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Abstract: In this paper, the resonance behavior of graphene plates with different shapes, 

rectangular, circular and triangular in the terahertz frequency range is analyzed with a new 

approach using the characteristic mode analysis. Studying the modal behavior of graphene 

plates leads to provide a systematic method for analyzing and designing graphene-based patch 

terahertz antennas, also, the parameters of graphene antennas can be obtained with simpler 

analyzes and better physical view. At first the effect of graphene parameters, such as chemical 

potential and relaxation time is studied especially on the first and second modes of the graphene 

plate with constant dimension. Then the effect of plate dimensions and the presence of a metal 

ground plane under the graphene plate on the behavior of characteristic modes is investigated. 

Finally, functions to calculate the resonance frequency of the plate in terms of effective 

parameters of the plate are presented. These functions can be used to calculate the resonance 

frequency in the analysis and design of graphene antennas. 

Index Terms: Graphene, Characteristic Mode Analysis, Terahertz, Antenna, Resonance. 

 Citation:  K. Moradi, A. Pourziad and S. Nikmehr, “Characteristic Mode Analysis of Graphene Plates,” Journal of 
Communication Engineering, vol. 12, no. 1, pp. 67-90, Jan.-Jun. 2023.

 http://dx.doi.org/10.22070/jce.2026.21170.1291

https://doi.org/10.22070/jce.2026.21170.1291


Moradi et al.  |  Characteristic Mode Analysis of Graphene Plates

jc
e.

sh
a

h
e

d
.a

c.
ir

68

Journal of 
Communication 
Engineering (JCE)

I.  INTRODUCTION 

Graphene, by amazing electrical properties, is the material for the miniaturization of terahertz 

resonant antennas [1]. Graphene, with its ability to support plasmon polariton waves in the 

terahertz frequency range, is a good suggestion to miniaturized and electrically adjust the antennas 

to make possible wireless communication between nano systems [2]. Several methods have been 

proposed for the analysis and design of graphene-based antennas. Among them, the characteristic 

mode analysis (CMA), which is a very efficient method in analyzing antennas, has often been 

used for metal plates or antenna structures with metal patches [3-14].  In general, if the resonant 

behavior and radiation performance of an antenna can be interpreted according to the concept 

of mode, it provides a lot of convenience in designing antennas [15]. Moreover, this method 

provides good physical view in studying the behavior of antennas, so similar to metal antennas, 

it can be an efficient method in studying graphene antennas [16]. Many graphene antennas have 

been proposed in literatures. They have been designed and analyzed based on various method 

[17-27]. Up to  now a comprehensive characteristic mode analysis for graphene plate has not been 

proposed and this method has been applied to graphene rarely. In [28], only a rectangular graphene 

plate has been considered and only the effect of chemical potential on the resonance frequencies 

of two first mode has been studied. Also, in [29], the electromagnetic scattering characteristics 

of individual crumpled graphene flakes have been studied with various sizes and different levels 

of crumpleness. The characteristics mode analysis is used to explain the results. So the main goal 

of [29] is considering the effect of crumpleness in graphene flakes. Mode behavior of a graphene 

plate and calculating resonances from CMA point of view has not been studied in [29] and any 

other previous studies. The behavior of the proposed antenna in [30] is analyzed by the theory 

of characteristic modes. The design of the proposed antenna in [30], is based on characteristic 

modes theory. It is an UWB antenna with high bandwidth, different feeding and dual polarization, 

and consist of 4 circular monopoles placed in front of a cylindrical cavity. A wideband and slot-

loaded microstrip patch antenna is presented in [6]. The bandwidth and the radiation performance 

of the antenna is studied by the theory of characteristic modes. In [31] the radiation efficiency 

and the input impedance of a graphene-based plasmonic nano-antenna is analyzed by the theory 

of characteristic mode. Investigation of graphene-based patch antennas in the terahertz (THz) 

regime using CMA has been done in [32]. The study analyzed surface current distributions and 

resonant modes to understand the radiation behavior and bandwidth performance. Their results 

demonstrate that CMA can guide the design of compact, tunable THz antennas by optimizing 

patch dimensions, feed position, and mode excitation, highlighting the potential of graphene for 

advanced THz communication and sensing applications. Despite several studies on graphene-
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based antennas, the existing literature lacks a comprehensive characteristic mode analysis (CMA) 

that systematically evaluates how graphene’s physical parameters and geometrical shapes affect 

modal behavior.

Previous CMA works on graphene have only focused on a single geometry or a single 

parameter, and primarily reported resonance shifts without providing generalized analytical 

models. Moreover, no prior work has compared rectangular, circular, and triangular graphene 

plates within a unified CMA framework, nor extracted closed-form functions to predict the 

resonance frequencies of fundamental modes based on chemical potential, relaxation time, and 

geometrical dimensions. Therefore, a rigorous and geometry-independent modal study is still 

missing, and such a study is essential for developing design guidelines for tunable graphene-

based THz resonators and patch antennas.

In this paper, the characteristic mode analysis, is applied to graphene plates to determine 

the modal behavior of these plates to provide a systematic method for analyzing and designing 

graphene-based patch terahertz antennas. In order to investigate the effect of the ground plane, 

a metal plate is placed under the graphene plates. It should be noted that for electrically small 

structures, the first two modes are sufficient to describe the antenna resonance behavior and the 

other modes are high-order modes that are difficult to excite, so in most cases only the results 

for the first two modes are presented. This procedure has been used for graphene plates in 

three shapes: rectangular, circular and triangular. In all mentioned cases, the chemical potential 

of graphene, which is in fact a key parameter in achieving the ability to reconfigure graphene 

antennas, for two values of relaxation time τ = 0.1 ps and τ = 1 ps, has been changed to investigate 

the effect of these two parameters on the behavior of the modes. In the studies performed in this 

paper, graphene is simulated as a two-dimensional impedance surface with zero thickness and 

temperature of 300 degrees Kelvin, in other words, the impedance boundary condition is used in 

its analysis. FEKO software has been used to perform the characteristic mode analysis. In some 

cases, an own MATLAB codes and CST software have been utilized to confirm the accuracy 

of the results. The results obtained from the analysis of the structures have been presented in 

the following three general sections: In the first part, for each of these plates, the resonance 

frequency and modal bandwidth of the first six modes are obtained, the current distribution and 

radiation patterns of these six modes are plotted. Then, the first two modes of the structure are 

studied and in order to analyze the radiation behavior of these two modes, the values of the three 

important parameters of characteristic mode analysis, namely eigenvalues, modal significance and 

characteristic angles, are plotted in terms of frequency. In the second part, the effect of changing 

two important parameters of graphene, namely chemical potential and relaxation time on the 



Moradi et al.  |  Characteristic Mode Analysis of Graphene Plates

jc
e.

sh
a

h
e

d
.a

c.
ir

70

Journal of 
Communication 
Engineering (JCE)

resonance frequencies, radiation bandwidth, current distribution of modes are discussed. In the 

third part, the dimensions of each plate are changed for different chemical potentials to examine 

the effect of dimensional change on the resonance frequency according to the chemical potential 

variable, and finally to calculate the resonance frequency of each plate, a function according to 

the dimensions and chemical potential is provided.

II.  THEORY

A.  DRUDE MODEL

In general, since graphene is very thin (about 0.34 nm), it is usually modeled as a surface with 

complex surface conductivity σg(ω,μc,τ,T) and consists of two interband and intraband sections. 

Which is a scalar quantity in the absence of an external magnetic field and is usually expressed by 

the Kubo formula as relations (1) to (3) [33].
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To properly understand the modal behavior of graphene plates, it is essential to analyze how 
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orthogonal dominant modes whose currents align with the length and width, respectively, due 

to the presence of two independent structural axes. Circular plates, however, exhibit degenerate 

modes for the first two resonances because of their rotational symmetry, leading to two orthogonal 

current distributions with identical resonance frequencies. In triangular plates, the modal currents 

strongly depend on the base-to-height ratio, and location of current maxima shifts between the 

vertex and the base as the geometry becomes more asymmetric. These geometry dependent 

mode behaviors govern how resonance frequency, bandwidth, and tunability respond to chemical 

potential and relaxation time. Therefore, before presenting numerical results, a structural 

interpretation of current flow patterns and symmetry-related mode formation is necessary for 

correctly understanding modal response of graphene plates. 

III.  RESULTS AND DISCUSSION

A.  THE CHARACTERISTIC MODE ANALYSIS RESULTS FOR PLATES WITH CONSTANT DIMENSIONS 

AND CONSTANT CHEMICAL POTENTIAL 

To analyze the characteristic mode, first three plate structures in the shapes of rectangle, circle 

and triangle with constant dimensions and chemical potential, μc = 0.5 eV were considered. Fig. 

1 shows the meshing of the three considered structures. The dimensions of the three assumed 

structures, the resonance frequency, and the radiation bandwidth of the first six modes are 

summarized in Table 1. The eigenvalue, the modal significance and the characteristic angle in 

terms of frequency, for the first two modes of the mentioned graphene plates and for μc = 0.5 eV  

are shown in Figs. 2 to 7, for the rectangular, circular and triangular plate, respectively. 

In these figures, the behavior of the modes has been considered close to the resonant frequency, 

so the graphs are plotted in the smaller frequency range. The radiation patterns of the first six 

modes of the above plates, ie 
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Fig. 1. Meshing of three graphene plates intended for characteristic mode analysis. 
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structures, the resonance frequency, and the radiation bandwidth of the first six modes are 

summarized in Table I. The eigenvalue, the modal significance and the characteristic angle in terms 

of frequency, for the first two modes of the mentioned graphene plates and for  are 

shown in Figs. 2 to 7, for the rectangular, circular and triangular plate, respectively.  

In these figures, the behavior of the modes has been considered close to the resonant frequency, so 

the graphs are plotted in the smaller frequency range. The radiation patterns of the first six modes of 

the above plates, ie on the plane φ = 0, are also drawn in Figs. 8 to 10. The current distributions of 

the first six modes at the corresponding resonance frequencies are also shown in Fig. 11, for the 

rectangular plate, in Fig. 12, for the circular plate, and in Fig. 13, for the triangular plate.  According 

to the current distribution, it can be seen that for the rectangular plate, it is generally for the first 

mode in the direction of horizontal flow and along the length of the plate, and its maximum intensity 

is at the longitudinal edges of the plate. In order to stimulate the first mode, the feed line should be 

applied the transverse edge or a plane wave with polarization along the length of the plate should 

incident on it. The current distribution of the second mode is also vertical and in line with the width 

of the plate, and its maximum intensity is also located at the transverse edges of the plate. Therefore, 

in order to stimulate the second mode, feeding should be applied to the longitudinal edge or a plane 

wave with polarization in the direction of the width of the plate should incident to it. The third mode 

also has a combination of horizontal and vertical currents of the first two modes. For the circular 

plate, as shown in the table of results and the distribution of currents, the resonance frequency of the  

 on the plane φ = 0, are also drawn in Figs. 8 to 10. The current 

distributions of the first six modes at the corresponding resonance frequencies are also shown in 

Fig. 11, for the rectangular plate, in Fig. 12, for the circular plate, and in Fig. 13, for the triangular 

plate. According to the current distribution, it can be seen that for the rectangular plate, it is 
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Fig. 1. Meshing of three graphene plates intended for characteristic mode analysis. 
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is at the longitudinal edges of the plate. In order to stimulate the first mode, the feed line should be 

applied the transverse edge or a plane wave with polarization along the length of the plate should 

incident on it. The current distribution of the second mode is also vertical and in line with the width 

of the plate, and its maximum intensity is also located at the transverse edges of the plate. Therefore, 

in order to stimulate the second mode, feeding should be applied to the longitudinal edge or a plane 

wave with polarization in the direction of the width of the plate should incident to it. The third mode 

also has a combination of horizontal and vertical currents of the first two modes. For the circular 

plate, as shown in the table of results and the distribution of currents, the resonance frequency of the  

Fig. 1.  Meshing of three graphene plates intended for characteristic mode analysis

generally for the first mode in the direction of horizontal flow and along the length of the plate, 

and its maximum intensity is at the longitudinal edges of the plate. In order to stimulate the first 

mode, the feed line should be applied the transverse edge or a plane wave with polarization along 

the length of the plate should incident on it. The current distribution of the second mode is also 

vertical and in line with the width of the plate, and its maximum intensity is also located at the 

transverse edges of the plate. Therefore, in order to stimulate the second mode, feeding should be 

applied to the longitudinal edge or a plane wave with polarization in the direction of the width of 

the plate should incident to it. The third mode also has a combination of horizontal and vertical 

currents of the first two modes. For the circular plate, as shown in the table of results and the 

distribution of currents, the resonance frequency of the first two modes of the circular plate is 

exactly the same, and these two modes are contiguous, one for horizontal current and the other 

for vertical current. Therefore, for the circular plate, instead of the first and second modes, the 

first and third modes are considered for study. For the triangular plate, it should be noted that the 

current distribution of the modes varies somewhat with the change in dimensions and depends 

on the height of the triangle relative to the base. According to the dimensions that the base and 

height of the triangle are considered equal to each other, for the first mode the direction of surface 

current is vertically in the direction of the height of the triangle and from the base to the vertex 

and its maximum intensity is close to the vertex. The direction of the second mode current is also 

horizontal and in line with the base of the plate, and its maximum intensity is at the edge of the 

base of the triangle.

Due to the change in the shape of the current distribution of the triangular plate by changing 

the ratio of the base to the height, for better comparison, the current distribution of the first six 

modes of the triangular plate whose base to height ratio is greater than one and equal to 1.5 or less 

One and equal to 0.5 are also shown in Figs. 14 and 15, respectively.
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Fig. 2. The eigenvalue, the modal significance and the characteristic angle for the first mode of the rectangular plate. 

 

 
Fig. 3. The eigenvalue, the modal significance and the characteristic angle for the second mode of the rectangular plate. 
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Fig. 4. The eigenvalue, the modal significance and the characteristic angle for the first mode of the circular plate. 

 

 
   Fig. 5. The eigenvalue, the modal significance and the characteristic angle for the second mode of the circular plate. 

 

 
 Fig. 6.  The eigenvalue, the modal significance and the characteristic angle for the first mode of the triangular plate. 

 

 
Fig. 7.  The eigenvalue, the modal significance and the characteristic angle for the second mode of the triangular plate. 
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first two modes of the circular plate is exactly the same, and these two modes are contiguous, one for 

horizontal current and the other for vertical current. Therefore, for the circular plate, instead of the 
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horizontal current and the other for vertical current. Therefore, for the circular plate, instead of the 

first and second modes, the first and third modes are considered for study. For the triangular plate, it 
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Fig. 7.  The eigenvalue, the modal significance and the characteristic angle for the second mode of the 
triangular plate
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Fig. 8. Radiation patterns in the XZ plane for the first six modes of the rectangular plate. 

 

 
Fig. 9. Radiation patterns in the XZ plane for the first six modes of the circular plate 

 

dimensions and depends on the height of the triangle relative to the base. According to the 

dimensions that the base and height of the triangle are considered equal to each other, for the first 

mode the direction of surface current is vertically in the direction of the height of the triangle and 

from the base to the vertex and its maximum intensity is close to the vertex. The direction of the 

second mode current is also horizontal and in line with the base of the plate, and its maximum 

intensity is at the edge of the base of the triangle. 

   Due to the change in the shape of the current distribution of the triangular plate by changing the 

ratio of the base to the height, for better comparison, the current distribution of the first six modes of 

the triangular plate whose base to height ratio is greater than one and equal to 1.5 or less One and 

equal to 0.5 are also shown in Figs. 14 and 15, respectively. 

 

 

Fig. 8.  Radiation patterns in the XZ plane for the first six modes of the rectangular plate
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Fig. 9. Radiation patterns in the XZ plane for the first six modes of the circular plate 

 

dimensions and depends on the height of the triangle relative to the base. According to the 

dimensions that the base and height of the triangle are considered equal to each other, for the first 

mode the direction of surface current is vertically in the direction of the height of the triangle and 

from the base to the vertex and its maximum intensity is close to the vertex. The direction of the 

second mode current is also horizontal and in line with the base of the plate, and its maximum 

intensity is at the edge of the base of the triangle. 

   Due to the change in the shape of the current distribution of the triangular plate by changing the 

ratio of the base to the height, for better comparison, the current distribution of the first six modes of 

the triangular plate whose base to height ratio is greater than one and equal to 1.5 or less One and 

equal to 0.5 are also shown in Figs. 14 and 15, respectively. 

 

 

Fig. 9.  Radiation patterns in the XZ plane for the first six modes of the circular plate

B.  THE EFFECT OF GRAPHENE PARAMETERS ON THE BEHAVIOR OF MODES 

In this section, the effect of two parameters of graphene, namely chemical potential and relaxation 

time, on the resonance frequency of modes and their radiation bandwidth are discussed. The 

plates are according to Fig. 1, and their dimension according to Table 1. 
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Fig. 10. Radiation patterns in the XZ plane for the first six modes of the triangular plate 

 
 

Table I. Resonance frequency and radiation bandwidth of the first six modes of graphene plates. 
Mode 6 Mode 5 Mode 4 Mode 3 Mode 2 Mode 1   

7.31 6.4 5.92 4.93 4.52 3.5 Resonance frequency (THz) Rectangular plate 
Length=  
width=  

2.2 2.5 2.7 3 5.1 5.7 radiation bandwidth (%) 

7.47 6.95 5.75 5.75 4.14 4.14 Resonance frequency (THz) Circular plate 
radius=  2.01 2.14 2.16 2.6 5.55 5.55 radiation bandwidth (%) 

 
7.34 6.54 6.39 5.5 3.9 3.55 Resonance frequency (THz) Triangular plate 

base =  
height =  

2.45 2.6 2.5 2.91 4.87 5.07 radiation bandwidth (%) 

 

 

 

 
Fig. 11.  Current distribution at the resonance frequencies of the first six modes of the rectangular plate. 

Fig. 10.  Radiation patterns in the XZ plane for the first six modes of the triangular plate

Table 1.  Resonance frequency and radiation bandwidth of the first six modes of graphene plates

Mode 6Mode 5Mode 4Mode 3Mode 2Mode 1

7.316.45.924.934.523.5Resonance frequency (THz)Rectangular plate
Length = 10μn

width = 7μn 2.22.52.735.15.7radiation bandwidth (%)

7.476.955.755.754.144.14Resonance frequency (THz)Circular plate
radius = 5μn

2.012.142.162.65.555.55radiation bandwidth (%)

7.346.546.395.53.93.55Resonance frequency (THz)Triangular plate
base = 10μn

height = 10μn 2.452.62.52.914.875.07radiation bandwidth (%)
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Fig. 10. Radiation patterns in the XZ plane for the first six modes of the triangular plate 
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Fig. 11.  Current distribution at the resonance frequencies of the first six modes of the rectangular plate. Fig. 11.  Current distribution at the resonance frequencies of the first six modes of the rectangular plate
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Fig.12. Current distribution at the resonance frequencies of the first six modes of the circular plate. 

 
 
 

B. The Effect of Graphene Parameters on The Behavior of Modes  
 

In this section, the effect of two parameters of graphene, namely chemical potential and relaxation 

time, on the resonance frequency of modes and their radiation bandwidth are discussed. The plates 

are according to Fig. 1, and their dimension according to Table I.  

 
Fig. 13. Current distribution at the resonance frequencies of the first six modes of the triangular plate  

with 1 base to height ratio. 
 

 

 
Fig. 14. Current distribution at the resonance frequencies of the first six modes of the triangular plate  

with 1.5 base to height ratio. 
 

Fig. 12.  Current distribution at the resonance frequencies of the first six modes of the circular plate
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B. The Effect of Graphene Parameters on The Behavior of Modes  
 

In this section, the effect of two parameters of graphene, namely chemical potential and relaxation 

time, on the resonance frequency of modes and their radiation bandwidth are discussed. The plates 

are according to Fig. 1, and their dimension according to Table I.  

 
Fig. 13. Current distribution at the resonance frequencies of the first six modes of the triangular plate  

with 1 base to height ratio. 
 

 

 
Fig. 14. Current distribution at the resonance frequencies of the first six modes of the triangular plate  

with 1.5 base to height ratio. 
 

Fig. 13.  Current distribution at the resonance frequencies of the first six modes of the triangular plate  
with 1 base to height ratio
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Fig.12. Current distribution at the resonance frequencies of the first six modes of the circular plate. 

 
 
 

B. The Effect of Graphene Parameters on The Behavior of Modes  
 

In this section, the effect of two parameters of graphene, namely chemical potential and relaxation 

time, on the resonance frequency of modes and their radiation bandwidth are discussed. The plates 

are according to Fig. 1, and their dimension according to Table I.  

 
Fig. 13. Current distribution at the resonance frequencies of the first six modes of the triangular plate  

with 1 base to height ratio. 
 

 

 
Fig. 14. Current distribution at the resonance frequencies of the first six modes of the triangular plate  

with 1.5 base to height ratio. 
 

Fig. 14.  Current distribution at the resonance frequencies of the first six modes of the triangular plate 
with 1.5 base to height ratio



Vol. 12  |  No. 1  |  Jan.-Jun. 2023

jc
e.

sh
a

h
e

d
.a

c.
ir

77

Journal of 
Communication 

Engineering (JCE)
10                                                                                                               Characteristic Mode Analysis of  Graphene Plates 
 
 

 
Fig. 15. Current distribution at the resonance frequencies of the first six modes of the triangular plate  

with 0.5 base to height ratio. 
 

 
Fig. 16.  Resonance frequencies of the first two modes of a) the rectangular plate, b) the circular plate, c) the triangular 

plate,   in terms of the chemical potential of graphene. 
 

 
Fig. 17. Radiation bandwidth of the first two modes of the 10 μm × 7μm rectangular plate  in terms of the  

chemical potential of graphene. 
 

   B.1 The Effect of Chemical Potential 

   The chemical potential parameter of graphene, which is the most important factor for the 

adjustability of graphene plates, was changed between 0 eV to 1eV. In order to better understand the 

effect of graphene chemical potential on the characteristic modes of the plate, the resonance 

frequency of the first two modes of rectangular, circular and triangular plates, versus chemical 

potential, are plotted in Figs. 16 to 18, respectively. These diagrams show that the resonance 

frequency of the modes increases with increasing chemical potential for all three structures. 
 

 

Fig. 15.  Current distribution at the resonance frequencies of the first six modes of the triangular plate 
with 0.5 base to height ratio
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Fig. 17. Radiation bandwidth of the first two modes of the 10 μm × 7μm rectangular plate  in terms of the  

chemical potential of graphene. 
 

   B.1 The Effect of Chemical Potential 

   The chemical potential parameter of graphene, which is the most important factor for the 

adjustability of graphene plates, was changed between 0 eV to 1eV. In order to better understand the 

effect of graphene chemical potential on the characteristic modes of the plate, the resonance 

frequency of the first two modes of rectangular, circular and triangular plates, versus chemical 

potential, are plotted in Figs. 16 to 18, respectively. These diagrams show that the resonance 

frequency of the modes increases with increasing chemical potential for all three structures. 
 

 

Fig. 16.  Resonance frequencies of the first two modes of a) the rectangular plate, b) the circular plate, c) the 
triangular plate, in terms of the chemical potential of graphene
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Fig. 15. Current distribution at the resonance frequencies of the first six modes of the triangular plate  

with 0.5 base to height ratio. 
 

 
Fig. 16.  Resonance frequencies of the first two modes of a) the rectangular plate, b) the circular plate, c) the triangular 

plate,   in terms of the chemical potential of graphene. 
 

 
Fig. 17. Radiation bandwidth of the first two modes of the 10 μm × 7μm rectangular plate  in terms of the  

chemical potential of graphene. 
 

   B.1 The Effect of Chemical Potential 

   The chemical potential parameter of graphene, which is the most important factor for the 

adjustability of graphene plates, was changed between 0 eV to 1eV. In order to better understand the 

effect of graphene chemical potential on the characteristic modes of the plate, the resonance 

frequency of the first two modes of rectangular, circular and triangular plates, versus chemical 

potential, are plotted in Figs. 16 to 18, respectively. These diagrams show that the resonance 

frequency of the modes increases with increasing chemical potential for all three structures. 
 

 

Fig. 17.  Radiation bandwidth of the first two modes of the 10 μm × 7μm rectangular plate in terms of the 
chemical potential of graphene

B.1  THE EFFECT OF CHEMICAL POTENTIAL

The chemical potential parameter of graphene, which is the most important factor for the 

adjustability of graphene plates, was changed between 0 eV to 1eV. In order to better understand 

the effect of graphene chemical potential on the characteristic modes of the plate, the resonance 

frequency of the first two modes of rectangular, circular and triangular plates, versus chemical 

potential, are plotted in Figs. 16 to 18, respectively. These diagrams show that the resonance 

frequency of the modes increases with increasing chemical potential for all three structures.
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Fig. 18. The eigenvalue of the first two modes of the rectangular plate for  and . 

 

 
Fig. 19. The modal significance of the first two modes of the rectangular plate for  and . 

 

 
Fig. 20. The characteristic angle of the first two modes of the rectangular plate for  and .   

 

This upward trend is due to this fact, when the chemical potential increase, the actual surface 

conductivity of the graphene increase, causing the resonant frequencies of the first two modes, shift 

to higher frequencies. As can be seen from the diagrams in Fig. 16, the trend of changes is almost the 

same for both modes, and it can be said that the chemical potential of graphene will have a relatively 

equal effect on the resonant frequency of the first two modes of graphene plate. In order to better 

investigate the effect of chemical potential parameter on the radiation bandwidth of the modes, the 

changes in the radiation bandwidth in terms of chemical potentials for the first and second modes of 

the rectangular plate are shown in Fig. 17. As it turns out, with increasing chemical potential, the 

radiation bandwidth of both modes first decreases and then remains almost constant. 
 
 

   B.2 The Effect of Relaxation Time 

   Given that the effect of the relaxation time parameter on the proposed plates is the same, so only 

the results related to the rectangular plate will be presented. To better understand the effect of the 

graphene relaxation time parameter on the modes, the eigenvalue, the modal significance and the 

characteristic angle of the first two modes of the rectangular plate for   and  are 

displayed in Figs. 18 to 20. It can be seen from the results, that changing the location of the resonant 

frequencies does not change with , but produces narrower resonances than , so  

Fig. 18.  The eigenvalue of the first two modes of the rectangular plate for τ = 0.1ps and τ = 1ps 
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Fig. 19. The modal significance of the first two modes of the rectangular plate for  and . 

 

 
Fig. 20. The characteristic angle of the first two modes of the rectangular plate for  and .   

 

This upward trend is due to this fact, when the chemical potential increase, the actual surface 

conductivity of the graphene increase, causing the resonant frequencies of the first two modes, shift 

to higher frequencies. As can be seen from the diagrams in Fig. 16, the trend of changes is almost the 

same for both modes, and it can be said that the chemical potential of graphene will have a relatively 

equal effect on the resonant frequency of the first two modes of graphene plate. In order to better 

investigate the effect of chemical potential parameter on the radiation bandwidth of the modes, the 

changes in the radiation bandwidth in terms of chemical potentials for the first and second modes of 

the rectangular plate are shown in Fig. 17. As it turns out, with increasing chemical potential, the 

radiation bandwidth of both modes first decreases and then remains almost constant. 
 
 

   B.2 The Effect of Relaxation Time 

   Given that the effect of the relaxation time parameter on the proposed plates is the same, so only 

the results related to the rectangular plate will be presented. To better understand the effect of the 

graphene relaxation time parameter on the modes, the eigenvalue, the modal significance and the 

characteristic angle of the first two modes of the rectangular plate for   and  are 

displayed in Figs. 18 to 20. It can be seen from the results, that changing the location of the resonant 
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Fig. 19.  The modal significance of the first two modes of the rectangular plate for τ = 0.1ps and τ = 1ps
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Fig. 18. The eigenvalue of the first two modes of the rectangular plate for  and . 

 

 
Fig. 19. The modal significance of the first two modes of the rectangular plate for  and . 

 

 
Fig. 20. The characteristic angle of the first two modes of the rectangular plate for  and .   

 

This upward trend is due to this fact, when the chemical potential increase, the actual surface 

conductivity of the graphene increase, causing the resonant frequencies of the first two modes, shift 

to higher frequencies. As can be seen from the diagrams in Fig. 16, the trend of changes is almost the 

same for both modes, and it can be said that the chemical potential of graphene will have a relatively 

equal effect on the resonant frequency of the first two modes of graphene plate. In order to better 

investigate the effect of chemical potential parameter on the radiation bandwidth of the modes, the 

changes in the radiation bandwidth in terms of chemical potentials for the first and second modes of 

the rectangular plate are shown in Fig. 17. As it turns out, with increasing chemical potential, the 

radiation bandwidth of both modes first decreases and then remains almost constant. 
 
 

   B.2 The Effect of Relaxation Time 

   Given that the effect of the relaxation time parameter on the proposed plates is the same, so only 

the results related to the rectangular plate will be presented. To better understand the effect of the 

graphene relaxation time parameter on the modes, the eigenvalue, the modal significance and the 

characteristic angle of the first two modes of the rectangular plate for   and  are 

displayed in Figs. 18 to 20. It can be seen from the results, that changing the location of the resonant 

frequencies does not change with , but produces narrower resonances than , so  

Fig. 20.  The characteristic angle of the first two modes of the rectangular plate for τ = 0.1ps and τ = 1ps

This upward trend is due to this fact, when the chemical potential increase, the actual surface 

conductivity of the graphene increase, causing the resonant frequencies of the first two modes, 

shift to higher frequencies. As can be seen from the diagrams in Fig. 16, the trend of changes is 

almost the same for both modes, and it can be said that the chemical potential of graphene will 

have a relatively equal effect on the resonant frequency of the first two modes of graphene plate. 

In order to better investigate the effect of chemical potential parameter on the radiation bandwidth 

of the modes, the changes in the radiation bandwidth in terms of chemical potentials for the first 

and second modes of the rectangular plate are shown in Fig. 17. As it turns out, with increasing 

chemical potential, the radiation bandwidth of both modes first decreases and then remains almost 

constant.

B.2  THE EFFECT OF RELAXATION TIME

Given that the effect of the relaxation time parameter on the proposed plates is the same, so only 

the results related to the rectangular plate will be presented. To better understand the effect of the 

graphene relaxation time parameter on the modes, the eigenvalue, the modal significance and the 
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(b) (a) 

Fig. 21. The eigenvalue of the first three modes of the rectangular plate for a) , b) . 
 

 
(b) (a) 

Fig. 22. The modal significance of the first three modes of the rectangular plate for a) , b) . 
 

 
(b) (a) 

Fig. 23. The characteristic angle of the first three modes of the rectangular plate for a) , b) . 
 

in general for ,  the adjacent modes are more differentiated and are easier to detect, but for 

 the modes have more bandwidth. Comparing the graphs, we can see that the slope of the 

eigenvalue curve near the resonance for the state  is much less than the slope of the 

characteristic value curve at , and this indicates less bandwidth for . 

   Also, as can be seen from the characteristic angle diagrams, for  , the characteristic 

angles of both modes are close to the resonance and remains in the range of about 180 degrees. In 

general, the resistance of graphene is proportional to the inverse of the relaxation time , and a 

higher  leads to a lower resistance and consequently less losses. So we can say that higher  means 

higher quality graphene and sharper resonances. Since the relaxation time of graphene affects the 

bandwidth, in order to better investigate the effect of this parameter on the radiation behavior of the 

modes, the radiation bandwidth of the first six modes for a rectangular plate with  is 

extracted and calculated from the graphs and for better comparison, they are presented in Table II, 

next to the bandwidth of the plate with . Also, in order to better understand the behavior of 

the first three modes next to each other and compare them, a diagram of the three parameters of  

Fig. 21.  The eigenvalue of the first three modes of the rectangular plate for a) τ = 1ps, b)  τ = 0.1ps
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higher quality graphene and sharper resonances. Since the relaxation time of graphene affects the 
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modes, the radiation bandwidth of the first six modes for a rectangular plate with  is 

extracted and calculated from the graphs and for better comparison, they are presented in Table II, 

next to the bandwidth of the plate with . Also, in order to better understand the behavior of 

the first three modes next to each other and compare them, a diagram of the three parameters of  

Fig. 23.  The characteristic angle of the first three modes of the rectangular plate for a) τ = 1ps, b)  τ = 0.1ps

characteristic angle of the first two modes of the rectangular plate for τ = 1 ps and τ = 0.1 ps 

are displayed in Figs. 18 to 20. It can be seen from the results, that changing the location of the 

resonant frequencies does not change with τ, but τ = 1 ps produces narrower resonances than  

τ = 0.1 ps, so in general for τ = 1 ps, the adjacent modes are more differentiated and are easier to 

detect, but for τ = 0.1 ps the modes have more bandwidth. Comparing the graphs, we can see that 

the slope of the eigenvalue curve near the resonance for the state τ = 0.1 ps is much less than the 

slope of the characteristic value curve at τ = 1 ps, and this indicates less bandwidth for τ = 1 ps.

Also, as can be seen from the characteristic angle diagrams, for τ = 0.1 ps, the characteristic 

angles of both modes are close to the resonance and remains in the range of about 180 degrees. 

In general, the resistance of graphene is proportional to the inverse of the relaxation time τ, and 

a higher τ leads to a lower resistance and consequently less losses. So we can say that higher τ 

means higher quality graphene and sharper resonances. Since the relaxation time of graphene  
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Table 2.  Radiation bandwidth of the first six modes of the rectangular plate for τ = 1ps, τ = 0.1ps

Radiation bandwidth (%)

Mode 6Mode 5Mode 4Mode 3Mode 2Mode 1

21.816.318.4313543τ = 0.1 ps

2.22.52.735.15.7τ = 1 ps

Table 3.  Resonance frequency function of the first two modes of graphene plate according to the chemical 
potential of graphene and plate dimensions

Resonance frequency of the second mode ( THz )Resonance frequency of the first mode ( THz )
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Table II. Radiation bandwidth of the first six modes of the rectangular plate for     
Radiation bandwidth (%)  

Mode 6 Mode 5 Mode 4 Mode 3 Mode 2 Mode 1  
21.8 16.3 18.4 31 35 43  
2.2 2.5 2.7 3 5.1 5.7  

 
Table III. Resonance frequency function of the first two modes of graphene plate according to the chemical potential of 

graphene and plate dimensions. 
Resonance frequency of the second 

mode ( THz ) 
Resonance frequency of the first mode 

( THz ) 
 

  Rectangular plate 

  Circular plate 

 

 
(b) (a) 

Fig. 24. Resonance frequencies of the rectangular graphene plate as a function of plate length for (a) the first mode, (b) the 
second mode. 

 

 
(b) (a) 

Fig. 25. Resonance frequencies of the rectangular graphene plate as a function of plate width for (a) the first mode, (b) the 
second mode. 

 

eigenvalue, modal significance and characteristic angle of the first three modes is drawn after 

applying mode tracking in Figs. 21 to 23.   

   B.3 The Effect of Dimension on The Behavior of Modes  

   In order to investigate the effect of dimensions on the resonances of the first and second modes of 

the graphene plate, the length and width of the rectangular plate, the radius of the circular plate and 

the base and height of the triangular plate were changed for different chemical potentials. The results 

obtained for the first two modes of each plate are summarized in Tables III and IV.  

Rectangular Plate : The resonance frequencies of the first two modes of the rectangular plate in 

terms of plate length (L) and in terms of plate width (W) for different chemical potentials ( ) have 

been shown in Figs. 24 and 25, Respectively. As can be seen from the graphs, as the plate length 

increases, the resonant frequency of the first mode generally increases, but the resonance of the 

second mode remains almost constant at first and then decreases with further increase in plate length.  
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Fig. 25.  Resonance frequencies of the rectangular graphene plate as a function of plate width 
for (a) the first mode, (b) the second mode

affects the bandwidth, in order to better investigate the effect of this parameter on the radiation 

behavior of the modes, the radiation bandwidth of the first six modes for a rectangular plate with 

τ = 0.1 ps is extracted and calculated from the graphs and for better comparison, they are presented 

in Table 2, next to the bandwidth of the plate with τ = 1 ps. Also, in order to better understand 

the behavior of the first three modes next to each other and compare them, a diagram of the three 

parameters of eigenvalue, modal significance and characteristic angle of the first three modes is 

drawn after applying mode tracking in Figs. 21 to 23.
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B.3  THE EFFECT OF DIMENSION ON THE BEHAVIOR OF MODES 

In order to investigate the effect of dimensions on the resonances of the first and second modes 

of the graphene plate, the length and width of the rectangular plate, the radius of the circular plate 

and the base and height of the triangular plate were changed for different chemical potentials. The 

results obtained for the first two modes of each plate are summarized in Tables 3 and 4. 

Rectangular Plate: The resonance frequencies of the first two modes of the rectangular plate in 

terms of plate length (L) and in terms of plate width (W) for different chemical potentials ( ) 

have been shown in Figs. 24 and 25, Respectively. As can be seen from the graphs, as the plate 

length increases, the resonant frequency of the first mode generally increases, but the resonance 

of the second mode remains almost constant at first and then decreases with further increase in 

plate length. 

Thus, it is clear that the resonance of the second mode depends more on the length-to-width 

ratio of the plate than on the width itself. Also, according to the slope of the graphs, it can be seen 

that the effect of length is on the first mode and has little effect on the second mode. Also, by 

increasing the width of the plate, the resonance of the first mode increases with a much smaller 

slope than the change of length and will remain almost constant, while the change of width will 

have a greater effect on the second mode. Both in the ascending and descending parts (due to 

the length to width ratio), there is a greater slope than changing the resonances of this mode 

by changing the length. On the other hand, by increasing the chemical potential for each plate 

with constant dimensions, the resonance frequency of both modes with a trend of approximately 

Increases the same.

Circular Plate: Fig. 26 shows the resonance frequency of the first two modes of the plane in terms 

of the radius of the circular plate (R) and for different chemical potentials (μc). As it is known, 

the resonance of both modes decreases with increasing plate radius with the same slope, and the 

effect of increasing the chemical potential, similar to a rectangular plate, will lead to an increase 

in resonance. Triangular Plate: Fig. 27 shows the resonance frequencies of the first two modes of 

the plate in terms of the ratio of base (a) to the height (h) of the triangular plate and for different 

chemical potentials (μc). As can be seen from the diagrams, with increasing the base-to-height 

ratio, the resonant frequency of the first mode increases as long as the ratio of the base to the 

height is less than one, and the resonant frequency of the second mode increases as long as the  
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(b)  (a) 

Fig. 26. Resonance frequencies of the circular graphene plate as a function of plate radius for (a) the first mode, (b) the 
second mode. 

 

 
(b) (a) 

Fig. 27. Resonance frequencies of the triangular graphene plate as a function of the ratio of the base to height for (a) the first mode, 
(b) the second mode. 
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terms of the ratio of base (a) to the height (h) of the triangular plate and for different chemical 

potentials ( ). As can be seen from the diagrams, with increasing the base-to-height ratio, the  

 

 

 

 

Fig. 26.  Resonance frequencies of the circular graphene plate as a function of plate radius  
for (a) the first mode, (b) the second mode
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Fig. 27. Resonance frequencies of the triangular graphene plate as a function of the ratio of the base to height for (a) the first mode, 
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Thus, it is clear that the resonance of the second mode depends more on the length-to-width ratio of 

the plate than on the width itself. Also, according to the slope of the graphs, it can be seen that the 

effect of length is on the first mode and has little effect on the second mode. Also, by increasing the 

width of the plate, the resonance of the first mode increases with a much smaller slope than the 

change of length and will remain almost constant, while the change of width will have a greater 
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ratio), there is a greater slope than changing the resonances of this mode by changing the length. On 
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resonance of both modes decreases with increasing plate radius with the same slope, and the effect of 

increasing the chemical potential, similar to a rectangular plate, will lead to an increase in resonance. 

Triangular Plate : Fig. 27 shows the resonance frequencies of the first two modes of the plate in 

terms of the ratio of base (a) to the height (h) of the triangular plate and for different chemical 

potentials ( ). As can be seen from the diagrams, with increasing the base-to-height ratio, the  

 

 

 

 

Fig. 27.  Resonance frequencies of the triangular graphene plate as a function of the ratio of the base to height 
for (a) the first mode, (b) the second mode

ratio of the base to the height is less than 0.5. By crossing the limit of 0.5 for the ratio of base to 

height, the trend of resonant frequencies changes of the second mode decreases and by crossing the 

limit of 1 for this ratio, the trend of resonant frequency changes of the first mode also decreases. 

In fact, by comparing the shape of the distribution of currents on a triangular plane with a constant 

height and different bases, shown in Figs. 13 to 15, we can change the maximum location of the 

first mode current from the vertex of the triangle to the base of the triangle by increasing the 

size. This trend is reversed for the second mode, so by crossing the border of 1 or 0.5, ascending 

section of the graphs changes to a descending part. In order to better show the effect of plate 

dimensions and chemical potential on the resonance frequencies of its first two modes, a function 

extracted using the curve fitting method for each resonance frequency. These functions that have 

been summarized in Table 3, can be used in designing and analyzing of graphene rectangular or 

circular patch antennas. As can be seen from the proposed function, in all plates the resonance 

frequency of both modes is approximately proportional to Cn . From the proposed function, it is 

clear that for a rectangular plate, the effect of the plate length on the first mode is greater and the 

effect of the plate width on the second mode is greater.

For a circular plane, the effect of the radius of the circle on both modes is the same, and the 

resonant frequency of both modes is approximately proportional to R1 .
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B.4.  THE EFFECTS OF PEC GROUND PLANE

In order to investigate the effect of the presence of the ground plane on the characteristic modes, 

the mentioned graphene rectangular plate was placed at the height of h = 2 μm on top of a perfect 

electric conductor plate with dimensions of 25μm × 17.5μm, as shown in Fig. 28. The results 

for the eigenvalue, the modal significance, and the characteristic angle in terms of frequency, 

for the first two modes of the mentioned structure and for μc = 0.5 eV and h = 2 μm are shown 

in Figs. 29 to 31. The current distribution of the first 6 modes at the corresponding resonant 

frequencies is also shown in Fig. 32. for a better comparison, the resonance frequency and the 

radiation bandwidth of the first six modes of this structure and the structure without a ground 

plane are summarized in Tables 4 and 5. As it turns out, the presence of a ground plane has no 

effect on the current distribution of the modes, but it does reduce the resonant frequencies and 

the radiation bandwidth. It can also be seen that the metal earth plane itself has a first mode with 

a resonance of about 5.5THz, which is not a problem for chemical potentials where the graphene 

plate resonance is far from the ground resonance, and the effect on graphene modes is small, but 

for larger chemical potentials graphene resonance, will approach the metal ground and it will be 

difficult to separate these modes from each other. For example for the state with μc = 0.5 eV, the 

first and second modes of the metal plate have resonance frequencies at 5.6THz and 9.5THz, 

and the current distribution of these two modes on the metal earth plate is shown in Fig. 33. To 

confirm the resonances obtained for the first two modes for μc = 0.5 eV, the mentioned structure is 

simulated with a feed line in CST software and analyzed in full wave. Depending on the shape of 

the current distribution, which is the maximum at horizontal edge for the first mode and maximum 

at the vertical edges for the second mode, the feed line is applied once to the vertical edge (width 

of the patch) and once to the horizontal edge (length of the patch), respectively. This stimulate the 

first and second modes, respectively. The structure of feed line and current distribution of the first 

and second modes can be seen in Fig. 34., and the return loss diagram of each mode can be seen 

in Fig. 35. The resonant frequency of the first mode is about 3.3 THz and the resonance of the 

second mode is about 4.2 THz, and is close to the values obtained in the mode analysis by FEKO 

software. Studies show that the presence of a metal ground plane under the graphene plate will 

generally change the resonance frequencies. By changing the dimensions of the ground plane, 

it was found that the dimensions of the ground plane do not have much effect on the resonance 

frequency of the modes, so only the change in height has been studied.

It should be noted that although the dimensions of the ground plane have little effect on the 

resonances of the graphene plate, but due to the difference between the material of the earth 

plate which is metal and the material of the graphene plate, if the earth dimensions are too large,  
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Table 4.  The resonance frequencies of the first six modes of the rectangular plate on the PEC ground plane in 
comparison with the rectangular plate without ground plane

The resonance frequency ( THz )

Mode 6Mode 5Mode 4Mode 3Mode 2Mode 1

7.296.415.924.924.523.5Without ground plane

7.186.295.714.774.273.21With ground plane

Table 5.  The radiation bandwidth of the first six modes of the rectangular plate on the PEC ground plane in 
comparison with the rectangular plate without ground plane

The radiation bandwidth ( THz )

Mode 6Mode 5Mode 4Mode 3Mode 2Mode 1

2.22.52.735.15.7Without ground plane

1.812.382.83.353.754.98With ground plane
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its resonance frequencies decrease to the terahertz range and will affect the resonances of the 

graphene plate, and even if the dimensions of the ground are very small, it is unrealistic and will 

not show its effect. 

Therefore, the dimensions of the ground plane were fixed to 25μm × 17.5μm to investigate the 

effect of height, which is two and a half times greater than the graphene plate. In order to better 

investigate the effect of the distance between the metal ground plane and the graphene plate, the 
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first two modes for , the mentioned structure is simulated with a feed line in CST  

software and analyzed in full wave. Depending on the shape of the current distribution, which is the 

maximum at horizontal edge for the first mode and maximum at the vertical edges for the second 

mode, the feed line is applied once to the vertical edge (width of the patch) and once to the horizontal 

edge (length of the patch), respectively. This stimulate the first and second modes, respectively. The 

structure of feed line and current distribution of the first and second modes can be seen in Fig. 34., 
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diagrams in Fig. 36. were drawn, which show the resonance frequency of the first two modes of 

the structure in terms of distance h and for different chemical potentials. 

As can be seen, with increasing the height of the resonance of both modes has increased 

somewhat, but the slope of this increase is very low for both modes, so it can be said that the 

height has little effect on the resonance frequency of the modes. In order to be able to consider the 

effect of the height parameter in designing of graphene patch antenna and calculate the resonance
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Fig. 34. The current distribution at the resonance frequencies of the first two modes of the rectangular graphene plate on the 
PEC ground plane, a) horizontal feeding, b) vertical feeding. 
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, a) horizontal with rectangular graphene plate on the PEC ground plane diagram of the structure of theThe Fig. 35. 
feeding, b) vertical feeding.   

 

mode is about 3.3 THz and the resonance of the second mode is about 4.2 THz, and is close to the 

values obtained in the mode analysis by FEKO software. Studies show that the presence of a metal 

ground plane under the graphene plate will generally change the resonance frequencies. By changing  

the dimensions of the ground plane, it was found that the dimensions of the ground plane do not have 

much effect on the resonance frequency of the modes, so only the change in height has been studied. 

It should be noted that although the dimensions of the ground plane have little effect on the 

resonances of the graphene plate, but due to the difference between the material of the earth plate 

which is metal and the material of the graphene plate, if the earth dimensions are too large, its 

resonance frequencies decrease to the terahertz range and will affect the resonances of the graphene 

plate, and even if the dimensions of the ground are very small, it is  is unrealistic and will not show 

its effect.  

   Therefore, the dimensions of the ground plane were fixed to 25μm × 17.5μm to investigate the 

effect of height, which is two and a half times greater than the graphene plate. In order to better 

investigate the effect of the distance between the metal ground plane and the graphene plate, the 

diagrams in Fig. 36. were drawn, which show the resonance frequency of the first two modes of the 

structure in terms of distance h and for different chemical potentials.  

   As can be seen, with increasing the height of the resonance of both modes has increased somewhat, 

but the slope of this increase is very low for both modes, so it can be said that the height has little 

effect on the resonance frequency of the modes. In order to be able to consider the effect of the  
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Fig. 34.  The current distribution at the resonance frequencies of the first two modes of the rectangular 
graphene plate on the PEC ground plane, a) horizontal feeding, b) vertical feeding
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effect of height, which is two and a half times greater than the graphene plate. In order to better 

investigate the effect of the distance between the metal ground plane and the graphene plate, the 
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but the slope of this increase is very low for both modes, so it can be said that the height has little 

effect on the resonance frequency of the modes. In order to be able to consider the effect of the  

Fig. 35.  The |S11| diagram of the structure of the rectangular graphene plate on the PEC ground plane with 
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Table 6.  Resonance frequency function of the first two modes of rectangular graphene plate on the PEC 
ground plane according to the chemical potential of graphene and height of the graphene plate from the 

ground plane

The resonance frequency of the second mode(THz)The resonance frequency of the first mode(THz)
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height parameter in designing of graphene patch antenna and calculate the resonance frequency by 

considering the chemical potential and by changing h by extracting, two functions which are 

summarized in Table VI, extracted related to the diagrams in Fig. 36. These functions can be used for 

calculating resonance frequencies of the first and second modes in terms of the chemical potential of 

graphene and the height of the graphene plate relative to the metal earth plate. 
 

IV. CONCLUSION  

In this paper, characteristic mode analysis for graphene plates was performed and the effect of 

graphene chemical potential, relaxation time and the dimension of the plates on the behavior of 

characteristic modes of these structures, especially on the first and second modes, was investigated. 

Also, the effect of the presence of the ground plane and its height on the resonance frequency of the 

modes was studied. The relationship between the resonant frequency of the first two modes of 

graphene plates and the dimensions of the plate and the chemical potential parameter of graphene 

were extracted as power functions. The mentioned functions can be used in calculating the resonance 

frequency of graphene plates and in designing antennas. The summary of the results obtained from 

this analysis includes the following: Graphene plates with micrometer dimensions have resonances in 

the terahertz frequency range that are much lower than the resonant frequencies of metal plates of the 

same dimensions as the graphene plate. As the chemical potential of graphene increases, the 

resonance frequency of the first two modes of graphene plates increases with a relatively equal slope. 

In all graphene plates, the resonance frequency of both modes is approximately proportional to . 

For a rectangular plate, the first mode is affected by the length of the plate and the second mode by 

the width of the plate. The presence of a metal ground reduces the radiation bandwidth of the modes. 

The novelty of this work lies in providing the first systematic CMA-based framework for analyzing 
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frequency by considering the chemical potential and by changing h by extracting, two functions 

which are summarized in Table 6, extracted related to the diagrams in Fig. 36. These functions can 

be used for calculating resonance frequencies of the first and second modes in terms of the chemical 

potential of graphene and the height of the graphene plate relative to the metal earth plate.
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Fig. 36.  Resonance frequencies of rectangular graphene plate on PEC ground plane as a function of height, 
a) the first mode, b) the second mode

IV.  CONCLUSION

In this paper, characteristic mode analysis for graphene plates was performed and the effect of 

graphene chemical potential, relaxation time and the dimension of the plates on the behavior 

of characteristic modes of these structures, especially on the first and second modes, was 

investigated. Also, the effect of the presence of the ground plane and its height on the resonance 

frequency of the modes was studied. The relationship between the resonant frequency of the 

first two modes of graphene plates and the dimensions of the plate and the chemical potential 

parameter of graphene were extracted as power functions. The mentioned functions can be 

used in calculating the resonance frequency of graphene plates and in designing antennas. The 

summary of the results obtained from this analysis includes the following: Graphene plates with 

micrometer dimensions have resonances in the terahertz frequency range that are much lower 

than the resonant frequencies of metal plates of the same dimensions as the graphene plate. As 

the chemical potential of graphene increases, the resonance frequency of the first two modes 

of graphene plates increases with a relatively equal slope. In all graphene plates, the resonance 

frequency of both modes is approximately proportional to . For a rectangular plate, the first 

mode is affected by the length of the plate and the second mode by the width of the plate. The 

presence of a metal ground reduces the radiation bandwidth of the modes. The novelty of this 

work lies in providing the first systematic CMA-based framework for analyzing graphene plates 

of different shapes, extracting the influence of chemical potential, relaxation time, and geometrical 

parameters on the modal behavior, and deriving analytical power functions to accurately predict 

the resonance frequencies of the first two modes. Unlike previous studies that relied solely on 

full-wave simulations, the results presented here offer generalized physical insights and practical 

design equations that enable graphene antenna designers to estimate resonance frequencies 

without the need for extensive numerical simulations.
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