range. However, as the frequency increases, the physical antenna size will
be substantially reduced. For example, at frequencies of 40 and 60 GHz, the inner DRA radii will be
0.9 and 0.6 mm, respectively, compared to respective heights of 9.6 and 6.4 mm. Such long and thin
ceramic DRAs will be fragile and easy to break. At the same time, the thicker outer layer radii are 6
and 4mm at 40 and 60 GHz, respectively. These thicknesses will provide a robust antenna structure
with extra physical support while maintaining the particularly needed higher gain that represents the
most important requirement from a mm-wave antenna. Finally, a comprehensive comparison between
the proposed layered cylindrical DRA and the previously reported designs is summarised in Table 3,
where it can be observed that the proposed antenna outperforms the published counterparts and offers
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appealing features such as the combination of wide impedance and axial ratio bandwidths, higher gain
as well as an improved fabrication tolerance. It should be noted that this is the first antenna design
that offers a combination of these attractive radiation characteristics.

4. CONCLUSION

Circularly polarized layered cylindrical DRAs have been considered theoretically and experimentally,
where it has been demonstrated that incorporating an outer dielectric layer provides wider impedance
and axial ratio bandwidths as well as high gain in a simple design. The two-layer circularly polarized
cylindrical DRA operates in the HE119 mode and offer respective impedance and axial bandwidths of
~ 28.3% and 9.5% in conjunction with a high gain of up to 13.9dBic, which could have not been
achieved at the absence of the outer dielectric coat. Increasing the impedance bandwidth by coating
the antenna with a layer of lower permittivity is expected and have been reported in the literature.
However, gain enhancement, wider axial ratio bandwidth, and improved fabrication tolerance have not
been demonstrated earlier for a layered cylindrical DRA. Furthermore, two prototypes with outer layer
thicknesses of 6, = 7.5mm and 17mm have been considered. The first demonstrates a design with
practical dimensions for the X-band frequency range. On the other hand, the potential of the second
design could be exploited further at higher frequencies, for example at 60 GHz where the outer layer
radius will be reduced to 4 mm.
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