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Abstract—In this paper, we present a waveguide-fed hollow cylindrical dielectric resonator antenna
(CDRA) with dual-band operation and its modified structure for wider bandwidth and enhanced gain
operation. The distinctive nature of the structure provides two bands having resonant frequencies at
8.46 GHz and 9.24 GHz with maximum gains of 5.37 dBi and 6.86 dBi respectively with a single dielectric
resonator antenna (DRA). The dual-band is achieved due to the resonance of DRA and the air column
inside it. Excellent coupling is achieved in both bands. The dual-band structure is modified by changing
the volume of the air column inside the CDRA keeping all other parameters constant to result in a wider
band and high gain antenna. A bandwidth of 7.9% with a resonant frequency of 9.0 GHz and a maximum
gain of 8.14 dBi is obtained for the modified structure.

1. INTRODUCTION

The dynamic advancements in modern wireless communication demand high-frequency operation. As
the antenna is a crucial component in the communication systems, it is vital to design it optimally
for the fulfillment of the required characteristics. As the operating frequency goes high, conventional
metallic antennas suffer from conduction loss due to the finite conductivity of the metal, and in turn,
efficiency decreases [1]. Dielectric resonator antenna can be used as a better alternative to microstrip
antennas and metallic antennas at higher frequencies, owing to the absence of conductor loss and surface
waves [2]. Besides this, DRA offers high Q, small size, very low dielectric loss, flexibility in shape, and
high radiation efficiency [3]. All these characteristics of the DRA make it a favorable candidate for high-
frequency communication. DRA can be excited with different feeding lines like microstrip [4], coplanar
waveguide (CPW) [5], co-ax feed [6], conformal strip [7], and metallic waveguide [8]. Among these, the
waveguide feed is one of the best feeding techniques, as it provides excellent shielding between the inner
and outer regions with negligible radiation loss [9], and in turn, DRA and waveguide form a brilliant
pair for high-frequency communication systems. But when low permittivity DRAs are excited by direct
waveguide feed, famished coupling is resulted [10].

Dual-band operation of DRAs with different feeding techniques has been investigated in the
literature [11-13]. But only a few works have been reported for the dual-band operation with waveguide
feed. Leung and So describe a dual-band waveguide fed cylindrical DRA with resonant frequencies
4.33 GHz and 4.7 GHz, which consists of a second dielectric resonator (DR) that is placed below the
slot in the waveguide [14]. This results in a second band and enhanced coupling, but the structure
has the limitations of fabrication difficulty and low gain and it requires two DRAs to achieve dual-
band. Another dual-band operation of waveguide fed three-layer hemispherical DRA (HDRA) is
realized in [15] that employs multiple DRAs for attaining dual-band and coupling enhancement. In
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this structure, the number of DRAs increases the cost as well as the fabrication difficulty. Different
coupling enhancement techniques for waveguide-fed DRAs are achieved by a stair-shaped waveguide [16],
tapered waveguide [17], and capacitive waveguide junction [8]. All these structures are of single-band
operation and suffer from fabrication intricacy. Different feeding techniques such as coaxial probe [18],
substrate integrated waveguide (SIW) [19, 20], and microstrip feed [21] are reported in the literature for
dual-band and wideband operations. In [18-20], more than one DRA element is used to get dual-band
and wide bandwidth. In [20], four different DRA elements are employed to get wider bandwidth. This
increases the cost of the overall system. In [21], a DRA in the shape of an inverted umbrella is used to
achieve a bandwidth of 28%, but the realization of the DRA structure is complex, and the gain is also
low.

In this paper, we propose a simple and efficient coupling technique, in which a single hollow
cylindrical DRA achieves the dual-band operation with fairly good gain. In the proposed structure,
without using any additional component very good matching is achieved by simply introducing a cross-
slot (a combination of horizontal and vertical slots) on the ground plane at the shorted end of the
waveguide. By slightly changing the air column inside the DRA, a wideband operation is observed with
an increase in gain. The proposed antenna is very easy to fabricate and does not require any additional
components for achieving these two objectives. The structure is simulated using Ansoft HFSS, and
parametric analysis has been conducted to optimize the different parameters involved in the design.
The measurement has been carried out using R&S ZVL 13 network analyzer, and the simulated results
were analyzed and verified experimentally.

2. ANTENNA CONFIGURATION AND DESIGN

The proposed antenna configuration consists of a hollow cylindrical DRA, ground plane, with two slots
that are cut in a cross shape, and WR-90 waveguide. The ground plane of dimension gd x gd x t is
placed on one of the ends of the waveguide of cross-section a x b and length [. Two rectangular slots
of dimensions sl X sw X t and sa X sb X t are cut on the ground plane to excite the DRA, and these
rectangular slots together make a cross-shaped slot. The horizontal and vertical slots are off-centered by
u and v respectively in +x direction. The hollow cylindrical DRA made of AloO3 — ceramic (alumina)
of permittivity e,, outer radius d,, inner radius a,, outer height h, and inner height h; is placed with
its open end on the ground plane. The cross-sectional view, top view, and 3D structure of the antenna
configuration are shown in Figures 1(a), (b), and (c), respectively.

The proposed antenna is designed to resonate in two bands in the X-band frequency range with
resonant frequencies 8.48 GHz and 9.2GHz. A hollow cylindrical DRA of outer radius 10 mm and
outer height of 6 mm is taken as the resonating element. An air column of radius 6.5mm and height
3mm is introduced in the DRA centrally. The air column inside the DRA substantially affects the
effective permittivity and Q-factor which in turn, reduces the permittivity [22] to 4.8 approximately
from 9.8. The dual-band operation is achieved since CDRA, air column, and slots resonate as partially
independent mechanisms. DRA resonant frequency depends on the mode of operation, geometrical
dimensions, and effective relative permittivity [23]. In the designed structure, the DRA is made to
operate at HEMq95_ like and HEMj95 mode in first and second bands. The first resonance band is
obtained as the result of resonance of DRA, air column, and slot. The DRA is excited at HEMg5_
like mode, and the dimensions of the slot and air column determine the first resonant frequency. The
resonant frequency of the cylindrical DRA excited at HEM;55 mode is given by the equation

3O(k0a)
fT(GHz) =

(1)

where acp,, is the radius of the DRA; ¢,y is the effective permittivity; k,a is the wavenumber which
can be determined by equation

{3.72 4+ 0.4464x + 0.223222 + 0.052123 — 2.65¢~ 1252 (1+4.70)}
\/Ereﬁ‘

where 2 = 4}, from which the resonant frequency is obtained as 9.2 GHz [24].

2T Qe
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(2)
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Figure 1. Antenna configuration. (a) Cross-sectional view. (b) Top-view. (c) 3D structure.

In waveguide-fed DRAs, the direct coupling of the DRA to the waveguide introduces inductive
susceptance, and effective coupling is not possible [10]. To overcome this drawback, the inductive
susceptance must be nullified by its counterpart. This is achieved by the air column inside the DRA
and the cross-slot placed at the shorted end of the waveguide, and it results in impedance matching as
well as efficient coupling. The different parameters involved in the design are analyzed and optimized
to give an excellent result. The optimized values of various parameters are tabulated in Table 1.

Table 1. Optimized parameters of the proposed antenna.

Parameter Value Parameter | Value
a 22.86 mm sb 9.0 mm
b 10.16 mm U 1.8 mm
l 60.00 mm v 6.5 mm
gd 100.0 mm dy 10 mm
t 1.30 mm ar 6.5mm
sl 15.8 mm h 6.0 mm
sw 1.00 mm h1 3.0mm
sa 1.50 mm e 9.8
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3. PARAMETRIC ANALYSIS

The antenna performance depends on various parameters such as slot dimensions, offsets of the slots,
inner and outer heights, and inner and outer radii of the DRA. The effect of these parameters has been
studied by performing the parametric analysis using Ansoft HFSS.

3.1. Length sl and Width sw of the Horizontal Slot

Figures 2(a) and (b) depict the variation of |Si1| as the function of the length sl and width sw of the
horizontal slot, respectively. As the slot length is changed from 15.0 mm to 15.8 mm in 0.4 mm steps,
keeping all other parameters constant it is observed that the resonant frequency of the first band is
decreased from 8.5 GHz to 8.39 GHz, but the change in the second band is negligible. The change in the
width of the horizontal slot has an appreciable influence on the coupling and the resonant frequencies.
When the width of the horizontal slot is changed from 0.8 mm to 1.2 mm with a step size of 0.2 mm, it

can be seen that there is an upward shift in the two resonant frequencies, and the coupling is maximum
when sw = 1 mm.
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Figure 2. |Si1| as the function of (a) length of the horizontal slot, (b) width of the horizontal slot.

3.2. Length sa and Width sb of the Vertical Slot

Figures 3(a) and (b) show the variation of the |S11| parameter with respect to the change in length sa
and width sb of the vertical slot. From this it is clear that the variation of length sa of the vertical slot
affects the coupling only, but not the resonant frequencies. The width of the slot sb is also a determining
factor of coupling of the second band. As it is varied from 8.8 mm to 9.2 mm in a step size of 0.2 mm,
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Figure 3. |S11] as a function of (a) length of the vertical slot, (b) width of the vertical slot.
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keeping all other parameters constant, negligible change in the resonant frequency is observed. But
excellent coupling is obtained at sa = 1.5 mm and sb = 9mm.

3.3. Offset u of the Horizontal and v of the Vertical Slots

The offset positions of the two slots on the ground plane are significant parameters that determine the
return loss characteristics of the proposed antenna. A parametric study has also been done on the offset
u of the horizontal slot and v of the vertical slot in 4+ direction which are plotted in Figures 4(a) and
(b), respectively. Figure 4(a) reveals that the best-approximated value of u is 1.8 mm. As the offset v
of the vertical slot is varied from 6.3 mm to 6.7 mm in equal steps, it is observed that both the resonant

frequencies shift to the left, and also the coupling is affected. From the parametric analysis, the value
of v is optimized to 6.5 mm.
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Figure 4. |S11] as a function of (a) offset of the horizontal slot, (b) offset of the vertical slot.

3.4. Radius d, and Height h of the DRA

Figure 5(a) shows the variation of the |S11]| of the proposed antenna with the variation of the radius d, of
the DRA. It is observed that it has a significant effect on both resonant frequencies and coupling. The
best result is obtained at d, = 10mm. The height of the DRA is a design factor of the resonant
frequencies and coupling of the antenna. As it varies from 5.8 mm to 6.2mm, both the resonant
frequencies and the coupling are found to be increased as shown in Figure 5(b).
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Figure 5. |S11] as a function of (a) radius of the DRA, (b) height of the DRA.
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4. RESULTS AND DISCUSSIONS

Simulations of the proposed structure with optimized parameters have been carried out using Ansoft
HFSS to analyze the antenna performance. The prototype of the structure has been fabricated, and
the side-view and inner side of the hollow DRA are shown in Figures 6(a) and (b), respectively. The
measurements were taken using R&S ZVL13 network analyzer in an open environment. Reflection
coefficient, radiation patterns, gain, and field distributions are studied and analyzed.

(a) (b)

Figure 6. (a) Side view of prototype. (b) Inner side of hollow CDRA.

4.1. Reflection Coefficient

The |S11| parameter of an antenna determines its coupling efficiency. At resonant frequencies, maximum
power is coupled to the DRA, and it makes the DRA radiate to the atmosphere. Figure 7 compares the
measured and simulated reflection coefficients of the designed antenna. The simulated result exhibits a
dual-band operation with resonant frequencies 8.48 GHz and 9.20 GHz. The lower frequency of the first
band is 8.35 GHz and is extended up to 8.60 GHz giving an impedance bandwidth of 2.9%. The second
band has an impedance bandwidth of 3.05% with a band ranging from 9.03 GHz to 9.31 GHz.
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Figure 7. Measured and simulated |S11].

The measured reflection coefficient exhibits an excellent agreement with the simulated results, as it
provides the first resonant band from 8.33 GHz to 8.61 GHz with a resonant frequency of 8.46 GHz and
10dB bandwidth of 3.3%. The second band is from 9.05 GHz to 9.35 GHz with a resonant frequency
of 9.24 GHz. The 10dB impedance impedance bandwidth is obtained as 3.26%. 20 MHz of downward
shift and 40 MHz of upward shift on first and second resonant frequencies respectively are shown by the
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antenna during the measurements. These slight variations in resonant frequencies may be due to the
error in fabrication and the air gap present between the DRA and ground plane [16].

4.2. Radiation Patterns

The radiation pattern of an antenna is very significant as the directivity, gain, and polarization can
be inferred from this. Figures 8(a) and (b) show the radiation patterns of the proposed antenna in
E-plane and H-plane at 8.48 GHz, and Figures 8(c) and (d) give the E-plane and H-plane radiation
patterns at 9.2GHz. Figures 9(a) and (b) depict the 3D radiation patterns at 8.48 and 9.20 GHz,
respectively. From the simulated and measured radiation patterns, it is obvious that the antenna is
linearly polarized, and the co-polarization differs from cross-polarization by more than 25dB in the
broadside at both frequencies. The variation in the measured and simulated cross-polarizations is the
effect of noise as the measurement is taken in the open environment.
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Figure 8. (a) E-plane radiation pattern at 8.48 GHz. (b) H-plane radiation pattern at 8.48 GHz. (c)
E-plane radiation pattern at 9.2 GHz. (d) H-plane radiation pattern at 9.2 GHz.

4.3. Gain

The gain is a vital parameter of an antenna, and it indicates the ability of the antenna to convert the
input power to radio waves. Figure 10 depicts the simulated and measured gains for the resonant bands
8.33 GHz to 8.61 GHz and 9.05 GHz to 9.35 GHz. It illustrates that the measured gain adheres to the
simulated gain in both bands. The measured maximum gain of 5.37 dBi is obtained at 8.45 GHz in the
first band. In the second band, the measured maximum gain is 6.86 dBi at 9.15 GHz.
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Figure 9. 3D radiation plot for dual-band operation at (a) 8.48 GHz, (b) 9.2 GHz.
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Figure 10. Measured and simulated gain of (a) band 8.33-8.61 GHz, (b) band 9.05-9.35 GHz.

4.4. Field Distribution

An external field distribution is associated with each mode of DRA operation. By exciting different
modes in DRA different field patterns can be obtained. The proposed DRA is excited in two higher-order
modes viz HEMi95_ like mode at 8.48 GHz and HEMj55 mode at 9.2 GHz. The E-filed distributions
in xy-plane at the first band and second band are shown in Figures 11(a) and (b), respectively.
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Figure 11. E-field distribution of the DRA in xy plane at (a) 8.48 GHz, (b) 9.2 GHz, E-field distribution
of DRA in zz plane at (c) 8.48 GHz, (d) 9.2 GHz and E-field distribution in the slots in zy plane at (e)
8.48 GHz, (f) 9.2 GHz.

Figures 11(c) and (d) depict the E-filed distributions in zy-plane at 8.48 and 9.2 GHz. Figures 11(e) and
(f) describe the field distributions in the slots at the resonant frequencies. It is observed that E-field is
maximum at the slot edges, and hence due to the field discontinuity, the power will be radiated through
the slot and coupled to the DRA.

5. WIDEBAND OPERATION

The structure is modified to make the two resonant bands overlap each other and hence increase the
bandwidth and gain of the antenna. The CDRA and the volume of the air column inside the DRA
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Figure 12. Variation of |S11| with the variation of the radius and height of the air column.
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determine the resonant frequencies and bandwidth. As the volume of the air column is changed, without
changing any other parameters, the wider band operation with increased bandwidth and enhanced gain
has resulted. The parametric study on the variation of the air column inside the DRA is shown in
Figure 12. The wider band is because as the volume of the air column changes, the effective permittivity
and Q-factor of the DRA change. As a result, the first resonant band is shifted upwards and overlaps
with the second resonant band forming a single band with increased bandwidth. When the inner
radius of the CDRA is increased from 6.5 mm to 8.5mm and inner height decreased from 3mm to
2.5 mm keeping all other parameters constant, the single band operation with enhanced bandwidth and
high gain is achieved. Simulations have been conducted using Ansoft HFSS, and measurements of the
prototype are taken using R&S ZVL13 network analyzer.

5.1. Simulated and Measured Results

The simulated and measured results of various parameters of the antenna are in good agreement with
each other. The simulated results show that the antenna resonates at 9.06 GHz with a bandwidth of
7.6% and a maximum gain of 8.12 dBi.

The measured results give a bandwidth of 7.9% with a resonant frequency of 9.0 GHz and a
maximum gain of 8.14dBi. The bandwidth is increased, and the gain is also enhanced. A tolerable
downward shift of 60 MHz in the resonant frequency and 110 MHz of an upward shift in the resonance
band are observed during measurement. This variation in the measured result is due to the air gap
present between the ground plane and DRA [16]. Figures 13(a) and (b) show |Sii| and the gain of
the single band structure. Radiation patterns in E-plane and H-plane are also plotted and depicted in
Figures 14(a) and (b), respectively. Figure 14(c) describes the 3D radiations of the proposed antenna
for single-band operation. The patterns show that the co-polarization differs by a minimum of 30dB
from the cross-polarization.
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Figure 13. (a) Measured and simulated |S11]. (b) Measured and simulated gain.
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Table 2. Comparison of the proposed antennas with other similar works.

. Size of Max.
Reference Shape Feed{ng No. of | No. of DRA** . fr BW % Gain
of DRA* | Technique | DRAs | bands (GHz) .
(mm) (dBi)
=204 "
no
[8] RDRA waveguide 1 1 b=6.21 10 8.90 3.48 .
mentioned
h=6.21
= 6. . 1 4. 4. 4.4
[14] CDRA | waveguide 2 2 r=60,60 16 33 36
h =10.1, 10.1 16 4.70 3.17 4.4
1
=13. .82 .1
[15] HDRA | waveguide 3 2 r=135 4| 88 not 6
16.2, 23.9 0.5 10.46 | mentioned 6.4
[16] HDRA waveguide 1 1 r="1.5 9.8 9.2 7.4 5.7
[17] HDRA waveguide 1 1 r=6.27 9.8 | 10.78 4.5 5.5
=20, 10
L-shaped ’ 1 . . .
18] shape co-axial 2 2 b = 20, 10 0] 36 9.97 o
(MIMO) 30 5.2 8.88 6.61
h=25,2
=10, 10
’ 10.2 | 8.58 6.76 6.0
[19] RDRA SIW 2 2 b="7,7
10.2 | 10.62 6.76 6.24
h = 3.81, 3.81
| =15.84
DRA 27.4 24 1
[20] (1{{/111\51{0) SIW 4 2 b=5 o8 36758 12 3 9
h =0.254 ' '
I =2
[21] nverted |- rostrip 1 1 r=20 102 | 6.25 28 5.2
umbrella h=5
Proposed HCDRA | waveguide 1 9 r=10 9.8 8.46 3.3 5.37
structure 1 h=6.1 9.24 3.26 6.86
Proposed . r=10
HCDRA | waveguide 1 1 9.8 9.0 7.9 8.14
structure 2 h=6.1

* CDRA — cylindrical DRA, HDRA — hemispherical DRA, HCDRA — hollow cylindrical DRA.
** r — radius, [ — length, b — width, h — height.
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6. COMPARISON WITH OTHER SIMILAR WORKS

The performance comparison of the proposed antenna with similar reported works in literature is
tabulated in Table 2. Only a few investigations have been conducted in the dual-band operation of
waveguide-fed DRA in literature. It can be seen that the proposed antenna exhibits good gain and
dual-band operation with a single DRA. The comparable gain in other works has been obtained only
with more than one DRA. Dual-band operation with fairly good gain and excellent coupling with a
single DRA are the advantages of the proposed antenna. This can be easily converted to a wider band
operation with high gain.

7. CONCLUSION

This work presents a simple coupling technique by introducing a cross-slot at the shorted end of the
waveguide for the waveguide-fed DRA. The antenna configuration produces a dual-band operation. The
two resonant frequencies are obtained at 8.46 GHz and 9.24 GHz with bandwidths of 3.3% and 3.26%,
respectively. The structure shows maximum gains of 5.37 dBi and 6.86 dBi in the first and second bands
with excellent coupling. The proposed antenna can be used in the field of maritime radio navigation
applications and medical imaging. The dual-band antenna can be modified for wideband operation with
enhanced gain by changing the air volume inside the CDRA resulting in the overlap of two bands. The
modified structure resonates at 9.0 GHz with a bandwidth of 7.9% and a gain of 8.14 dBi.
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