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Abstract

Objectives: To design a metasurface layer of graphene unit cells with reduced
surface area by incorporating different geometry of unit cell. Methods: The
metasurface layer in the form of unit cell array is traditionally made of very
simple geometry like square unit cell to limit design complexity. However, if the
unit cell structure geometry is changed to triangular shape, it reduces the total
surface area of the metasurface layer, thereby saving the graphene material.
The proposed design is not only reduces the size of the metasurface layer of
THz antenna but also enhances the performance of the antenna. Findings: The
single square unit cell structure has 337.46 um? area and an array of 9 x 9 such
unit cells consume 27334.26 um?2area. On the other hand, a single triangular
unit cell design is 123.94 um? and an array of 9 x 9 such unit cells consume only
10039.14 um? area which is a saving of 63.35 % metasurface material. Novelty:
The proposed antenna design in the paper compares the existing designs for
better bandwidth, better return loss and reduction in the total surface area
utilized by the metasurface layer and delivers a better performance.
Keywords: Microstrip Patch Antenna; Thz Antenna; Metasurface; Unit Cell
Structure; Wide Band Antenna

1 Introduction

Metasurface based antennas are gaining a lot of popularity, owing to their ability to
work in THz range and extremely small designs. A lot of research is being carried out in
controlling antenna radiation pattern (beam steering) through means like photons (",
and multi-directional beaming is also obtained by using metasurface antennas®.Other
antenna parameters like bandwidth are gain are being enhanced using AIRP-m
metasurfaces ). Designs of MIMO antennas are optimized for higher bandwidths for
6G communications ) and isolation is achieved using metasurfaces ®. The metasurface
material is yet another area where a lot of experimentation is performed, textile
based wearable antenna designs are being explored for body area networks®. These
metasurface based antennas are finding a lot of applications on on-chip devices as
well 7). Metasurfaces are deployed in large gamut of antenna applications like
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polarization control ®%, isolation improvement 19, substrate implementation!") and size reduction for analyzing character-
istics mode analysis (CMA)1?). An interesting area is the ultra-wide-band (UWB) application of metasurface antenna by the
Antipodal Vivaldi antennas for high gain!*), Metasurfaces have been able to provide electromagnetic invisibility to the anten-
nas also 1), A detailed study of the materials, mechanisms and meta devices suggest that control of light, wave, electricity and
heat has resulted in a lot of progressives development in the field of communication !>, Some vivid applications like graphene
based solar absorption prediction is also found in the literature '®). Graphene is a preferred choice of metasurface layer to design
THz antennas for applications like dual frequency polarization !”), mmWave applications !®) and resonators etc 1), This paper
also tries to explore the wide band application of metasurface based antennas and reducing the effective size of the metasurface
layer of the antenna at the same time.

1.1 Research Gap

The literature study and review in Section 1 clearly suggests that the area of implementing metasurfaces in the antenna is
still a very evolving field and a lot of simulation-based experimentation is done. This experimentation surely discusses the
implementation of the metasurface layers on the patch antenna design ??), but lack the optimization part. Optimization can be
achieved by calibrated design of the metasurface layer for proper geometry to save metasurface material. The existing antenna
designs gives small bandwidths and, in some designs, metasurface layer is missing. These gaps are addressed in the proposed
work presented in the paper and the comparison of the results is shown in the results section.

1.2 Design Model

The design of the antenna is governed by certain equations that result in dimensions of the antenna. The design of microstrip
patch antenna consists of a substrate and ground plane. On top of the substrate is the patch antenna. Then, on top of the patch
antenna is the metasurface layer. The metasurface layer consists of the unit cell arrays. The substrate material is Silicon dioxide
SiO,. The ground plane and the patch antenna material are gold. The metasurface layer is made up of graphene. Two variations
of this design are made, tested and compared in this paper.

1.3 Design-1

First design consists of metasurface layer of square unit cells of graphene. The dimensions of the 1** antenna are tabulated in
Table 1 and the top view of the antenna is shown in Figure 1. The dimensional top view of the individual square unit cell is
shown in Figure 2.

Table 1. Dimensions of antenna design with square unit cell array of 9 X 9

Name of the design parameter Absolute Value Unit (1m)
Is (length of substrate 216 um
ws (width of substrate) 256 um
g_he (ground height) 1 um
s_he (substrate height) 26 um
lp (Iength of patch) 120 um
wp (width of patch) 160 um
If (length of feed) 108 um
wi (width of feed) 54.78 um
s_hel (height of metasurface layer) 12 um
d (side of unit cell 20 um
rl (radius of inner circle) 5 um
sq (side of inner square) 4 um
dis_x(metasurface layer displacement in x) 2 um
dis_y(metasurface layer displacement in y) 22 um
py (gap between unit cell in x) 4 nm
px (gap between unit cell in y) 4 um
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Fig 1. Antenna design with slotted patch and meta surface layer of square unit cells of 9 X 9 array

20um

Sum

A—4um—p

-20umr

Fig 2. Unit Cell dimension/geometry of square shape

As the metasurface layer consists of a 9 X 9 array of square unit cells of dimensions as shown in Figure 2. It is important to
calculate the total surface area of the metasurface layer to compare it with the 2" design. According to the geometry the surface
area of single unit cell is computed in Equation 1

Effective Surface area of unit cell square is (400,um2 —78.54um? + 16,um2) = 337.46um>

(1)

The total surface area consumed by the metasurface unit cell array of 9 X 9 such unit cells is 27334.26 um?.

1.4 Design-2

Second design consists of metasurface layer of triangular unit cells of graphene. The dimensions of the 24 antenna are tabulated
in Table 2 and the top view of the antenna is shown in Figure 3. The dimensional top view of the individual square unit cell is

shown in Figure 4.

Table 2. Dimensions of antenna design with triangular unit cell array of 9 X 9

Name of the design parameter Absolute Value Unit (1m)
Is (length of substrate 216 um
ws (width of substrate) 256 um
g he (ground height) 1 um
s_he (substrate height) 26 um
lp (length of patch) 120 um
wp (width of patch) 160 um
If (length of feed) 108 um
wi (width of feed) 54.78 um

Continued on next page
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Table 2 continued
s_hel (height of metasurface layer) 12 pm
d (side of triangular unit cell 20 um
r1 (radius of inside circle) 4 um
sq (side of inside square) 1 um
dis_x(metasurface layer displacement in x) 1 um
dis_y(metasurface layer displacement in y) 22 um
py (gap between unit cell in x) 4 um
px (gap between unit cell in y) 4 um

Fig 3. Antenna design with slotted patch and meta surface layer of triangular unit cells of 9 X9 array

20pm

Opm-

Fig 4. Unit cell dimensions/geometry of triangular shape.

As the metasurface layer consists of a 9 X 9 array of triangular unit cells of dimensions as shown in Figure 4. According to
the geometry the surface area of single unit cell is computed in Equation 2.

Effective Surface area of equilateral triangle unit cell is (173.21um2 —50.27um? + lumz) = 123.94um? (2)

The total surface area consumed by the metasurface unit cell array of 9 X 9 such unit cells is 10039.14 gm?.

1.5 Evaluation of Performance Parameters

The simulation of the two designs of the antenna discussed in the above section is done in the Ansys Electronics Desktop
2021R1. To limit the scope of this paper, we have only discussed and compared the S;; parameters of the two designs of the
antenna. It is explored extensively in the research ?!. Tt is defined as the ratio of output voltage of port 1 to the voltage going
into the port 1 as shown in Equation 3.

Returned Power
S(11 turn loss = —10log(——8M 3
(L) or return loss og( Incident Power ) 3)

It is also popularly known as the return loss (RL) in antenna terms and is a measure of the reflected energy of the antenna. It is
expressed in decibel scale and minimum of -10db return is desired for optimized performance of the antenna.

https://www.indjst.org/ 3510
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2 Methodology

Parameters of antenna and unit cell structures are critical to obtain the desired resonance frequency using antenna equations.
Some of the key parameters are discussed in this section Resonant Frequency: This is known as the primary operating frequency
of the antenna. It is given by f., as shown in Equation 4. It depends on the electrical length of the antenna where the capacitive
and the inductive reactance cancel each other.

c

STV @

where ¢ = speed of light, €,= permittivity of the free space, €, = relative permittivity of the substrate, Ly = permeability of the
free space Bandwidth: It is the known as the range of frequencies within which the antenna will radiate or receive EM energy.
In terms of permittivity and dimension it is given by B as in Equation 5.

e -1 W

B
g2 L

(5)

where W = width of the patch antenna, L = length of the patch antenna, h, height of the substrate Field Components: The
Electric field value in 3-Dimensional space is given by The components Eg and E, are given by Equation 6 and Equation 7
respectively.

W sin O si

[sin sin 6 sin @
2

{kW sin 6 sin(p}

Eg = ] -Cos [kZL sin O cos (p] cos @ (6)

2

[ . kW sinOsin @
sin ————
2
[kW sinBsin(p]
2

|
Ey=— - Cos [2 sin 6 cos (p} cos O si (7)

Where k = 27”
The following observations are made with respect to the constructional properties to the microstrip patch antennas. All of
the parameters in a rectangular patch antenna design (L, W, h, permittivity) control the properties of the antenna.

Table 3. Variation of Patch Antenna Properties with Dimensions

Length Width Height of Substrate Permittivity of Substrate

1. Inversely proportional of the 1. Directly proportional to the 1. Directly proportional to the 1. Inversely proportional to
resonant frequency 2. Inversely bandwidth 2. Inversely propor- ~ bandwidth the fringing fields 2. Inversely
proportional to the permittivity ~ tional to the input impedance proportional to the bandwidth
of the substrate 3. Inversely proportional to

the efficiency 4. Directly pro-
portional to the impedance 5.
Inversely proportional to the
resonant frequency.

All the typical measurements of the proposed designs are in um. The antenna parameters of design-1 are mentioned in
Table 1 and antenna parameters of design-2 are mentioned in Table 2. As far as the Simulation Setup is concerned, the simulation
setup is done on Ansys Electronics Desktop 2021R1 and evaluated from 1 THz to 10 THz with a sweep frequency delta (5) of
0.2 THz in 20 steps.

3 Results and Discussion

The Sy; parameter plot of THz antenna with square unit cell metasurface array is shown in Figure 5. The resonant frequencies
are observed and markers are placed at 4 points.

https://www.indjst.org/ 3511
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Fig 5. S11 parameter graph of antenna design with metasurface layer of square unit cells
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Fig 6. S11 parameter graph of antenna design with metasurface layer of triangular unit cells

The Sy parameter plot of THz antenna with triangular unit cell metasurface array is shown in Figure 6. The resonant
frequencies are observed and markers are placed at 4 points.

The results of the entire simulation are exported in the csv file and the tabulation of the results of both the antennas are
presented in Table 4. The Table 4 clearly shows that both antennas possess very high bandwidth as -10 dB bandwidth of antenna
design 1 starts at 1.37 THz and antenna design 2 starts at 1.31 THz. After comparing the return loss values at 19 different
frequencies, it is observed that both antenna designs are well suited for ultra-wide band applications. However, the interpretation
of the results is presented in the conclusion section.

Table 4. Comparison of S11 parameters of two antenna designs with square and triangular unit cell geometry in metasurface layer

Antenna Design 1 with Rectangular Unit Cell metasurface array  Antenna design 2 with Triangular Unit Cell metasurface array

Freq [THz] S11 (in dB) Freq [THz] S11 (in dB)

1 -5.083258727(not in Bandwidth) 1 -5.070536451(not in Bandwidth)
1.473684211 -11.45481188 1.473684211 -12.67197575
1.947368421 -12.6934766 1.947368421 -12.86638773
2.421052632 -23.68725408 2.421052632 -26.21395126
2.894736842 -15.71369681 2.894736842 -16.1244147
3.368421053 -15.88670509 3.368421053 -16.23000239
3.842105263 -13.3392965 3.842105263 -13.45785404
4.315789474 -17.20801299 4.315789474 -16.47638593
4.789473684 -23.47582609 4.789473684 -20.18466231
5.263157895 -19.97626711 5.263157895 -17.61918556
5.736842105 -28.44981627 5.736842105 -12.94452373
6.210526316 -23.23229521 6.210526316 -21.96529455
6.684210526 -18.42592885 6.684210526 -18.98741886
7.157894737 -20.32927373 7.157894737 -20.44506834
7.631578947 -16.91768608 7.631578947 -25.58669717

Continued on next page
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Table 4 continued

8.105263158 -20.75634496 8.105263158 -21.95256777
8.578947368 -20.2807081 8.578947368 -13.45686327
9.052631579 -17.10990193 9.052631579 -19.17276333
9.526315789 -26.82083878 9.526315789 -12.54082554
10 -18.14601052 10 -17.71946604

The results of the proposed work is compared with the existing designs in Table 5. The comparative analysis of the proposed
antenna with the already designed antennas in the literature clearly shows that the improved bandwidth and better return loss
is achieved. The Table 5 shows that the antenna design in*? lacks metasurface layer and therefore gives only .371 THz of
bandwidth and the antenna design in*® has only single geometry of metasurface layer in the antenna design and gives 1.4
THz bandwidth. However, the proposed design in this paper has tested antenna design with two geometries of unit cells in the
metasurface layer and suggests the triangular unit cell array for metasurface layer for better bandwidth (2.3684 THz (between

1% and 2" resonant frequency)), return loss and reduction in size of metasurface layer.

Table 5. Performance Comparison of the proposed THz antenna structure with the existing structure

Parameters (22) Khan MAK et. al. (23) Shubham A et.al. Proposed Work Observation of proposed
work
Patch Type Various Shapes (Circular, Rectangular Slotted Rectangular Improved Bandwidth and
Triangular) less surface area in patch
Metasurface Not Present Array of square unit Array of square unit cells, Improved Bandwidth
Layer cells Array of Triangular Unit and new triangular unit
cells cell array introduced in
metasurface layer.
Bandwidth 371 THz 1.4 THz 23684 THz (between Improved
1% and 2" resonant
frequency)
S11 (return loss) -15.4 to -48.85 dB (for dif- -17.03 dB -23.68 dB (for Design-1) -  Improved

ferent materials of patches) 26.21 dB (for Design-2)

4 Conclusion

The antenna designs proposed in the paper give excellent bandwidth in the THz range. The -10dB bandwidth for S;; range
of antenna design 1 (with the metasurface layer of square unit cells) starts from 1.37 THz and -10dB Sj;range of antenna
design with the metasurface layer of triangular unit cells starts from 1.31 THz. Therefore, there is an enhancement of 0.06
THz bandwidth with the antenna design of triangular unit cell graphene metasurface structure. Comparing Equation 1 and
Equation 2, we conclude that the single square unit cell structure has 337.46 um? area and an array of 9 x 9 such unit cells
consume 27334.26 pm?area. On the other hand, a single triangular unit cell design is 123.94 um? and an array of 9 x 9 such
unit cells consume only 10039.14 m? area which is a saving of 63.35 % metasurface material.

4.1 Merits
The proposed antenna design of triangular unit cell metasurface array has several merits.

o It saves graphene material as it consumes 63.35 % less area than antenna design with square unit cell metasurface array.
This savings can translate into more metasurface layers to be fabricated in bulk productions.

o The second merit of the antenna design with triangular unit cell metasurface array is the enhanced bandwidth of 0.06
THz.

o The third merit is better S1; parameter values at lower frequencies of the bandwidth i.e., from 1.31 THz to 3.84 THz as
compared in the Table 3.

4.2 Demerits

The proposed antenna design of triangular unit cell metasurface array has an observed demerit that at higher frequencies of
operating bandwidth, it underperforms as compared to the design with square graphene unit cells array in metasurface layer.

https://www.indjst.org/ 3513
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As for the future scope, these antenna designs can be evaluated for other performance parameters like polarization ¥,
radiation efficiency, directivity and beam-efficiency for 6G applications and medical applications etc. Another area where future
research can be conducted is the application like polarization control and beam steering etc, of different possible metasurface
materials in the metasurface layer of unit cell array. Finally, this research may also be taken as reference for the design of
reconfigurable antennas.
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