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Abstract—This paper presents an electrical model of aperture
and mutually coupled three-elements cylindrical dielectric resonator
antenna (CDRA) array designed for 802.11a system applications.
In electrical model, each antenna component is represented by its
equivalent RLC circuit. The advanced design system (ADS) software
is used to build the electrical model and predict the behavior of return
loss, while the antenna structure is simulated using CST microwave
studio before fabrication. The first and last radiating elements of the
proposed array are excited through the aperture slots while the middle
element is excited through the mutual coupling of its neighboring
elements. The slot length and inter-slot distance effects on bandwidth
are comprehensively analyzed and presented. The maximum gain
of the proposed array for 5.0 GHz band is about 10.8dBi, and the
achieved simulated (CST, ADS) and measured impedance bandwidths
are 1.076 GHz, 1.0 GHz, and 1.2 GHz respectively. The proposed
CDRA array antenna exhibits an enhancement of the gain (7.4%) and
bandwidth (93.3%) as compared to a literature work with aperture
slots. In this study, it is also observed that by using the mutual
coupling instead of third slot to excite the middle CDRA, side lobe
levels are also reduced significantly over the entire 5.0 GHz band.
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1. INTRODUCTION

Dielectric resonator antenna (DRA) technology has attracted many
researchers. From literatures, the technology has been investigated
since early 1980s after big contribution by Long et al. [1]. The DRA
success is due to its several attractive features as compared to the
conventional conductor antennas. The attractive characteristics of the
DRA show that it can be a good radiating element. In addition, it
can be implemented in various communication applications such as
radars, satellite communication, wireless local area network (WLAN),
and radio frequency identification (RFID).

Normally, single element DRA acts as a low gain antenna, but it
has a broad radiation pattern. In some applications, high gain antennas
are the major requirement for efficient long distance communication.
Like conventional low gain antennas, DRA gain can also be enhanced
by placing it in an array configuration. Several different shapes
of DRAs have been proposed in the literatures i.e., cylindrical [2],
rectangular [3] and triangular [4]. Among these shapes, cylindrical
dielectric resonator antenna (CDRA) is widely used, due to its simple
field structure as compared to rectangular DRA [5], and it is directional
as compared to the rectangular and circular DRAs (i.e., rectangular
and circular DRAs are bidirectional) [6]. The CDRA is characterized
by its height h, radius a and permittivity &, as shown in Figure 1(a).
Different types of feeding techniques have been proposed in the
literatures to excite the DRAs arrays, such as probe feed, dielectric
image guide, coplanar waveguide and microstrip transmission line.
Among these different feeding techniques, the microstrip transmission
line is more attractive due to low cost, small in size and ease of
fabrication [7,8]. In this proposed work, the microstrip transmission
line feed is applied. It is characterized by its length L, and width w
as depicted in the Figure 1(b).

Figure 1. The geometry of the aperture coupled CDRA.
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The main objective of this paper is to design a electrical model of
high gain and wideband mutually coupled three-elements CDRA array
for wireless LAN 802.11a applications. Subsequently, the proposed
design is analyzed to obtain the antenna array performance through
the development of the equivalent lumped-element circuit model.
Then antenna array structure performance is analyzed using the CST
microwave studio, advanced design system (ADS) and E8363C PNA
vector network analyzer (VNA). The ADS lumped-element circuit
is built to predict the behavior of return loss at required resonance
frequency and verifies the antenna array feasibility.

2. CDRA ARRAY DESIGN METHODOLOGY

The geometry of single-element aperture coupled CDRA is depicted
in Figure 1. It consists of CDRA with diameter 2a = 15 mm, height
d = 3.0mm and permittivity €, = 55. The coupling slot etched on the
ground plane of FR4 substrate (1.565 mm thickness), with e, = 4.9, is
used to excite the CDRA through the 502 microstrip transmission
line. The aperture slot has a width wg and length l5; of 4mm
and 14 mm, respectively. The single-element CDRA is used to design
the aperture and mutualy coupled CDRA array, excited by using a
50 €2 microstrip transmission line with a width of 2.6 mm, designed on
the FR4 substrate with dielectric constant of 4.9 and a thickness of
1.565 mm as depicted in the Figure 2. The synthesis procedure is used
to calculate the width of the transmission line. This proposed CDRA
array consists of three elements of the same CCTO (CaCu3TisO12)
material used in the single element CDRA. The resonance frequency
of CDRA for TFE¢114s is given as [9]:

662.4 x 106 a a\ 2
=" 11407013 (=) —0.002713 ( = 1
Jo 2mav/e, { * (d) <d) } (1)

where: radius of CDRA, a = 7.75mm. Height of CDRA, d = 3mm.
Dielectric constant, €, = 55.

Two radiating elements of this proposed array (i.e., first and last
CDRAs) are excited through two aperture slots. These aperture slots
of width w; = we = 4.0mm and length Ly = Ly = 20mm are
etched on the ground plane at a distance of 0.9\, and are excited
through the microstrip transmission line. The third radiating element
(i.e., the central CDRA) is excited through the mutual coupling of its
neighboring elements. The distances between the consecutive elements
are 0.264),;, and 0.265),;., respectively. From the literatures, it
is clear that mutual coupling can be used to enhance the array
performance [10]. In this proposed array, mutual coupling mechanism
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Figure 2. The geometry of the (a) CDRA array and (b) microstrip
transmission line.

is used to enhance the bandwidth as well as gain. The effects of
mutual coupling on the performance of proposed array are analyzed by
designing the lumped-element circuit and are presented in the results
section.

The open-ended stub matching mechanism is used for the
impedance matching of loads and characteristic impedance of a
microstrip transmission line. The purpose of impedance matching is to
couple maximum amount of power to the antenna. Figure 2(b) shows
that the length of the stub is L. The stub length L is selected such that
it compensates the reactance impedance of the slot window. In [11],
stub length initial value is given as:

Ag
L= 1 (2)

where )\, denotes the guided wavelength. The value of ), is given
as [11]:

A= (3)
T foves
where: c¢ is the speed of light, fy the resonance frequency calculated
from Equation (1), and &4 the substrate permittivity.

The CST design showing the air gap between the CDRs and
ground plane due to fabrication error (surface of the CDRs is not
smooth) is depicted in Figure 3. The fabricated design of aperture and
mutually coupled array antenna is depicted in Figure 4. This proposed
array successfully achieves bandwidth from 4.8-6.0 GHz. The detailed
dimensions of this CDRA array antenna are depicted in Table 1.
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Figure 3. Prospective view of CDRA array to show the air gap
between CDRs and ground plane.
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Figure 4. The fabricated design of the aperture-coupled CDRA array.
(a) Front view and (b) back view.

Table 1. Dimensions of aperture coupled CDRA array.

Parameters | Length (mm)
Ly, Ly 20.0
Wslot, W1, W2 4.0
D1, D, Ds 15.5
di, dg, d3 3.0
W 2.6
L Ag/4
L, 95
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3. EQUIVALENT LUMPED-ELEMENT CIRCUIT

The aim of designing the lumped-element circuit is to analyze the
aperture and mutually coupled antenna array performance at the
desired frequency. Different steps have to be followed, and modeling
the equivalent circuit is as follows.

3.1. Single Element Equivalent Circuit

To build the lumped-element circuit of the aperture coupled CDRA,
the same technique is used as presented in [7]. An equivalent lumped-
element circuit for single dielectric resonator is depicted in Figure 5.
The resonant resistance, inductance and capacitance for the dielectric
resonator are calculated using the expression found in [12].

2n2z0311

R, = —— 4
- (4a)
Qo

C, = 4b
ol (4b)

1

L, =—— 4

Crwg ( C)

where s17 is the reflection coefficient, zy the characteristic impedance,
Qo the quality factor, and n the coupling magnitude between excitation
source and dielectric resonator. It is mentioned in [12] that the value of
R, is to be chosen properly because it makes an important contribution
in determining the value of L, and C,.

The input impedance of the slot can be calculated using the

Re ——Cr L

Figure 5. Equivalent circuit of aperture coupled DRA.
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formulas found in [7] as:

2R ‘
Zsiot = Zcﬁ +jZccot (B L) (5)
where Z,. is the characteristic impedance of the transmission line, R
the voltage reflection coefficient, 3; the propagation constant, and Ly
the stub length. The input impedance of the transmission line can be
calculated by using the expression presented in [13]:

1607w2h2
G, — L0 a7 (6a)

Z2 Necm
leqC
Bm = wC’l, Cl = Y-V en ﬁcm
Zcm

where h is the substrate height, Z.,, the characteristic impedance of
the microstrip, E.,, the effective dielectric constant, l., the equivalent
extra length of microstrip, and ¢ the velocity of light. The input
impedance, in series with the microstrip line is written as

n? nR,

- +

(6b)

Zsr = nQZslot +

3.2. Mutually Coupled Array Antenna Equivalent Circuit

The novel four-elements aperture coupled array antenna has been
introduced in [7] which does not include the coupling between the
array elements because no wideband response was required. In our
proposed work, the equivalent lumped-element circuit of aperture and
mutually coupled array antenna in the improvisation of [7] is designed
using ADS and depicted in Figure 6.

The mutually coupled array elements are connected by a coupling
capacitor C. due to the coupling between the dielectric resonators. As
shown in the Figure 7, the total capacitance is the summation of gap
capacitance in air (Cgsy), fringe capacitance Cpynge and overlapped
capacitance Coperiapped- The expression used to determine the total
capacitance is given as:

Cc = Cair + (2 * pi * T) * Cfm'nge + 2% Coverlapped (8)

Clair represents the coupling between the elements in air, Ctpinge the
capacitance from the edges of the CDR, and Cyyerigppea is formed
directly below the CDR, between CDR and ground plane.
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Figure 6. Equivalent lumped-element circuit of proposed array.
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Figure 7. Coupling and fringe capacitance between the radiating
elements.

3.2.1. Model for Air Gap Capacitance

The air gap capacitance between the array elements is calculated by
using the equations as follows:

Cor=q _ ma__ 0.5 < K2< 1 ®)




Progress In Electromagnetics Research C, Vol. 45, 2013 23

where: )
K =v1-K? (10)
In [14], using the rectangular shape design, the equation for
constant ‘K’ is given as
S
K=———
S +2W

In [15], width of the rectangular patch ie., w = 2rg for the
cylindrical type. Hence the design which applies cylindrical type, the
equation for constant K is given as follows:

S
S +4rg

where S represents the distance between the elements, and rq is the
radius of the cylindrical dielectric resonator.

(11)

(12)

3.2.2. Fringe Capacitance

The fringe capacitance between the dielectric resonators edges and
ground plane is depicted in the Figure 7. The equation used to
determine the fringe capacitance between the ground plane and CDR
is given as
d+ah)*x2xr
Cf’ringe = gy * 6o( d) (13)

where K, is the average of dielectric relative permittivity between
CDR layer and ground plane, « the factor to fix effective area {a =
(2r—d)/h} for CDR, d the gap between dielectric resonator and ground
plane (consider 0.2 mm because the surface of the DR is not perfectly
smooth), h the height, and r the radius of CDR.

3.2.8. QOwerlapped Capacitance

The overlapped capacitance between the overlapping area of CDR. and
ground plane is depicted in Figure 7. The equation used to determine
the overlapped capacitance between the DRs and ground plane is given
as

Coverlapped = Kav * €0 * (A/d> (14)

where K, is average of dielectric relative permittivity, g the vacuum
permittivity, A the overlap area, and d the distance between CDR and
ground plane.
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4. RESULTS AND DISCUSSION

The design specification of the single- and three-elements antenna
array is build in CST. The complete geometries for the two antennas
are depicted in Figure 1 and Figure 2. The steps in designing
these antennas are carefully referred to the Equations (1) to (3). In
addition, the equivalent lumped-element circuit is designed in the
Advanced Design System (ADS) by applying Equations (4) to (14).
Once these two stages are completed, the antennas are ready to be
fabricated. The validity of the equivalent lumped circuit is judged
by comparing the values of return losses obtained through the ADS
against those obtained through the computer simulation technology
(CST) and fabricated design measurements (using E8363C PNA vector
network analyzer). The return loss (S11) results obtained by the RLC
model, CST design and voltage network analyzer (VNA) are in good
agreement. The simulated (CST and ADS) and measured return losses
of single-element CDRA are depicted in Figure 8. The simulated and
measured bandwidths obtained through CST, ADS and fabricated
designs are 0.2GHz, 0.2GHz, and 0.23 GHz, respectively. The
equivalent circuit parameters for single element CDRA are depicted
in Table 2.

Table 2. Parameters of equivalent lumped-element circuit.

Parameters | Values

R, () 90.00
L, (pH) | 103.94
C, (pF) 8.84

Zyor (Ohms) | 51.77
Cilot (pF) 0.54
B (TS) 6.15
Grm (1S) | 31.54
Zoms () 50.00

The return losses of the simulated and fabricated prototypes of
the antenna array are depicted in Figure 9. The CST simulation gives
the return loss of —51dB at resonance frequency of 5.16 GHz with a
bandwidth of 1.076 GHz. The ADS simulation gives the return loss
of —51dB at resonance frequency of 5.05 GHz with a bandwidth of
1.0 GHz, and the fabricated design with 1.2 GHz bandwidth and return



Progress In Electromagnetics Research C, Vol. 45, 2013 25

0 0
-10 1
= ) =20
g =
@ 2
g £ 30
= =
£ = u
5 - = _
kot g 40 1
[ &~ 1
- ==-csT ! -50 '
147 — .. = ADS ?/IDS "
— . — Measur
16 IMeasureﬂI . : 60 T : r r
4.0 44 4.8 52 5.6 6.0 4.0 44 4.8 52 5.6 6.0
Frequency (GHz) Frequency (GHz)
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tween the single element aper- tween the antenna array return
ture coupled return loss results.  loss.

loss of —42dB give resonance at 5.0 GHz. The differences between the
simulated and measured results are due to the fabrication losses (i.e.,
the surface of the CDRAs is not smooth and sticking of the elements
on the exact position). The return losses results from the simulations
and fabrication cover the required frequency band (5.15-5.825 GHz)
for 802.11a application. The return loss results of the proposed array
prove feasibility of the array antenna at the desired frequency.

A coupling slot length is varied to analyze its influence on the
antenna bandwidth. As this antenna part is related to the feeding
network, it has significant effects on antenna results. The initial slot
lengths are chosen to be 2.0 mm and slot width chosen to be less than

%9 to avoid the back radiation. The effects of the parametric study
of slots length are depicted in Table 3, and it is clear that the best
bandwidth is achieved at a slot length of 20.0 mm.

Table 3. Slot length analysis on antenna array bandwidth.

Slot length | Bandwidth | Slot length | Bandwidth
(mm) (GHz) (mm) (GHz)
2.0 Null 14.0 0.636
4.0 0.0483 16.0 0.688
6.0 0.5130 18.0 0.742
8.0 0.4650 20.0 1.076
10.0 0.5180 22.0 0.594
12.0 0.5880 24.0 0.507
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Figure 11. Slot length analysis on a last radiating element using
(a) CST, (b) ADS.

The effects of changing the slot length on the return losses of
the top radiating element, bottom radiating element and on complete
array using CST and ADS software’s are depicted in the Figure 10,
Figure 11 and Figure 12, respectively. It is clearly shown that the
CST and ADS show good and reasonable results which translate the
functionality of the antenna design. The difference between the CST
and ADS results in Figure 10 at lower frequency is because the ADS
parameters are designed for strong resonance only, which is below
—10dB. The effects of slot length on the R,, L, and C, of the radiating
elements are depicted in Table 4. It is noticed that R, decreases
by increasing slot length, and an antenna array achieves the best
bandwidth (S1; < —10dB) when the value of R, is less than 100 ohms.



Progress In Electromagnetics Research C, Vol. 45, 2013 27

0
10
2 -20 2 -
2 z
£ 304 g -
g slot length =14.0 mi £ — — - slotlength =14.4 furk,#”
E] E} .
T 40 e slot length =15.2 m T 40 erreereeeens slot length =15.3fnm
& — . — slotlength =16.4m & — . — slotlength =16.4fnm
504------ slot length =17.6 mm, 50 4------ slot length =17.6jmm
= = = = slotlength =18.8 mm = . « = slotlength =18.8 mm
— .« = Slotlength =20.0 mm slot length =20.0 mm
-60 T T T T -60 T T T T
4.0 4.4 4.8 5.2 5.6 6.0 4.0 44 4.8 5.2 5.6 6.0
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 12. Slot length analysis on an array (a) CST, (b) ADS.

Table 4. Slot length effects on R, L and C for top, bottom and middle
radiating element.

R, L, C.
Slot (Ohms) (pH) (pF)
length
(mm) Top Bottom Middle Top Bottom Middle Top Bottom Middle
Element| Element | Element Element Element Element Element Element Element
14.0 120 100 58 24.059 31.375 | 71.5579 | 41.1842 24.01 13.2948
15.2 150 70 58 209.271 50416 | 71.7804 | 48.2229 | 15.362 | 13.3361
16.4 100 53 58 40.652 44.947 | 89.6558 | 18.7315 17.716 | 10.6606
17.6 80 65 58 66.255 58.081 | 307.699 | 11.8501 14.153 | 3.29285
18.8 75 65 57 56.032 45.672 | 453.591 | 14.4668 | 18.549 | 2.23375
20 75 55 55 46.941 27.017 | 455.319 | 17.6838 | 32.152 | 2.22527

The R,, L, and C, of the radiating elements are determined by using
the Matlab programs of Equations (4a) to (14). For the inter-slot
distance analysis, the best distance between two slots is 25 mm. Other
vales of inter-slot distance on bandwidth can be seen in Table 5.

The simulated and measured FE-plane (@ = 0°) and H-plane
(O = 90°) radiation patterns at 5.0 GHz and 5.6 GHz are depicted
in Figure 13. The magnitude of E-plane and H-plane at 5.0 GHz is
8.3dBi in the direction of 0° and 2°, respectively. The corresponding
magnitude at 5.6 GHz is 10.5dBi in the direction of 0° and 1°,
respectively.  The achieved directivity of the proposed array for
5.0 GHz is varied from 7.33 to 10.5dBi. The simulated and measured
directivities at 5.6 GHz are 10.5dBi and 10.8dBi, respectively. The
side lobe levels using two and three slots are depicted in Figure 14(a).
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Table 5. Effect of inter-slot distance on bandwidth.

Distance (mm)

Bandwidth (GHz)

23.5

0.930

24.0

0.924

24.5

0.920

25.0

1.076

25.5

0.822

Farfield [Array] *farfield [f = 5.0]' Directivity_Abs [Theta]; Phi = 0.0 deg.

300

270

240

Frequency = 5.0 GHz
Main lobe magnitude = 8.3 dB1
Main lobe direction = 0.0 deg. 219
Angular width (3 dB) = 80.2 deg.
Side lobe level =-17.5 dB.

150 .
_ - 27_ simulated

180 measured
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270 90

240
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Main lobe magnitude = 8.3dB}
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Figure 13. FE- and H-plane

(b) 5.6 GHz.

radiation pattern at (a) 5.0 GHz,
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The side-lobe levels at 5.0 GHz using two and three aperture slots are
—17.6dB and —12.4dB, respectively. It is analyzed that using the
mutual coupling mechanism in place of the third slot for this proposed
array not only increases the bandwidth and gain but also reduces
the side-lobe levels for whole 5.0 GHz band. The Si; results of the
proposed array using two and three slots are depicted in Figure 14(b)
which proves the advantages of using two slots and three CDRs.
The comparison between the previous literatures on aperture coupled
technique and the proposed work using aperture and mutual coupling
is depicted in Table 6. It is clear that by utilizing aperture and mutual
coupling in the proposed antenna array, the bandwidth and gain are
enhanced, and the number of elements is also reduced.

.h./'

+ = withtwo slots

) 2
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g z.
E w
5 E
o o
2 =
L g
= : O .
n &

-164 \

50 = =

= with twoslots '
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4.0 44 4.8 5.2 5.6 6.0 4.0 44 4.8 5.2 5.6 6.0
Frequency (GHz) Frequency (GHz)

(a)

(b)

Figure 14. Comparison between two slots and three slots results.
(a) Side lobe level, (b) return loss result.

Table 6. Comparison between the previous literatures on aperture

coupled array antenna and the proposed array antenna.

Published Frequency | Number of | Bandwidth| Maximum
work band (GHz) | elements (GHz) Gain (dBi)
M. F. Ain ctal. X-band 1x4 0.042 9.0
2012 [7]
M. F. Ain etal.
5.0 3x3 0.08 10
2010 [16]
Proposed
5.0 1x3 1.2 10.8
work
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5. CONCLUSION

In this paper, a lumped-element model of aperture and mutually
coupled cylindrical DRA array at 5.0 GHz band is presented. In this
electrical model, each array element is represented by its equivalent
RLC circuit and used to predict the return loss behavior of the
array. The coupling between the antenna elements are evaluated by
introducing a coupling capacitor between the equivalent circuits of
array elements. The numerical part of the proposed electrical model
can be evaluated without using difficult mathematical programming
techniques. The technique has shown its ability to generate reasonable
results in all verified cases. The return loss results obtained from
CST, ADS, and E8363C vector network analyzer (VNA) are in good
agreement, which shows the accuracy of the proposed antenna array
and its equivalent RLC model.
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