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In this paper, a tuneable rectangular microstrip patch antenna (MPA) is
simulated and optimized to operate in four frequency bands of the next
generation of wireless communication systems. The proposed design
incorporates a copper radiating patch with four implanted graphene strips for
tuning purposes. The reconfigurable surface impedance of graphene can easily
be altered by applying a DC voltage bias directly to the graphene strips,
allowing the operating frequency of the antenna to be tuned as desired.
The capability of the applied voltage to tune the operating frequency band of
the proposed antenna is studied via computer simulation technology (CST)
microwave studio (MWS). Frequency selective surfaces (FSSs) are introduced
in order to improve the radiation parameters of the antenna. The operating
frequency band of the tuneable rectangular MPA increases directly as
the applied DC voltage bias is increased. Based on the simulation results,
a tuneable rectangular MPA placed between two FSSs is proposed for
fifth-generation applications.

This is an open access article under the CC BY-SA license.

@O0

Corresponding Author:

Nidal Qasem,

Department of Electronics and Communications Engineering, Faculty of Engineering,
Al-Ahliyya Amman University,

Zip-code (Postal Address): 19328, Amman, Jordan.

Email: Ne.qasem@ammanu.edu.jo

1. INTRODUCTION

Enormous developments in communication technology, especially in wireless communication, have
taken place in recent decades. With these changes in mind, the network operators have introduced advanced
generations from time to time. Following the first-generation mobile network in the 1980s, the second
generation appeared in the 1990s, the third in 2001, and the fourth in 2010. The next target is
the implementation of the fifth-generation network, which is expected to begin in 2020 [1]. With the increase
in network applications and demand for higher data rates, switching to higher frequencies is the only option
for avoiding data congestion that remains to wireless technology operators. Higher frequency bands offer
higher data rates together with the spectral efficiency that is currently required. It is expected to reach real
gigabytes bitrate in the millimetre-wave (mm-wave) spectrum in a range between 30 and 300 GHz.
In the mm-wave range, the prospect of using the unlicensed frequency band from 57 to 64 GHz for Industrial,
Scientific, and Medical (ISM) applications is promising [2, 3].

This frequency band has attracted increased interest and attention in the research community because
of its possible practical advantages for future applications. The creation of new technologies in this frequency
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band has resulted in many high-speed wireless innovations, including high-definition video streaming,
high-speed internet, high-definition multimedia interfaces, wireless gigabit Ethernet, and automotive radar [4].

The primary challenge in the mm-wave regime is increased path losses, which mean that the signal is
easily attenuated; the signal may also fade during rainfall. Therefore, mm-waves are preferentially used to
provide high data transfer rates in short distance communication. A critical element for such applications is
a compact antenna, which should be able to provide reasonable gain, high radiation efficiency, and wide
operating frequency bandwidth [5, 6]. Many techniques can be used to achieve tuneable antennas, including
radio frequency microelectromechanical system switches, varactor switches, PIN diodes, field effect transistor
switches, light-activated switches, or tuneable materials, which may be tuned by applying the appropriate light,
magnetic, mechanical, thermal, or electrical bias [7].

Graphene, a conjugated carbon sheet structured in a two-dimensional hexagonal lattice, enables
multi-functional signal emission, transmission, modulation, and detection by devices that feature high speed,
small size, and particularly low loss. Graphene possesses a reconfigurable surface impedance that can be varied
by applying a DC voltage bias to the graphene sheet, which can be used as an alternative to electronic
components in designing tuneable antennas. An antenna may be tuned by changing its electrical length, which
can be accomplished by increasing or decreasing the current distribution over the radiating patch of the antenna.
Alternatively, the physical length of the antenna may be increased by adding an additional shape directly
coupled with the radiating antenna patch using graphene as a switch to connect or disconnect the extension
to the antenna radiating patch. The tuneable antenna is useful for addressing the issue of the narrow bandwidth
in microstrip patch antennas (MPAs) [8-10].

Frequency Selective Surfaces (FSSs) are planar periodic structures whose reflection or transmission
properties vary with frequency. A frequency selective surface (FSS) element acts as a passive electromagnetic
filter that selectively reflects or attenuates the desired frequency band. The FSS structure exhibits a high surface
impedance that reflects plane waves in phase and suppresses surface waves. Integrating an FSS with
a rectangular microstrip patch antenna (MPA) can enhance radiation efficiency, bandwidth, and gain while
reducing side and back lobes in the radiation pattern [11, 12].

In this work, a design is proposed for a tuneable rectangular MPA with sufficient reconfigurability
range to compensate for the narrow bandwidth of MPAs. Since mm-wave antennas composed entirely of
graphene are expected to have low antenna performance and a small reconfigurability range, the proposed
design uses a hybrid of copper and graphene to achieve reasonable antenna efficiency and gain as well as an
acceptable tuneable frequency range. The design is simulated and optimized for fifth-generation applications.
The paper is organised as follows: section 2 presents the simulation procedure for the rectangular MPA, using
MATLAB to obtain the antenna dimensions and computer simulation technology (CST) microwave studio
(MWS) to simulate the rectangular MPA. Section 3 presents the simulation and modelling procedure for
the proposed design of the tuneable rectangular MPA. In Section 4, the FSS superstrate layers are used to
enhance the tuneable rectangular MPA gain, return loss, and bandwidth of the tuneable rectangular MPA.
A discussion of the simulation results obtained from the time domain solver of CST-MWS is given in
section 5. Finally, section 6 presents the conclusions of the work.

2. ANTENNA SIMULATION MODELLING

The design procedure for the proposed tunable antenna is shown in Figure 1. In designing
the rectangular MPA, three key parameters must be selected: the resonant frequency (f;.), the relative
permittivity (g,), and the substrate height (h). Table 1 displays the fundamental parameters chosen
for this design.

i *Design the rectangular MPA at 60 GHz. ‘

b *Monitor the surface current distribution over the patch. |

H *Calculate the surface impedance of the graphene strips. ‘
*Expand the graphene strips over the antenna radiating

4 patch.

F *Begin the antenna simulation process. |

Figure 1. The block diagram of the proposed tuneable rectangular MPA design
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Table 1. Fundamental antenna parameters

Parameter Value
Operating frequency (f;.) 60 GHz
Substrate relative permittivity (&,.) 2.1
Substrate height (%) 0.1 mm
Input impedance (R;,) 50 Q

The MPA can be powered using different methods, such as a coaxial probe, a microstrip line feeding
technique, or aperture or proximity coupling methods. In this work, the inset feeding technique is used in order
to obtain the optimal impedance between the antenna and the source of the electrical wave. The input
impedance of the inset-fed rectangular MPA depends on the feed inset (f;) inside the patch and, to a certain
degree, on the gap between the feed line and the patch (G,f). In the inset feeding method, the resonance
frequency shifts with variations in G, and the return loss of the antenna changes as f; is varied [13]. Table 2
shows the dimensions of the ground plane, substrate, patch, and feed line of the simulated antenna, which were
calculated using the following equations [14, 15]:
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where &..¢¢ is the effective relative permittivity, h is the height of the dielectric substrate, W is the width
of the patch, L.ss is the effective patch length, L is the actual patch length, AL is the length extension, Z; is
the equivalent feed line impedance which is 50 Q, R;, is the resonant input resistance when the patch is fed at
the radiating edge, Wy is the feed line width, Lf is the feed line length, W is the substrate width, and Ly is
the substrate length. The dimensions of the patch, substrate, and feed line are illustrated in Figure 2.
The parameters calculated from the previous equations were implemented in CST-MWS to simulate
the antenna. Figure 3 illustrates the rectangular MPA in the CST-MWS simulation software.

The optimisation procedure involves minimising or maximising certain antenna dimensions and other
parameters, such as the substrate thickness or the relative permittivity. Here, the goals of the optimisation are
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to improve the bandwidth, return loss, and impedance matching, as well as, to facilitate the antenna fabrication
process where the laser machining accuracy in manufacturing the antenna is 0.08 mm [10].
After the rectangular MPA design was completed, the optimisation procedure was carried out using trial
and error. Table 3 presents the optimised parameters for a rectangular MPA.

¥
z X
Ws
Figure 2. Dimensions of the single rectangular Figure 3. Simulated rectangular MPA in
MPA and feed line CST-MWS
Table 2. Calculated antenna parameters Table 3. Optimised rectangular MPA dimensions
Parameter Value (mm) Parameter Value (mm)
Patch width () 2.008 Patch width () 2
Patch length (L) 1.6681 Patch length (L) 1.625
Substrate width (Ws) 4.016 Substrate width (W) 4
Substrate length (Ly) 3.3362 Substrate length (Lg) 3.25
Feed line inset (f;) 0.58217 Feed line inset (f;) 0.5
Feed line width (W) 0.308 Feed line width (W) 0.12
Feed line length (Ly) 1.21968 Feed line length (Ly) 1.8
Gap between the feed line and the 0.0179 Gap between the feed line and 01
patch (G,r) : the patch (G, ) :

3. GRAPHENE-BASED TUNEABLE RECTANGULAR MPA

The rectangular hybrid graphene-metal MPA studied in this work is comprised of a copper radiating
patch, in which four strips of graphene are implanted, and a solid copper ground plane. The second key step
in the design of the tuneable MPA is the positioning of the graphene strips over the radiating patch. The ideal
location depends on the current distribution over the patch, where the graphene strips are inserted in the good
accumulated current position. Figure 4 illustrates the surface current distribution over the radiating patch of
the rectangular MPA at the operating frequency.

dB(Afm)

===l x

Figure 4. Surface current distribution over the radiating patch

TELKOMNIKA Telecommun Comput El Control, Vol. 18, No. 4, August 2020: 1719 - 1730



TELKOMNIKA Telecommun Comput El Control a 1723

The graphene strips serve as a controlled switch to direct the current flow over the surface of
the antenna radiating patch. The effective length of the radiating patch then depends on the DC voltage
bias (V5): in the ON state it remains constant, while in the OFF state the effective length is shorter than
the actual length. The ON state corresponds to a low graphene surface impedance, which allows the current to
flow through the strip, whereas the OFF state corresponds to a high surface impedance, preventing the flow of
the current through the strip. The ON/OFF state is determined by the Vy across the graphene strips. Vg could
be applied directly through the feed port if the same voltage is given to all the graphene strips so that they are
all activated/deactivated at the same time. Practically, V can be input using a broadband commercial bias tee,
which is connected between the port of a vector network analyzer and the antenna input microstrip line.
The Vp is then applied between the antenna ground plane and the graphene strips inside the antenna radiating

patch [16]. In order to obtain the practical values for the ON and OFF surface impedances (Zs,, and Zs,..),
the following equations are used [17-19]:
_ £0&rVB
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where 7, is the scattering effect, 7, is the relaxation time, p; is the electron mobility (in m%*/Vs),
Pm = 7.6 Xx 1077 is the two-dimensional mass density of graphene in (in kg/m?), Vpr= 2.1x10* m/s is the
velocity of longitudinal acoustic phonons in graphene, T is the temperature in Kelvin, # is the reduced Planck’s
constant, kp is the Boltzmann constant, q is the electron charge (in C), y. is the graphene chemical potential
(in eV), vy =1x10° m/s is the Fermi velocity, n is the carrier density (in m?), d is the graphene thickness
(in m), and D is the deformation potential (in eV). From recent experimental studies, D ~18 eV appears to be
a prevalent and recognized value for graphene over a substrate [17]. The value of Zs,,/Z; .. may be
determined by increasing/decreasing the charge carrier density according to (13), Table 4 illustrates selected
parameter values for the graphene surface impedance modelling in both the ON and OFF states.

Different values of Vz were chosen in order to study the effects of increasing or decreasing Vg on
the tuning of the f,.. A large value of V3 mayn’t be chosen for applications with low power consumption, such
as mobile phones. However, the value of Vj is not universal and can be decreased, depending on the application
and the required operating frequency band, by selecting a thin substrate with a greater &,.. The graphene strips
were simulated and modelled in CST-MWS as a thin ohmic sheet surface impedance. Table 5 illustrates
the graphene strip dimensions, and Figure 5 shows the simulated antenna in CST-MWS.

In order to demonstrate the activation or deactivation process for the graphene strips to change the f;.,
Figure 6 illustrates the surface current distribution over the antenna radiating patch and the graphene strips
at 60 GHz. When the graphene strips are in the OFF state, a small current is allowed to propagate along with
the strips due to the large value of Zg, contrary that when the graphene strips are in the ON state, substantially
more current is capable to propagate along the strips due to the small value of Z.

Table 4. Selected parameter values for the graphene Z; modelling

Parameter Value
State ON OFF
w; (m?/Vs). 2.7 2.7
D (eV) 4 4
T (K) 295 295
Vg (V) 5 20 30 0.5
n (m?) 5.8x10'° 2.32x10" 3.48x10"7 6x10
Zs(Q/ ) 27.71 +j 9.256 11.4+j5.7 8.1 +j4.65 2569.6+j74.72
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Table 5. Graphene strips dimensions

Strip Dimension (mm) Strip Dimension (mm)
M 0.16x0.53 Dy 0.65
S, 0.16x0.54 D, 0.35
S3 0.16x0.54 D3 0.65
Sy 0.16x0.53 D, 0.27
Ds 0.35 D¢ 0.06
D, 0.27 Dg 0.05

— ﬂ
3 — == x
(a) (b)

Figure 5. Tuneable rectangular MPA; (a) Proposed design in CST-MWS
and (b) Dimensions of the graphene strips implanted in the radiating patch
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Figure 6. Surface current distribution over the radiating patch
and graphene strips; (a) ON state and (b) OFF state

4. DESIGN OF THE FSS SUPERSTRATE LAYER

To improve the antenna parameters, an FSS superstrate on the top/bottom of the tuneable rectangular
MPA, separated by an air gap, is introduced. Using one or more FSS superstrates, various resonance
frequencies can be achieved, although there are limitations imposed by the required compact antenna size.
It should be noted that an FSS superstrate significantly reduces the impedance bandwidth. The configuration
proposed here for a tuneable rectangular MPA integrated with an FSS provides improved performance
in multiple parameters, including gain, return loss, and bandwidth, for 60 GHz applications. The FSS is utilised
in two ways: as a reflector, formed by a stop-band FSS; and as a superstrate, with a pass-band FSS structure.
The proposed FSS is designed to operate in the frequency range 50-70 GHz, with a resonance frequency of 60
GHz. A square loop (SL) element, which has the best performance amongst the simple geometric shapes [20],
is chosen for both FSSs. The material used is copper which its thickness is 0.07 mm. The dielectric material is
Arlon AD 300 which has 0.1 mm thickness and its relative permittivity is 3. Figure 7 illustrates the geometry
of the SL array FSS used in the study.
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Figure 7. The stop-band SL array FSS element parameters, with
the dielectric substrate shown in green and the conductor (copper) in brown [19]

The dimensions of the SL FSS unit cell are as follows (all in mm): p = 14,d = 1.2, g= 0.2,
and s = 0.1 [21]. Figure 8 illustrates the proposed configurations for a tuneable rectangular MPA with FSSs.
Three layouts have been used: (1) The tuneable rectangular MPA. (2) Stop-band SL array FSS used as a ground
plane to reflect the plane wave in phase. (3) Pass-band SL mech-patch array FSS used as a superstrate to reduce
surface waves. A pass-band SL mech-patch array FSS can be realised by using the Babinet duals in Figure 7.
Provided that the structure is symmetrical, Babinet’s principle can be employed to change from a stop-band
SL array FSS to a pass-band SL mech-patch array FSS, where the conductive and non-conductive spaces are
reversed [22].

L

-'-..“-h
"‘\.\ B
-.____-H-
)
"
= Stop-band SL
B array F55%
"-..‘-“-
] | ¥
H""‘--..‘____L Tuneahle
e rectangular MPA
Pass-hand 5L mesh-patch z X
array F58

Figure 8. A tuneable rectangular MPA between two FSSs

The resonant height of the FSS superstrate antenna is predicted with the help of resonance estimation,
using the standard raytracing technique. The resonance condition for the antenna structure at the boresight
angle and the operating frequency as a function of the height of the superstrate above/below the substrate are
obtained as [23]:

h="04 ("’“9”“"”"5“1“"g“””"’m)%" for N =123, ... (18)
where N is an integer, 4, is the free-space wavelength, ¢r(ground,sub,air gap) 18 the reflection phase angle of
the ground plane, and ¢@ggs is the reflection phase angle of the superstrate unit cell. The value of
Pr(ground,sub,air gap) is obtained from (19);

_1 (Zgtan(Bd)
Pr(ground,sub,air gap) — T — 2tan™! (dT) (19)
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where Z; = (Z,/+/€,) is the characteristic impedance of the wave in the dielectric substrate, Z, is
the characteristic impedance of the wave in free space, and § = (ZTZI—ST) is the phase constant of the wave in
0

the substrate. An expression for estimating the boresight directivity, relative to that of the primary antenna
(feed antenna) has been derived in [24]

_ 1+Irpss(fr,0=0)|
 1+IrEss(fr6=0)] (20)

It can be seen from (20) that the directivity of the rectangular MPA increases as the magnitude of the
reflection coefficient increases. Thus, in order to have a perfect FSS superstrate, the requirements of a flat
reflection phase and a high reflection magnitude versus frequency must be satisfied [25]. At 60 GHz, the FSS
reflection coefficient is 0.8 and the corresponding relative directivity is estimated to be about 9.5 dBi.
Therefore, when the primary source antenna has 5 to 7 dBi gain (such as a rectangular MPA), placing this FSS
superstrate at an appropriate distance above/below the ground plane can increase the gain to as much as 14
dBi. Interestingly, this estimated gain is in good agreement with the prediction of the CST-MWS model.
The various parameters in (18) and (19) are summarised in Table 6. For the proposed configuration, the gap
was varied to obtain the optimum distance between the MPA and FSS. The ideal gaps for a single rectangular
MPA were found to be 2 and 2.2 mm for h; and h,, respectively, as shown in Figure 8.

Table 6. Parameter Values of (18 and 19)

fr (GHz) Z, () & N g (mm™)  d(mm)
60 377 2.2 1 1.86 0.1

Zd (Q) ‘Pl‘(grmmd,sub,air gap) Prss pass—band Prss stop—band hl (mm) hZ (mm)

254.17 165.6° —167 —166 1.95 2.3

5. RESULTS AND DISCUSSION

In this section, the results obtained from the antenna simulation in the CST-MWS simulation software
are illustrated. The simulated return loss (S, ) for the tuneable rectangular MPA in the ON and OFF states from
the time domain solver of CST-MWS is presented in Figure 9. In general, the MPAs have poor gain; this is
because the antenna gain is proportional to h and inversely proportional to &, [23]. Figure 10 shows
the three-dimensional results for the far field of the tuneable rectangular MPA at the operating frequencies
fr=152.35, 59.3, 59.89, and 60 GHz, both with and without FSSs. The antenna has a reasonable gain in this
operating frequency band; however, by using FSSs the antenna parameters are enhanced, where gain is
significantly increased from 5.7 to 12.1 dBi, bandwith increased from 2.3334 to 3.18 GHz, and the S;;
decreased from -42.4 to -54 dB at the highest value of f, (60 GHz).

A single main lobe of a reasonable beam width characterises the radiation pattern. In the azimuthal
and elevation planes, the beam widths are often identical, resulting in a relatively circular beam, although this
is by no means universal. The beam widths can be manipulated to produce an antenna with higher or lower
gain, depending on the required application. Figure 11 illustrates the 3-dB beam width for the proposed antenna
at various operating frequency bands. The bandwidth is calculated from the return loss plot at S;;=-10 dB.
A summary of the results and the bandwidths are illustrated in Table 7.
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60
Frequency (GHz)

Figure 9. S;; versus frequency for various values of the applied voltage Vp
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Figure 10. Far field simulation results for the proposed tuneable rectangular MPA; (a) f,,=52.35 GHz
at V= 0.5V, (b) £,=59.3 GHz at V=5V, (¢) £,=59.89 GHz at V= 20 V, (d) f,=60 GHz at V3= 30V,

and (e) f,=60 GHz at V3= 30 V with FSSs

Simulation and optimization of a tuneable rectangular microstrip patch antenna... (Nidal Qasem)



1728 O3

ISSN: 1693-6930

Farfield Gain Abs (Phi=90)

Theta / Degree vs. dBi

Farfield Gain Abs (Phi=90)

Phi= 30 30 phi=270

Theta / Degree vs. dBi
Farfield Gain Abs (Phi=90)

Phi=90 30 30 phi=270

6 60

120 ) 120

150 150
180

Theta / Degree vs. dBi

Farfield Gain Abs (Phi=90)

30

Theta / Degree vs. dBi

Farfield Gain Abs (Phi=90)

E 30 phi=270

D

L4 A B P
=20

120

(e)

180

Theta / Degree vs. dBi

farfield (f=52.35) [1]

Frequency = 52.35 GHz

Main lobe magnitude =  2.88 dBi
Main lobe direction = 11.0 deg.
Angular width (3 dB) = 75.4 deg.
Side lobe level = -15.1 dB
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Frequency = 59.3 GHz

Main lobe magnitude = 3.18 dBi
Main lobe direction = 18.0 deg.
Angular width (3 dB) = 67.9 deg.
Side lobe level = -12.5 dB

farfield (f=59.89) [1]

Frequency = 59.89 GHz
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Main lobe direction = 16.0 deg.
Angular width (3 dB) = 69.3 deg
Side lobe level = -13.0 dB

farfield (f=60) [1]

Frequency = 60 GHz

Main lobe magnitude = 5.7 dBi
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Main lobe magnitude = 12.1 dBi
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Figure 11. Radiation pattern produced by the MPA; (a) f,=52.35 GHz
at Vg= 0.5V, (b) £,=59.3 GHz at V3 =5V, (¢) £,=59.89 GHz at Vz= 20 V, (d) f,=60 GHz at V3= 30V,
and (e) f,=60 GHz at Vz= 30 V with FSSs
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Table 7. Summary of results for the proposed tuneable rectangular MPA

Without FSS With FSS
Applied Vz(V) 0.5 (OFF) 5 20 30 30
£ (GHz) 52.35 593  59.89 60 60
Bandwidth (GHz) 1559 2.0788 24447  2.3334 3.18
S1; (dB) 31.2 1235 24 -42.4 -54
Gain (dBi) 2.88 3.16 5.13 5.7 12.1

6. CONCLUSION

A novel hybrid graphene-metal tuneable antenna has been presented in this paper. Tunability was
obtained by placing graphene strips inside the antenna radiating patch, which alter the current propagation on
the surface of the antenna radiating patch. The proposed tuneable rectangular MPA had a reasonable gain with
many resonance frequencies in the range of 52.53 to 60 GHz, which depended on the V applied to the graphene
strips. When Vp was increased, the surface impedance of the graphene strips decreased, which shifted
the resonance frequency upward and broadens the antenna bandwidth. The results of a comparison between
designs with and without FSSs demonstrated that the gain, return loss, and bandwidth have been improved
significantly by incorporating an FSSs.
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