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Abstract—A 1 x 3 element linear array using cylindrical dielectric
resonator antennas (CDRAs) is designed and presented for 802.11a
WLAN system applications. The top and bottom elements of CDRA
array are excited through the rectangular coupling slots etched on
the ground plane, while the slots themselves are excited through the
microstrip transmission line. The third element (i.e., central CDRA)
is excited through the mutual coupling of two radiating elements by
its sides. This mechanism enhances the bandwidth (96.1%) and gain
(14.3%) as compared to aperture coupled technique. It is also observed
that the side lobe levels are reduced over the designed frequency
band. Using CST microwave studio, directivity of 10.5dBi has been
achieved for operating frequency of 5.6 GHz. Designed antenna array
is fabricated and tested. Simulated and measured results are in good
agreement. The equivalent lumped element circuit is also designed
and presented using Advanced design system (ADS) for this proposed
array.

1. INTRODUCTION

There is growing interest in microstrip patch antenna technology in
various wireless applications due to its low profile and small antenna
size. The microstrip patch antenna advantageous features include
small size, low cost and ease of fabrication. While at millimeter
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wave frequencies it has conductor and surface wave losses that degrade
the patch antenna’s performance in terms of its gain. The dielectric
resonator antenna (DRA) is considered to be a viable and feasible
solution to the conventional conductor antennas at millimeter wave
frequencies with its low conductor and surface wave losses especially
compared to the microstrip patch antenna [1]. Before the use of
DRs in antenna applications [2], DRs of different shapes with high
relative permittivity €, > 20 have been used in various applications of
microwave circuits [3].

In the last two decades, antenna designer’s attraction has moved
towards the dielectric resonator antenna (DRA) due to its superior
performance features such as:

it can be fabricated using a high dielectric constant material;
e covers wide range of frequency band: f = 0.7-35 GHgz;

e exhibits high radiation efficiency (95%); due to low conductor and
surface wave losses;

e excitable through different transmission lines, i.e., microstrip feed
line, dielectric image line, coaxial probe;

e the performance of DRAs is minimally effected by the presence of
nearby noisy objects (such as human bodies) [4];

e can be fabricated in different shapes, i.e., cylindrical, rectangular,
hemispherical.

In general, single element DRA has a broad radiation pattern
with limited gain of about ~ 5dBi [3]. Similar to other conventional
low gain antennas, DRAs gain can also be enhanced by using it
in an array configuration. Several different shapes of DRAs such
as hemispherical, cylindrical, rectangular and circular have been
proposed in the literatures [5]. From the literatures, the CDRA
is the most widely used technology in spite of several advantages
of the rectangular dielectric resonator antenna (RDRA). The reason
behinds the researchers attraction toward the CDRA is its simple mode
structure as compared to RDRA (i.e., field structure in the RDRA
modes is complicated due to a large number of edges involved in its
geometry) [6]. The main advantage of CDRA for high gain applications
is that, it is more directional as compared to rectangular and annular
shaped DRAs [7]. The single element CDRA operating at 5.2 GHz
has been proposed in [8]. A gain of 5.45dBi has been reported in
the literature; where CDRA is fed with a stair shaped slot for the
resonant frequency of 3.5 GHz [9]. Different types of feeding techniques
are available in the literatures i.e., probe feed, microstrip line, and
dielectric image guide. Among these feeding techniques, microstrip
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transmission line is more attractive due to its low cost, low profile, easy
to fabricate and compatibility features with MMIC components [10].

In this paper, a aperture and mutual coupled 3-element array
of CDRA fed by aperture coupled microstrip line is presented for
5.0 GHz band applications. The proposed array structure is studied
based on Finite Integration Technique (FIT) using a CST microwave
studio. In array structure, the distance between the elements and
slot sizes are adjusted to achieve the best return loss (S1; < —10dB).
The distance between the consecutive radiating elements is 0.26 i,
while the distance between two slots is 0.9)\,. Furthermore, in order
to achieve an enhanced bandwidth of 1.076 GHz; a central CDRA is
introduced and is excited by its neighboring two CDRAs. Simulation
results show that the maximum achievable directivity is 10.5dBi at
5.6 GHz. The results of fabricated design also show that they are in
accordance with the simulated results. The lumped element circuit
is also designed and presented to predict the behavior of return loss
with and without mutual coupling. The comparison between the
return losses results from CST, ADS and the fabricated design are
also presented.

2. CDRA ARRAY DESIGN METHODOLOGY

The complete geometry of the CDRA array operating at 5.0 GHz
is depicted in Figure 1 and Table 1. This proposed antenna array
comprises of a set of 3 identical CDRAs with diameter 2a = 15.5 mm,
height hy = ho = hs = 3.0mm and permittivity e, = 55.

In this proposed array, first and last radiating elements are excited
through the aperture coupling technique, while the middle radiating
element is excited through the mutual coupling of the remaining two

(b)

Figure 1. The geometry of the CDRA array. (a) Front view and (b)
rectangular slots.
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Table 1. The dimensions of CDRA array.

Label | Length (mm)
Ly, Ly 20.0
w1, W2 4.0
2a 15.5
hi, ha, hs 3.0
L 6.67

elements. The mutual coupling mechanism is used to enhance the array
performance. It is clearly mentioned in [11], by using mutual coupling
technique array performance can be enhanced in terms of bandwidth
and gain. The resonance frequency of the CDRA for TEg11.5 mode is
given as [12]:

_662.4 x 10°
 2mav/er + 2

a

fo {1 +0.7013 (h) ~0.002713 (Z)g} (1)

where:

radius of CDRA, ¢ = 7.75 mm;

height of CDRA, h = 3 mm,;

dielectric constant e, = 55.

The geometrical dimensions of the two aperture slots which excites
the first and last CDRAs are L; = Ly = 20mm and width w; =
we = 4mm. These two slots are designed on the ground plane of
FR4 substrate with a thickness and permittivity of 1.565 mm and 4.9
respectively and are placed at a distance of 0.9\,. In this array, the

distance between the consecutive elements is 0.26\,;,. The value of A4
can be calculated by using the expression found in [5]:

Ag (2)

o
fVes
where:

c speed of light;

f resonance frequency calculated by using Equation (1);

€s substrate permittivity.

These two aperture slots are excited through the 50 Q2 microstrip
feed line with a width and length of 2.61 mm and 55 mm respectively.

The microstrip line synthesis procedure is used to calculate the width
of transmission line. The distance between the first slot and the edge
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() b

Figure 2. The fabricated design of the CDRA array. (a) Front view
and (b) back view.

of the microstrip line ‘L’ is chosen so that its reactance cancels out that
of the aperture slot, and it can be calculated by using the expression
found in [5]:
A
L="% 3
; 3)

where:
Ag guided wavelength calculated by using Equation (2).

The simulated and fabricated design of this array has successfully
covered the 5.0 GHz band, which is in good agreement with the
theoretical frequency calculated using (1). The CDRA array resonates
at a frequency of 5.1 GHz when elements are placed on the top of
aperture slots. The fabricated geometry of this array antenna is
depicted in Figure 2.

The lumped model circuit can be used to predict the return loss
behavior of the antenna as mentioned in [3]. Recently, Ain et al. [10],
presented the equivalent lumped element circuit of novel four elements
aperture coupled rectangular shaped DRA array. This RDRA array
design does not include the coupling between the array element because
wideband behavior is not required. In our proposed equivalent lumped
element circuit, mutual coupling is also introduced with aperture
coupled CDRA array. This lumped element circuit is depicted in
Figure 3. It can be categorized as follows:

e A and B represents the RLC blocks of aperture coupled first and
last element of CDRA array respectively.

e C represents the middle CDRA RLC block which is excited using
mutual coupling of the other two elements.

e D and E represent the mutual coupling blocks.
o F represents the microstrip line block.
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Figure 3. The cylindrical dielectric resonator antenna array RLC
model.

The coupling capacitor blocks (i.e., D and E) represent the
mutual coupling effect, which excites the middle CDRA. The Matlab
programs have been developed to determine the lumped RLC elements
by applying several equations obtained from [13]. The comparison
between return loss results of CST, ADS and the fabricated design show
very good agreement. The importance of mutual coupling capacitor
in this proposed array is also analyzed in the results and discussion
section.

3. RESULTS AND DISCUSSIONS

The aperture and mutual coupled 3-element CDRA array fed through
the microstrip line is designed and fabricated to operate at 5.0 GHz
band for 802.11a system applications. Figure 2(a) shows the final
fabricated design consists of CDRAs made of CCTO (CaCu3TisO12)
dielectric material, whose dielectric constant; height and diameter
are 55, 3.0 and 15.5mm respectively. The E8363C PNA vector
network analyzer is used to measure the return loss (511 < —10dB) of
fabricated design. From the Figure 4, it is clear that the return loss
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(S11) results of measured and simulated design of antenna array are in
good agreement. Over the entire 5.0 GHz band the return loss (Si1)
coeflicients are below —10dB for both the measured and simulated
results.

The achieved bandwidth from the simulated (CST and ADS) and
measured antenna array is 1.076 GHz (21.2%), 1.0 GHz (19.6%) and
0.94 GHz (17.5%) respectively. The ADS return loss results with and
with-out including coupling are also depicted in Figure 5. It is analyzed
that without including the coupling effects the return loss behavior of
this proposed array cannot be completely analyzed.

The differences in the simulated and measured results are due to
the fabrication losses (i.e., placement of the elements on the fabrication
board and the surface of the CDRAs is not smooth which introduces
the air gap between the DRA and the ground plane). The achieved
directivity of this proposed array antenna varied from 7.33 to 10.5 dBi
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Figure 6. Antenna array directivity versus frequency.



230 Baba et al.
Farfield [Array] 'farfield' [f= 5] Directivity_Abs [Theta]; Phi = 0.0 deg. Farfield [Array] 'farfield’ [f = 5]' Directivity_Abs [Theta]; Phi = 90.0 deg.
345,00 15
330 30
315 45 45
300 60 60
285 75 75
270 90 90
255 105 105
240 120 120
225 135 225 135
Frequency = 5.0 GHz 210 150 Frequency = 5.0 GHz 150

Main lobe magnitude =8.3dBi 195 1gg 165

Main lobe direction = 0.0 deg.
Angular width (3 dB) = 80.2 deg.

210
Main lobe magnitude =8.3dBi 195 1g0 165

Main lobe direction = 2.0 deg.

Angular width (3 dB) = 60.3 deg.
Side lobe level =-10.1 dB

(@)

Side lobe level = -17.6 dB

Farfield [Array] ‘farfield [ = 5.6]' Directivity_Abs [Theta]; Phi = 90.0 deg.

Farfield [Array] 'farfield' [f= 5.6] Directivity_Abs [Theta]; Phi = 0.0 deg.
345,50

0 15

15

34515 330 30
315 45
300 60
285 75
270 90
255 105
240 120
225 135

Frequency = 5.6 GHz 210
Main lobe magnitude = 10.5 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 72.1 deg.
Side lobe level = -13.0 dB

150
195 1g0 165

210 150

Frequency = 5.6 GHz
195 180 165

Main lobe magnitude = 10.5 dBi
Main lobe direction = 1.0 deg.
Angular width (3 dB) = 39.2 deg.
Side lobe level = -10.2 dB

(b)

Figure 7. E-plane and H-plane radiation patterns at (a) 5.0 and (b)
5.6 GHz.

over the entire band from 4.6 to 6.0 GHz as depicted in Figure 6. The
maximum directivity of 10.5dBi is achieved at operating frequencies
of 5.6 GHz.

The E-plane (@ = 0°) and H-plane (0 = 90°) radiation patterns
of the proposed antenna array at 5.0 and 5.6 GHz respectively are
depicted in the Figure 7. The corresponding magnitudes of main lobes
in E-plane are 8.3 and 10.5dBi respectively in the directions of the
0°. The corresponding H-plane radiation patterns at 5.0 and 5.6 GHz
are depicted in the Figures 7(a) and (b). This proposed array radiates
very small energy in the backward direction with front-to-rear ratio
of 26dB at central frequency of 5.0 GHz. The results show that the
proposed antenna array is directional.
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The simulated results for side lobe levels using two and three
aperture slots are depicted in Figure 8. The side lobe levels with
two and three aperture slots are —17.6 and —12.4dB respectively at
5.0 GHz. It is observed that by using the mutual coupling mechanism
for an additional third slot in this proposed array; not only increases
the bandwidth and gain but also reduces the side lobe levels for whole

Side lobe levels (dB)

-181— - = with two slots
with three slots
-20 T

T T T T T
4.6 4.8 50 5.2 54 56 58 6.0
Frequency (GHz)

Figure 8. A side lobe level comparison using two and three slots.

Table 2. Comparison between proposed work and previous literatures
by using the microstrip feed line.

. Frequency Number of Maximum
Published work . .
Band (GHz) Elements Gain (dBi)
M. F. Ai .
i etal X-band 1x4 9.0
2012 [10]
hyrh .
Chyrh, etal 5.0 4%2 13
2011 [14]
M. F. Ai 1.
meta 5.0 3x3 10.0
2010 [15]
Proposed Work 5.0 1x3 10.5
Published work Bandwidth Feeding -
(GHz) method
M. F. Ain etal.
meba 0.042 Aperture —
2012 [10]
Chyrh, etal. 0.6 Direct o
2011 [14] ' (patch antenna)
M. F. Ai 1.
n eta 0.08 Aperture —
2010 [15]
Proposed Work 1.076 Aperture —
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5.0 GHz band. The proposed antenna achieved a maximum gain of
10.5dBi and bandwidth of 1.076 GHz, which are 96.1% and 14.3%
respectively more than the recent proposed work of Ain etal. [10].
Table 2 shows a comparison between the previous literatures and the
proposed array presented in this paper.

4. CONCLUSION

In this paper, a 3-element CDRA array at 5.0 GHz band is designed
and presented. The aperture and mutual coupling techniques are used
to excite the radiating elements. The maximum achieved directivity
and bandwidth are 10.5dBi and 1.076 GHz. Significant improvement
in terms of bandwidth and gain is obtained as compared to recently
reported work in the literature. The modeled equivalent lumped
element circuit validates antenna performance and presents clear
advantages over previously known antenna structures.
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