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Abstract. This research has proposed a switchable beam
rectangular microstrip antenna with double parasitic
patches, in which two PIN diodes were deployed for manipulation of the main beam direction and a superstrate
(i.e. either a dielectric slab or metamaterial) for enhancement of the antenna gain. The dielectric slab is a second
FR4 substrate while the metamaterial (MTM) is the 7 × 17
periodic structure of planar cycloid dipoles (PCD). Simulations were carried out and three different antenna prototypes (i.e. the proposed switchable beam rectangular microstrip antenna, the proposed antenna either with dielectric slab or MTM) fabricated and experimented. The simulation and experimental results are in good agreement
and exhibit good impedance matching (|S11| < –10 dB)
along the operating frequency. The average measured gain
is 7 dBi with the unidirectional radiation pattern along the
operating frequency. The proposed switchable antennas
with and without the superstrate are operable in the
2.4-2.5 GHz WLAN system and switchable in three directions of 0, 30 and 330 (xy-plane). Moreover, the findings validate the applicability of either the dielectric slab
or three MTM block-layers as the superstrate to improve
the antenna gain.

Keywords
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1. Introduction
The exponential growth in smartphone use, together
with the greater availability of budget internet-connected
devices, has contributed to a phenomenon in which the
demand for digital wireless communications outstrips the
supply (i.e. capacity). In addition, the digital wireless technology suffers from the multipath fading effect where the
waves reflect and scatter upon impacting the obstacles.
According to [1], [2], these issues could be efficiently
addressed with the utilization of a smart antenna, beam
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steering antenna or switchable beam antenna.
In [1], the authors applied the path-diversity reception
technique of the constant modulus algorithm (CMA) to
an adaptive array antenna (AAA) to reduce the co-channel
interference (CCI) in the terrestrial digital mobile communications. The aim was to efficiently utilize the frequency
spectrum. In [2], a smart antenna based on the beamforming technique with spatial diversity using a fuzzy interference system and a neural network (NN) was proposed to
reduce the signal loss associated with low beamforming.
A genetic algorithm (GA) was used in the optimization of
the fuzzy logic and NN, and the technique could achieve
a lower side lobe level (SLL) than did the non-algorithmintegrated methods.
By comparison, the switchable beam antenna is less
costly and of lower profile. Nevertheless, its beam steering
is of discrete fashion. In [3], the switchable beam disc
antenna was proposed for a wireless communications network. The main beam of the antenna could be rotated 360°
around the azimuth angle and possesses a wide impedance
bandwidth. The four elements of the slot antenna with
single feed point were also presented. This antenna controls the main beam by alternating the ON/OFF state of
four PIN diodes over the azimuth angle [4].
In [5], the authors proposed a switchable beam antenna using a printed circuit board (PCB) and an FR4 substrate with a square microstrip ring structure. A PIN diode
was also utilized to manipulate the radiation pattern. In [6],
the authors proposed a single-fed switchable beam antenna
using the quasi-Yagi structure and a PIN diode to select
an antenna director. Meanwhile, further improvements
were made to the switchable beam antenna for the dualband operation (2.4 GHz and 5.8 GHz) [7] using frequency
selective surfaces [8]. In addition, several other components have been utilized to manipulate the antenna main
beam, e.g. a transistor, field effect transistor (FET), and
radio frequency microelectromechanical system (RF
MEMS) switch [9], [10].
Wireless communications require a high-gain antenna, especially for the point-to-point and point-to-mul-
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Fig. 1. The geometry of the
(a) 2D view, (b) 3D view.
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2. The Configuration of Metamaterial
(MTM)
Metamaterials (MTM) are synthetic periodic-structure
materials with a negative refractive index n or with negative permittivity  and permeability . MTM have been
utilized in a variety of applications, including in ultrawideband (UWB) antennas, monopole antennas, lens antennas and waveguides [15–17]. For double negative
(DNG) media, the thin metal wire (TW) structure and the
split ring resonator (SRR) structure are collectively employed for negative  and .

cycloid

(dB)

The organization of this research is as follows: Section 1 is the introduction. Section 2 deals with the proposed
metamaterial (MTM), while Section 3 is concerned with
the switchable beam antenna structure and design procedure. Section 4 discusses the deployment of the superstrate
(either the dielectric slab or the MTM) to enhance the antenna gain. Three different prototype antennas and their
respective experimental results are presented in Sec. 5. The
concluding remarks are provided in Sec. 6.

gm

S21

This current research proposes a switchable beam
rectangular microstrip antenna with double parasitic
patches. Two PIN diodes are deployed for manipulation of
the main beam direction and a superstrate (i.e. either a dielectric slab or metamaterial) for enhancement of the antenna gain. The dielectric slab is a second FR4 substrate
while the metamaterial (MTM) is the 7 × 17 periodic
structure of planar cycloid dipoles (PCD). The proposed
switchable antennas with and without the superstrate are
operable in the 2.4-2.5 GHz WLAN system and switchable
in three directions of 0, 30 and 330 (xy-plane).

Wm

 real

tipoint applications. Many gain improvement techniques
have been proposed and experimented, e.g. the multilayer
substrates or superstrates in the printed antenna [11], the
metamaterial (MTM) to tune the impedance matching [12].
In addition, the multiband loaded monopole was integrated
into the MTM to achieve the multiband operation for the
WLAN/WiMAX applications [13]. In [14], the MTM was
deployed in the design of an array antenna and thereby
could suppress the mutual coupling while achieving the
higher directivity. Moreover, the MTM was utilized to
improve the impedance bandwidth [15], [17].
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Fig. 2. The simulated results of the planar cycloid dipole:
(a) |S11| and |S21| in dB, (b) the real effective
permittivity and permeability.
Parameter
Wm
Lm
dm
tm
gm
tdm
ldm

Description
Total width of MTM
Total length of MTM
Cycloid diameter
Cycloid thickness
Distance between two dipoles
Dipole thickness
Dipole length

Physical Size (mm)
8.00
8.00
6.80
0.20
0.20
0.15
5.60

Figure 1 illustrates the schematic of a planar cycloid
dipole (PCD) of the MTM structure functioning as the
DNG media. The PCD is fashioned from TW and SRR. In
the study, a PCD was simulated under the normal incidence
in a waveguide using CST Microwave Studio [18] and, due
to its symmetrical characteristic, only S11 and S21 were
investigated [19], [20].

could be extracted from the S parameters using the Nicolson-Ross-Weir (NRW) method [19], [20].

Figure 2(a) illustrates |S11| and |S21| in dB within the
frequency range of 1–4 GHz. In Fig. 2(a), |S11| and |S21| are
at their respective peak and trough at about the frequency
of 2.45 GHz, where the effective constitutive parameters

Based on Tab. 1, the simulated |S11| and |S21| were
estimated and subsequently extracted for the real effective
permittivity and permeability. In its design, the planar
cycloid dipole (PCD) is mounted on an FR4 substrate

Tab. 1. The parameters and physical dimensions of the planar
cycloid dipole.
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(εr = 4.3) with a thickness of 1.8 mm. The simulation
results indicated that the real effective permittivity and
permeability of the PCD were both negative in the
2.43–2.5 GHz frequency range, as shown in Fig. 2(b).
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h

W

L

3. Switchable Beam Antenna Structure
Figure 3 illustrates the schematic of the initial rectangular microstrip antenna whose feeding structure is that of
a microstrip line. Initially, the microstrip feed line was
simulated at the center frequency fr of 2.45 GHz on an FR4
substrate (εr = 4.3) with a thickness h of 3.2 mm. The design of the feed line was carried out, whereby the patch
antenna and the microstrip line match with the characteristic impedance of 50  [21]. The thickness t and length l2 of
the microstrip line were thus 6.16 mm and 17 mm, respectively. The position of the feed line was on one edge of the
rectangular patch.
Meanwhile, the design of the rectangular patch was
carried out using the transmission line model with the
dominant mode (TM010), as expressed in (1). The initial
width W and length L of the rectangular patch were
37.6 mm and 61.2 mm (half wavelength) at 2.45 GHz.

W

1
2 f r 0 0

2 .
r  1

(1)

To simulate, W and L of the radiating patch were
varied. It was found that the change in W influenced the
resonant frequency. In other words, as the width W increased, the resonant frequency was shifted to the lower
frequency. Moreover, simulations were carried out to determine the optimal position of the feed line as it influences
the resonant frequency and the polarization of the antenna.
The simulation results revealed that, with the feed line
positioned in one of the corners, the resonant frequency
was subject to W and the polarization was of horizontal
direction. On the other hand, with the feed line positioned
at the center, the length of the radiating patch L played
a significant part in the resonant frequency while the
polarization was of vertical direction [21–23]. The chosen
dimensions of the radiating patch were thus 27 mm and
48 mm for W and L, respectively, achieving the resonant
frequency at 2.43 GHz with an impedance bandwidth of
70 MHz (|S11| < –10 dB).
Due to the narrow impedance bandwidth (i.e.
70 MHz) of the rectangular microstrip antenna and its
lowered efficiency as a result of the microstrip feed line,
a tuning stub was incorporated into the feed line for improvement of the impedance bandwidth (Fig. 3). In the
simulation, p1, l1 and t were varied and the results revealed
that p1, l1 and t of 9.75 mm, 9 mm and 3 mm, respectively,
could achieve an impedance bandwidth of 88 MHz with
the unidirectional radiation pattern.
In the design of the switchable beam rectangular
microstrip antenna, two parasitic patches were individually
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Fig. 3. The schematic of the rectangular microstrip antenna
with tuning stub: (a) Top view, (b) side view.
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Fig. 4. The schematic of the switchable beam rectangular
microstrip antenna: (a) Top view, (b) Side view,
(c) Position of PIN diode.

mounted on either side of the radiating patch (Fig. 4(a)). In
principle, the introduction of the parasitic patch influences
the impedance of the antenna due to the mutual coupling
effect between the parasitic and radiating patches. In addition, the distance between the parasitic and radiating
patches dictates the radiation pattern. Moreover, two PIN
diodes (D1, D2) were deployed to short the parasitic patches
to the substrate and ground plane. The status of the PIN
diodes (i.e. ON or OFF) was manipulated by the DC voltage. Figure 4 illustrates the schematic of the proposed
switchable beam rectangular microstrip antenna with double parasitic patches.
Simulations were then carried out and the suitable
antenna parameters are tabulated in Tab. 2. In addition, the
proposed switchable beam rectangular microstrip antenna
with two parasitic patches is operable in three modes:
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mode 1 when both PIN diodes (D1 and D2) are OFF, mode
2 when D1 is ON while D2 is OFF, and mode 3 when D1 is
OFF and D2 is ON.
Figure 5(a) compares the simulated |S11| of the switchable beam rectangular microstrip antenna with double
parasitic patches under the three operation modes. The
simulated |S11| varied with the modes of operation but still
covered the operating frequency. The xy-plane radiation
pattern also varied with the variations in the status of the
PIN diodes, where the radiation pattern was directed
forward under mode 1 and in the left and right directions
Antenna
Parameter
WT
LT
W
L
p1
l1
l2
t
d1
wp
lp

Description
Total width
Total length
Radiation patch width
Radiation patch length
Tuning stub width
Tuning stub length
Microstrip line length
Microstrip line thickness
Distance between radiation and
parasitic patches
Parasitic patch width
Parasitic patch length

Physical Size (mm)
90
144
26.50
48
12
10
17
3
8
32
30

Tab. 2. The parameters of the proposed switchable beam
rectangular microstrip antenna.

Mode
1
2
3

PIN Diodes
D1
D2
OFF
OFF
ON
OFF
OFF
ON

Direction of
Main Beam
0 (Center)
330 (Left)
30 (Right)

Maximum
Gain (dBi)
5.6
6.7
6.5

Tab. 3. The simulated performance of the proposed antenna
under three operation modes.

under modes 2 and 3, respectively. Figure 5(b) illustrates
the xy-plane radiation patterns of the switchable beam
rectangular microstrip antenna under the three operation
modes.
Table 3 summarizes the results of the proposed antenna with regard to the main beam direction and maximum gain under the three operation modes. Under mode 1,
the main beam directs at 0 (center) with HPBW of 120.
The main beam directs at 330 (left) with HPBW of 60
under mode 2 and at 30 (right) with HPBW of 60 under
mode 3. In addition, |S11| is less than –10 dB along the
2.4–2.5 GHz frequency range under all three operation
modes.

4. Gain Enhancement Using Dielectric
Slab or MTM

S11

This section examines the deployment of either a dielectric slab or the MTM as the superstrate for enhancement of the antenna gain. In the first scenario, a dielectric
slab (i.e. another FR4 substrate) was introduced and
mounted onto the switchable beam rectangular microstrip
antenna, forming two additional layers of superstrate: free
space (εr = 1) and the additional FR4 (εr = 4.3).

(a)
  90



(b)
Fig. 5. Simulated and measured characteristics of the
switchable beam rectangular microstrip antenna under
three operation modes: (a) |S11|, (b) the xy-plane
radiation patterns.

In Fig. 6, the distance between the antenna and the dielectric slab d was varied between 1–11 mm, and the FR4
thickness was either 1.8 mm or 3.2 mm. It was found that
the bandwidth and gain increased with increase in d and
that the 3.2 mm-thick FR4 outperformed the 1.8 mm-thick
superstrate. Thus, d and the FR4 thickness, respectively, of
10 mm and 3.2 mm were adopted for the improved bandwidth (i.e. 132 MHz) with the maximum gain of 6.2 dBi.
Figures 7(a) and (b) respectively illustrate the simulated radiation patterns and |S11| of the proposed switchable
beam rectangular microstrip antenna with dielectric slab
under the three operation modes. The simulation results
indicated that the main beam of the proposed antenna with
dielectric slab could be manipulated in three directions.
Under mode 1, the main beam was at 0 (center) with
HPBW of 100, a bandwidth of 132 MHz and a gain of
6.2 dBi. Under mode 2, the main beam was at 330 (left)
with HPBW of 50, a bandwidth of 130 MHz and a gain of
7.30 dBi, while it was at 30 (right) with HPBW of 50,
a bandwidth of 135 MHz and a gain of 7.46 dBi under
mode 3. Thus, the dielectric slab could be deployed as the
superstrate to improve the bandwidth and gain of the
switchable beam rectangular microstrip antenna.
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d

Fig. 6. Simulated bandwidths and gains for various d and two
thicknesses of FR4.

S11

S11

Fig. 8. Depiction of the switchable beam rectangular microstrip antenna with the MTM superstrate.
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(b)
Fig. 7. Simulated and measured characteristics of the
switchable beam rectangular microstrip antenna with
dielectric slab under three operation modes: (a) |S11|,
(b) xy-plane radiation patterns.

In the second scenario, the proposed MTM was utilized as the superstrate of the switchable beam rectangular
microstrip antenna to enhance the antenna gain. The MTM
was placed in front of the switchable antenna with a distance of 2 mm, as shown in Fig. 8. The arrangement of the
planar cycloid diodes (PCD) was such that one MTM
block-layer was of 7 × 17 periodic structure. Simulations
were then carried out by increasing the number of MTM
block-layers while observing |S11| and the radiation pattern
(Fig. 9(a)-(b)).

(b)
Fig. 9. The simulated characteristics of the switchable beam
rectangular microstrip antenna for various MTM
block-layers: (a) |S11|, (b) xy-plane radiation patterns.

The simulation results revealed that |S11| shifted to the
higher resonant frequency with increase in the number of
MTM block-layers. In addition, the antenna gain increased
with increase in the MTM block-layers, while the beamwidth became narrower. This research thus utilized three
MTM block-layers so that the final antenna would not be
too oversized while achieving the improved antenna gain
in relation to the non-MTM antenna.
Further simulations were carried out with the switchable beam rectangular microstrip antenna with three MTM
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block-layers under the three operation modes. Figures 10(a) and (b) respectively illustrate the simulated |S11|
of the MTM-integrated antenna and the radiation patterns
under the three operation modes. Specifically, under mode
1, the main beam directs at 330 and 30 with HPBW of
50, a bandwidth of 130 MHz and a gain of 6.9 dBi. Under
mode 2, the main beam directs at 330 (left) with HPBW
of 48, a bandwidth of 130 MHz and a gain of 7.5 dBi,
while the main beam directs at 30 (right) with HPBW of
47, a bandwidth of 135 MHz and a gain of 7.8 dBi under
mode 3. Figure 11 shows the radiation efficiency of the
three proposed antennas. The trends of the radiation efficiency for these three antennas are decreased when the
frequency is higher. The loss of the FR4 substrate causes
the degraded radiation efficiency at the higher frequency.
At the frequency of 2.45 GHz, the radiation efficiency of
the proposed antenna is 72%. When this structure is added
by either the dielectric slab or MTM, the efficiency is increased to 74.5%. It is obvious that the radiation efficiency
of the proposed antenna with either the dielectric slab or
MTM is better than the proposed antenna without superstrate. The additional superstrate (dielectric slab or MTM)
can improve the radiation efficiency over the relevant
range of frequencies because the losses of surface waves
are reduced. It is an inherent anisotropy of the additional
structure and back-ward wave in superstrate.
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Fig. 11. The simulated radiation efficiency of the three
proposed antennas.

Fig. 12. Prototype of the switchable beam rectangular microstrip antenna.

5. Experimental Results

S11

To verify, three prototype antennas were fabricated
and experiments undertaken. The three prototype antennas
were the proposed switchable beam rectangular microstrip
antenna, the proposed antenna with either the dielectric
slab or MTM.

(a)
  90



(b)
Fig. 10. The simulated and measured characteristics of the
switchable beam rectangular microstrip antenna with
three MTM block-layers under three operation modes:
(a) |S11|, (b) xy-plane radiation patterns.

Figure 12 depicts the prototype of the switchable
beam rectangular microstrip antenna with two parasitic
patches on a 3.2 mm-thick FR4 substrate (εr = 4.3). Two
PIN diodes with Ron of 1.8  and Con of 9.3 pF were deployed to affix the parasitic patches to the substrate and the
ground plane. The experimental results revealed that the
proposed switchable beam rectangular microstrip antenna
could achieve a bandwidth of 120 MHz. In addition, the
xy-plane radiation patterns under the three operation modes
were as follows: under mode 1, the direction of the main
beam was of 0° with HPBW of 120° and the maximum
gain of 5.6 dBi; under mode 2, the direction was of 330°
with HPBW of 60° and the maximum gain of 6.7 dBi; and
under mode 3, the direction was of 30° with HPBW of 60°
and the maximum gain of 6.5 dBi (Fig. 5(a), (b)).
The second prototype antenna was the switchable
beam rectangular microstrip antenna with dielectric slab as
the superstrate with the distance between the antenna and
the slab of 10 mm. This antenna dimension is
90 mm × 144 mm × 16.4 mm. In Fig. 7(a), the prototype
antenna with the dielectric slab could achieve a bandwidth
of 200 MHz. In addition, the xy-plane radiation patterns
under the 3 operation modes are as follows: under mode 1
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The measured results indicated that the switchable
beam rectangular microstrip antennas of all three configurations were operable under all three operation modes
along the 2.4–2.5 GHz frequency range. Table 4 compares
the performances of the three prototype antennas and it is
evident that the deployment of either the dielectric slab or
MTM as the superstrate could enhance the antenna gain.
Fig. 13. Periodic structure of planar cycloid dipoles.

the direction of the main beam was of 0° with HPBW of
100° and the maximum gain of 6.2 dBi; under mode 2, the
direction was of 330° with HPBW of 50° and the maximum gain of 7.3 dBi; and under mode 3, the direction was
of 30° with HPBW of 50° and the maximum gain of
7.46 dBi (Fig. 7(b)).
The third prototype antenna was the switchable beam
rectangular microstrip antenna with three MTM blocklayers, as shown in Fig. 13. The antenna size is
90 mm × 144 mm × 29.2 mm. The prototype antenna with
three MTM block-layers could achieve a bandwidth of
150 MHz. The xy-plane radiation patterns under the three
operation modes are as follows: under mode 1, the directions of the main beam were of 30° and 330° with HPBW
of 50° and the maximum gain of 6.9 dBi; under mode 2,
the direction was of 330° with HPBW of 48° and the
maximum gain of 7.5 dBi; and under mode 3, the direction
was of 30° with HPBW of 47° and the maximum gain of
7.8 dBi (Fig. 10(a), (b)).
Mode
1
2
3

Prototype Antenna
Direction of
Maximum
HPBW
Main Beam
Gain (dBi)
0°
120°
5.6
330°
60°
6.7
30°
60°
6.5

6. Conclusions
This research has presented the switchable beam rectangular microstrip antenna in which two PIN diodes were
deployed for manipulation of the main beam direction and
the superstrate (i.e. either a dielectric slab or the MTM) for
enhancement of the antenna gain. In this research, the dielectric slab is a second FR4 substrate while the metamaterial (MTM) is the 7 × 17 periodic structure of planar cycloid dipoles (PCD). The proposed switchable antennas
with and without the superstrate are operable in the
2.4–2.5 GHz WLAN system and switchable in three directions of 0°, 30° and 330° (xy-plane). The simulation and
experimental results validate the applicability of the dielectric slab and three MTM block-layers as the superstrate
to improve the antenna gain. In addition, the proposed
superstrate-integrated switchable beam rectangular
microstrip antenna could be employed in the point-to-point
and point-to-multipoint applications.

Prototype Antenna with Dielectric Slab
Direction of
Maximum
HPBW
Main Beam
Gain (dBi)
0°
100°
6.2
330°
50°
7.3
30°
50°
7.46

Prototype Antenna with MTM
Direction of
Maximum
HPBW
Main Beam
Gain (dBi)
330° and 30°
50°
6.9
330°
48°
7.5
30°
47°
7.8

Tab. 4. Comparison of the measured results of the three prototype antennas under three operation modes.
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