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Abstract—This paper presents two novel designs of truncated
rhombus-like slotted antenna (TRLSA) based on aperture-coupled
feeding technique. In conventional antennas, different patch
dimensions are required to accommodate different frequencies which
normally result in bigger antenna structures. Therefore, this paper
proposes a unique structure of ‘zig-zag’ slot embedded on two different
antennas to achieve two different resonant frequencies but of the same
patch dimensions. An analysis on design transformation which includes
comparative simulation results of two reference antennas and TRLSAs
has also been presented to provide better understanding on the design
concept. CST Microwave Studio software has been used for design
simulations and optimizations. The simulation and measurement
results of TRLSAs are also presented. The results confirm that
the antennas can operate at two different frequencies, 5.3 GHz and
5.8 GHz with the same patch dimensions by integrating the ‘zig-zag’
slot at two different orientations in z- and y-axis respectively. Hence,
size reduction is achieved for lower frequency patch which gives a
great advantage for future development of a frequency reconfigurable
antenna in an array configuration.
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1. INTRODUCTION

The rapid development in modern wireless communication systems
in recent years has resulted in the requirement of multi-functional
devices in compact size including antennas. Microstrip patch
antennas are preferred for many applications because of the compact
structure, lightweight and ease of manufacturability. However, the
main disadvantage is their radiation performance including narrow
bandwidth [1].

Various techniques have been applied to overcome this problem
including the use of aperture coupler technique [2] or by modifying
the patch shape [3]. Both offer more degrees of freedom in antenna
designing. The aperture coupled microstrip antenna has the flexibility
in design parameters due to various shapes of aperture slot and
patch which gives more freedom in antenna design. There are
also various types of suitable substrate material that can be chosen
with different dielectric constant and dielectric loss tangent values to
improve antenna performance [4,5]. The bandwidth can be improved
by increasing the electrical thickness of the substrate [6]. However,
the main drawback is that a multi-layer substrate structure with the
coupling slot on the ground plane can result in coupled surface-wave
modes which can lead to radiation-pattern distortion and radiation
efficiency reduction [7].

Modification on patch shape can be done by integrating the
microstrip patch with one slot or more of various shapes and sizes.
Depending on the shapes and sizes of the slot, it would totally change
the initial design of a rectangular patch into a different shape such
as E-shape, and H-shape [8-10]. Truncating the corners of radiating
patch is one of the popular techniques for bandwidth enhancement,
besides it reduces the patch size and makes it compact [10]. A slot
can be embedded on the radiating patch to achieve dual or triple band
operation. However, depending on the slot shape, the band operation
can be converted from triple band to dual band or single band. Two
resonant frequencies were obtained in [11] using V-slotted patch. Half
U-slot patch resulted in dual and triple band [12, 13].

Theoretically, the size of an antenna is inversely proportional to
the operating frequency [14]. A small antenna patch accommodates
high frequency and vice versa. Similar work was done by [15], a study
on a reconfigurable array patch antenna using switchable feed network.
However, the patch size is different in accordance to the operating
frequency. Therefore, there is a waste in term of spacing between the
antenna elements. As a result, the overall size of the array antenna
can be considered big and bulky.
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In this paper, we focus on the shape of the radiating patch so that
the proposed antennas are able to operate at two different frequencies
using the same patch dimensions. A new design of rhombus-like shaped
microstrip patch antenna with four truncated edges is introduced.
A unique ‘zig-zag’ slot is embedded on the radiating patch of each
antenna to achieve two different frequencies. This paper includes a
comparative analysis on the effects of several antenna parameters from
the base antenna of rhombus-shape. Both simulation and measurement
results are also reported. The proposed antenna is suitable for the
applications in microwave communication systems operating at IEEE
802.11a (5.15-5.35 GHz), HIPERLAN/2 (5.725-5.825 GHz).

2. ANTENNA STRUCTURES

2.1. Design Procedures

The geometrical structures of the proposed truncated rhombus-like
slotted antenna (TRLSA) are based on basic design formulas of a
conventional rectangular microstrip antenna [16,17]. Two different
patch sizes are needed to achieve two different operating frequencies,
5.3 GHz during F; mode and 5.8 GHz during F2 mode. The design
parameters are calculated using the equations as follows:

The width of the patch:

I VV(CERE) 0

r 2fo
The length of the patch:
c
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The width of transmission line, Wy

Ze(er +141)\ 0.8
W p—
;=P ( 87 ) 5.08%

(7)

where

fo=Operating frequency (GHz); ¢ = Speed of light (m/s)
h=Substrate thickness (mm);

Z.=Impedance of transmission line (€2)

er=Relative dielectric constant; e, = Effective dielectric constant

Next, we designed a rhombus patch antenna as depicted in Figure 1(a)
based on the calculation values obtained from Equations (1)—(7). The
first step of the design was to optimize the patch length, L, and width,
W), so that it becomes a basic square patch. Then the square patch is
transformed into a rhombus by rotating the square patch to 45°. As
illustrated in Figure 1(b) from the rhombus shaped antenna design,
the radiating patch is truncated at its four edges (L; * W;). It is
expected that by truncating the edges the antenna becomes compact
in its size as compared to that of a conventional shape [10]. These two
antenna designs will act as reference. Note that, the patch dimensions
of each design vary according to its operating frequencies. Each design
requires two different patch sizes in order to operate at two different
frequencies. Finally, to design a TRLSA the truncated-edge antenna
is loaded with a unique ‘zig-zag’ slot. As shown in Figure 2, this final
design structures will be further explained in next section.

Each of the antennas employs aperture coupler as its feeding
technique. The radiating patch is fed by a 50 ohm transmission line
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Figure 1. Initial designs. (a) Rhombus shape (top view).
(b) Rhombus shape with truncated edges (top view). (c) Side view
of the design structure.
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Figure 2. The geometry of TRLSAs. (a) TRLSA; at F; mode.
(b) TRLSA2 at Fo mode. (c) 3D view of TRLSA.

(Ly + Wy) via a small aperture slot embedded on the ground plane
(Figures 1(a)—(b)). As depicted in Figure 1(c), the ground plane
(Lg * Wy) is located in between two substrates (Lgu * Wsyp). The
two substrates and the ground plane are of the same dimensions
(Lsup = Weuwy = Ly = Wy). The width, W, and length, L, of the
aperture slot and its position have been optimized to obtain the desired
bandwidth and to control the radiation pattern. It is suggested that
aperture slot should be placed at the centre of the radiating patch to
increase coupling level [18]. The same parameters of aperture slot,
ground plane and substrates have been used throughout the design of
reference antennas and TRLSAs

2.2. Design Structures of Truncated Rhombus-like Slotted
Antenna

Figure 2 shows the design structures of truncated rhombus-like slotted
antenna (TRLSA). The proposed antennas have a unique rhombus-like
shaped patch with four truncated edges and a ‘zig-zag’ slot embedded
on the radiating patch. The resonant frequencies of the antennas can
be affected by different orientations of the patch slot [19]. Thus,
the unique ‘zig-zag’ slot is embedded at two different orientations
in z- and y-axis so that the proposed antennas can operate at two
different frequencies by using the same patch size. The main reason of
having this configuration is that the designs can be implemented for
future development of a frequency reconfigurable antenna in an array
configuration whereby the size of the radiating patch is maintained
regardless of its frequency [21]. The size of the patch at lower frequency
can be reduced which normally requires bigger patch size. Hence, the
overall structure of the array antenna can be reduced which makes
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the antenna more compact. In this study, the proposed antennas are
expected to operate at two different frequencies, 5.3 GHz and 5.8 GHz
during F; mode and Fy mode respectively. As shown in Figures 2(a)—
(b), the ‘zig-zag’ slot with a width, Wy, of 0.5 mm is located at z-axis
for F1 mode and y-axis for Fa mode.

Two different materials have been used for the substrates
(Figure 2(c)). RT/Duroid 5880 with a lower permittivity (e, =
2.2) and thickness, h; of 0.787mm is chosen for upper substrate
(substrate 1) to produce loosely bound fringing fields, yielding better
radiation. On the other hand, the lower substrate (substrate 2) is made
of FR~4 board with higher permittivity (e, = 4.7) and thickness, hy of
0.8 mm for tightly coupled fields that produce less spurious radiation.
FR-4 is a low cost material with good reproducibility [6] but high loss
which may results in low gain. Etching slots in the ground plane can
help improve the low gain (efficiency) [20]. Therefore, the proposed
antenna employs aperture coupler as its feeding technique whereby a
small aperture slot is etched on the ground plane which is located
in between of the two substrates. The ground plane serves as a
very effective shield between the radiating patch and the feed. Thus,
unwanted effects such as spurious feed radiation can be reduced. The
design parameters of the proposed antenna are tabulated in Table 1.

Table 1. Parameters and dimensions of the proposed antennas.

Truncated Aperture .
Substrate Patch Feed line
Parameters L W) | (L, Wy) Corner Slot (L, Wy)
sub» sub b b (Lt7 Wt) (lent7 Welot) I !
L h
engt 30 15.5 3.0 7.75 18.0
(mm)
idth
Widt 30 9.6 3.0 0.48 2.0
(mm)

3. ANALYSIS OF DESIGN TRANSFORMATION

In this section, an analysis on design transformation of a conventional
rhombus shape to a unique shape of TRLSA is presented.
Theoretically, to design a microstrip patch antenna a smaller patch
is required for higher frequency and vice versa [14]. Therefore, two
different patch sizes are needed in order the antennas to operate at
two different frequencies during F; mode and Fs mode respectively.
However, by integrating a unique ‘zig-zag’ slot on the patch at two
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different orientations in z- and y-axis, two different frequencies can be
achieved by using the same patch size. In other words, if the slot is
integrated at x-axis, the antenna will operate at F; mode. On the
other hand, the antenna of the same patch size will operate at Fo
mode when the slot is at y-axis. The effects of several parameters has
been analysed to show how the proposed design are transformed from
a conventional rhombus shape. Next, the performance of each antenna
will be compared and analysed.

3.1. Parametric Analysis
3.1.1. Case 1: Effects of Patch Width, W), and Patch Length, L,

In this case we investigated the effect of having the same patch width,
W, and patch length, L, on return loss and resonant frequency. The
antenna design is referred as rhombus-shaped antenna illustrated in
Figure 1(a). As depicted in Figure 3, it is clearly shown that the
patch size has significant effect on return loss and resonant frequency.
Smaller patch yields higher frequency and vice versa. The size of the
antenna is L, = W, = 16.5mm when operating at 5.24 GHz (F; mode)
and L, = W, = 14.5mm when operating at 5.81 GHz (F mode). The
difference in excitation of each resonant frequency is approximately
3 GHz.
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Return Loss, S,,(dB)

-20
254

-30

3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
Frequency (GHz)

Figure 3. The effects on return loss and resonant frequency due to
the change of L, and W), [L, = W}].

3.1.2. Case 2: Effects of Truncated Fdges

The effects of the truncated edges have been analyzed when designing
Figure 1(b). The area of the truncated edge (L; * W) can also be
considered using the patch length, L, and width, W, with one of the
parameters being maintained. From the result in case 1, W), = 16.5 mm
is chosen so that the antenna is expected to operate at Fo mode
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Figure 4. The effect on return Figure 5. The effect on return
loss due to the change of L, W, = loss due to the change of W, [L, =
16.5 mm]. 10.5 mm].

of higher frequency. As shown in Figure 4, only a small frequency
shift can be seen when L, is increased from 10.5mm to 14.5mm at
W, = 16.5mm. The best result for the antena to operate at Fy mode
is when L, = 10.5mm. Next, the effect on the return loss has been
analyzed by changing the value of W, from 13.5mm to 18.5mm and
the value of L, is maintained at 10.5mm. As shown in Figure 5,
there is a moderate increment in frequency shift when the value of
W, decreases, but the value of return loss drops significantly. The
antenna operates at two different frequencies, F1 mode and Fo mode
when W, = 18.5mm and W, = 16.5mm while L, is maintained at
10.5mm. In this case 2, the width or length of the patch is relative to
the area of the truncated edges. Bigger W), or L, results in bigger area
of radiating patch elements but smaller area of the truncated edges.

3.1.8. Case 3: Effects of ‘Zig-zag’ Slot

In this case 3, the effects of the ‘zig-zag’ slot which is embedded on the
radiating patch have been analysed. Different orientations in z- and y-
axis resulted in two different frequency modes, F; and Fo respectively.
As depicted in Figure 6(a), when the slot is located at z-axis, significant
changes in return loss and frequency can be seen when the width of the
‘zig-zag’ slot, Wy is varied from 0.5mm to 2.0mm. However, only
a slight shift can be seen during Fo mode when the slot is located at
y-axis (Figure 6(b)). To further improve the magnitude of return loss
during F2 mode, the length of the feed line, L = d is varied accordingly
so as to maintain the same patch size. The best result for F1 mode is
when Ly = 18 mm which is the same with the initial length. For Fg
mode, the length of the feed line needs to be shorten, Ly = 16.8 mm to
obtain the best result. Both results are shown in Figures 7(a) and (b)
respectively with the same slot width, Wy,; = 1.0 mm.
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Figure 7. The effect on return loss due to the change of Ly [Ly = d].
(a) During F; mode. (b) During Fo mode.

Surface current distributions of the proposed TRLSA at each layer
during F; mode and F2 mode are shown in Figure 8 and Figure 9
respectively. The arrow shows current flow along radiating patch,
ground plane and feed line of each frequency mode. During F; mode
when the ‘zig-zag’ slot is oriented at z-axis, the magnitude of surface
current at each layer is higher than during F3 mode. However, as shown
in Figure 9(a) the current seems to be uniformly distributed along the
‘zig-zag’ slot at the radiating patch during Fo mode when the ‘zig-zag’
slot is oriented at y-axis. By introducing a ‘zig-zag’ slot at different
orientations, the path of surface current can be controlled. Hence,
the distributions of surface current for the resonance at two different
frequency modes, F; and Fo are altered based on the orientations of
the ‘zig-zag’ slot in z- and y-axis accordingly.
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Figure 8. Surface current distributions at each layer during F; mode.
(a) Radiating patch. (b) Aperture slot at the ground plane. (c) Feed
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Figure 9. Surface current distributions at each layer during Fo mode.
(a) Radiating patch. (b) Aperture slot at the ground plane. (c) Feed
line.

3.2. Comparative Analysis

A comparative analysis has been carried out in order to analyze and
compare the performance of the reference antennas with the proposed
TRLSA at two different frequency modes (F; mode and Fy mode). The
reference antennas are denoted as ‘Rhombus’ and ‘X-shape’, while the
proposed TRLSA is referred as ‘Slotted X’.

Figure 10 shows the comparison of simulated return losses and
bandwidth for both reference antennas and the proposed TRLSA at
two different frequencies, 5.3 GHz and 5.8 GHz during F; mode and
Fy mode respectively. The proposed TRLSA has better return loss
as compared to the reference antennas for both frequency modes. A
significant difference can be seen at the bandwidth of TRLSA during
F1 mode whereby it is approximately half less than of the reference
antennas.
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Figure 10. Comparison of simulated return losses during (a) F; mode,
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Figure 11. Comparison of simulated VSWR values during (a) F;
mode, (b) Fa mode.

As depicted in Figure 11, the reference antennas and TRLSA have
similar voltage standing wave ratio (VSWR) values during F; mode.
However, during Fo mode, the VSWR value of TRLSA is the lowest
as compared with of the reference antennas. The VSWR values are
below 2 at both frequency modes. The value of VSWR indicates how
well an antenna is matched to the cable impedance where the reflection,
II'| = 0. This means that all power is transmitted to the antenna and
there is no reflection. Although the optimal value of VSWR is 1, it
must be lower than 2 so that the antenna yields a return loss of less
than —10dB [15]. Figure 12 shows the comparison of simulated gains
during F; and Fo modes. The gain value is referred as phi gain, at phi
= 0. The results indicate that the proposed TRLSAs have the highest
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gains at both frequency modes as compared to the reference antennas.

Radiation patterns of the reference antennas and TRLSAs have
been compared for both frequency modes, F; mode and Fo mode. As
clearly shown in Figure 13, they are similar in shape with one main lobe
and one back lobe. The results indicate the back lobes of all antennas
can be considered very small. The small area (0.48 mm x 7.75mm) of
aperture slot results in low back radiation level which leading to less
spurious radiation in the back region [18]. However, the back lobes of
TRLSA at both F; mode and Fy mode are slightly bigger than of the
reference antennas. This may due to the ‘zig-zag’ slot embedded on
the radiating patch.
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4. RESULTS AND DISCUSSIONS

The proposed antennas have been successfully fabricated and
measured. As depicted in Figures 14(a)—(b), there are two types of
prototypes to indicate that each of them is operating at two different
frequencies, 5.3 GHz (F; mode) and 5.8 GHz (F2 mode) respectively.
The comparison between simulation and measurement results of return
loss at both frequency modes is shown in Figure 15. The measured
result at F; mode seems to have a slight frequency shift and lower
value of return loss than of the simulated. The return loss is measured
at 5.25 GHz with —13.435dB and —33.146dB at 5.34 GHz during
simulation. Meanwhile, at Fo mode, there is a good agreement in
term of return loss magnitude for both simulated and measured results
but the frequency is shifted significantly. During simulation, the
magnitude of return loss is —30.787dB at 5.8 GHz. However, during
measurement the frequency has been shifted to 5.92 GHz with return
loss of —29.367 dB.

(b)

Figure 14. Final prototypes of the proposed TRLSA. (a) TRLSA; at
F1 mode = 5.3 GHz. (b) TRLSA; at Fo mode = 5.8 GHz. (c) Bottom

view.

The discrepancies in the results may due to the challenging double-
layer structure of the antenna. These may occur during fabrication
process and improper handling when gluing both layers. There might
be a slight shift between layer 1 and layer 2. If both layers are not
glued properly at the right position, the excitation of radiation fields
would give significant impact to the radiation characteristics. Hence,
the excitation of resonant frequencies can also be affected.

Figures 16 and 17 show the simulated radiation patterns of the
proposed antenna based on two different polarizations: co-polarization
and cross-polarization at two different frequency modes, F; mode at
5.3 GHz and F3 mode at 5.8 GHz respectively. The radiation patterns
were cut based on two major planes, H-plane (z-z direction) at phi
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Figure 16. Simulated radiation patterns of the proposed antenna
during F; mode = 5.3 GHz. (a) H-plane (Phi = 0°). (b) E-plane (Phi
= 90°).

= 0° and E-plane (y-z direction) at phi = 90°. Note that, each
figure has different scale which represents the lowest range possible for
each pattern of cross-polarization. It clearly shows that a significant
difference can be seen on the pattern shape during co- and cross-
polarization. Meanwhile, as depicted in Figure 18, a good agreement
between measured and simulated results can be seen at the main lobe
at both frequency modes. However, there are some discrepancies at the
back lobe which may be due to improper measurement environment
since it was not done in an anechoic chamber.
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Figure 18. Simulated and measured radiation patterns (normalized)
of the proposed antenna in polar-plot during (a) F; mode, (b) F2 mode.
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5. CONCLUSION

In this paper, the proposed antenna design has a unique rhombus-
like shape with truncated edges and slotted patch elements fed by
an aperture coupler. The different orientations in z- and y-axis of
the ‘zig-zag’ slot embedded on the radiating patch resulted in the
excitation of different frequencies, F1 mode = 5.3 GHz and Fo mode
= 5.8 GHz respectively without changing the patch dimensions. The
design transformation has been presented to further explain the design
concept of the proposed TRLSAs. A good agreement has been achieved
between simulation and measurement results. The major benefit of
the design is that the patch size can be reduced for lower frequency
which normally requires bigger patch size. Hence, the overall size of
an array antenna can be reduced lowering the manufacturing cost.
For future work, a frequency reconfigurable antenna can be built in
an array configuration based on the proposed TRLSA design concept
with the integration of switching components.
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