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Abstract— A novel terahertz (THz) Transmitarray antenna 

using an identically shaped slotted graphene lattice with wide 

bandwidth, is presented in this paper. The transmissive 

surface consists of graphene frequency selective surfaces 

(FSSs), using at THz frequencies. The graphene FSS consists 

of a double layer 11×11 unit cells array on two dielectric 

layers. The total thickness of the structure is only 
𝝀𝟎

𝟐∙𝟏𝟒
 at 

center frequency of 14 THz. The continuous slotted graphene 

sheets are connected to electrical bias, to control the chemical 

potential level of the graphene layers. A wideband, high gain, 

and high-efficiency transmitarray antenna using the 

presented graphene unit cells array, has been designed. 

Simulation results are shown the transmitarray antenna peak 

gain is 29.2 dB at 14 THz. The wideband transmitarray with 

a 3-dB gain bandwidth of about 30% and a 41.87% aperture 

efficiency is investigated.  
 

Index Terms — Frequency selective surface; Graphene lattice; Slot 

unit-cell; Transmission phase; Terahertz; Transmitarray antenna. 

 
I. INTRODUCTION 

lectromagnetic spectrum between microwave and optics, 

specified as THz band. In this frequency spectrum, due to 

the effect of strong skin, penetration of electromagnetic 

waves into metallic conductors, increased. Hence, the 

conductivity of metallic conductors decreased and generally 

led to a large loss in wave radiation. Therefore, in THz 

frequencies, novel optic materials including crystal photonic 

structures, plasmonic structures, and graphene material can 

be replaced. [1-5]. 

Recently, significant attention has been given to 

investigating structures that utilize graphene from 

microwave to the infrared band [6-14]. In this material, a 

complex conductivity can be continuously adjusted in a wide 

frequency band by shifting the electronic Fermi level via 

chemical or electronic doping, temperature T, and incident 

wave frequency [15-17]. Due to its initial characteristics, 

graphene structures have found many applications, including 

graphene-based nanomechanics, nanoelectronics, wireless 

communications, optical nanoantennas, and surface plasmon 

waveguides [18-27]. Furthermore, many devices in THz 

applications as modulators, filters, switches, and resonators 

realized by graphene [28-33]. 

Little skin effect and controllable chemical potential with 

electrostatic gate voltage, are two exclusive characteristics of 

graphene structures that make developments in graphene 

THz antennas. 

Transmiarray Antennas (TAA) are high gain and wide 

bandwidth antennas, that can be used for THz applications 

using graphene structures [33-36]. Frequency Selective 

Surface (FSS) configurations can be used to make a 

graphene-based TAA with high gain radiation, for THz 

applications [37-39]. Graphene’s conductivity depends on 

chemical potential and can be modified with an external bias 

voltage, since a material of interest for designing tunable 

THz antennas [40, 41]. The grids lattices, which are 

composed of periodic arrays of patches or apertures on a 

dielectric substrate, are used as basic elements for 

transmitarray design.  

In this paper, a high-gain graphene TAA, consisting of an 

11×11 array of identical slotted graphene unit cells, has been 

presented at 14 THz. Each unit cell consists of two graphene 

layers with identical shape slots separated by two substrate 

layers. Complete 360o transmission phase attained by 

varying the graphene slot length, while the transmission 

magnitude is near 1 (0 dB). 

Graphene-based TAAs have been designed in different THz 

band center frequencies. In [42], a graphene sheet perforated 

between two dielectric layers constructed the 13×13 unit 

cells array of TAA. The suggested antenna introduces a 

maximum gain of 24.4 dB at 6 THz and 1.07 THz 1-dB gain 

bandwidth. 

 In [43], a graphene-based FSS reflectarray/transmitarray 

antenna was investigated at 1THz center frequency. The 

proposed structure consists of 11×11 elements with an 

extreme gain of 20.7 dB. Moreover, a graphene metamaterial 

TAA investigated from 0.74 to 0.94  THz in [44]. The 

transmission aperture is composed of 169 elements of three 

graphene metamaterial layers with a high gain of 18.5 dB. 

In this research a high gain TAA is planned at 14 THz. The 

proposed antenna aperture surface consists of two graphene 

sheets slotted with identical patterns in the middle of the unit 

cells. The array of the graphene unit cells is on two SiO2 

substrate layers. Modifying the dimension of graphene slots 

can lead to a 360o phase distribution with high transmission 
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magnitude. A THz rectangular horn is used to feed the 

transmission aperture. The designed TAA radiation pattern 

simulated and exceeded high gain and desired aperture 

efficiency at the center frequency. 

 

II. GRAPHENE OPTICAL SPECIFICATIONS 

Surface plasmons (SPs) are electromagnetic (EM) waves that 

interact with charge excitations on the boundary between 

conductor and dielectric materials. These SP waves arise via  

the EM fields coupling to the conductor’s electron plasma 

oscillated [1]. The plasma polaritons in graphene released 

new characteristics in plasmonics [45]. Even noble metals, 

which are commonly considered the most superior plasmonic 

materials, present challenges in terms of adjustment. Also, 

they exhibit significant ohmic losses, which limit their 

application to optical processing equipment. The diffusion of 

plasmons within doped graphene layers results in reduced 

losses and strong wave localization extending to the optical 

phonon frequency. In describing how graphene lattice acts 

over a specified frequency band, the state-of-the-art 

conductivity theory uses the following argument. The 

electrical conductivity of the graphene sheet depends on 

physical parameters, such as substrate thickness, chemical 

potential, and temperature. The effect of these parameter 

variations over the frequency band has thoroughly been 

investigated in this paper. Changing the chemical potential 

of the graphene results in a frequency shift. Adjusting the 

absorption frequency is feasible using an appropriate 

variation in the chemical potential, which can be performed 

by varying the gate voltage. The relation between graphene 

gate voltage and chemical potential is obtained from 

equation 1. 
  

𝑉𝑔 =
𝑒𝜇𝑐

2ℎ

𝜋ℏ2𝑉𝑓
2𝜀0𝜀𝑟

                                                                             (1) 

 

In Eq. 1, 𝑉𝑔 is the applied voltage on graphene, e (1.6×10-19 ) 

is the electron charge, 𝜇𝑐 is the chemical potential, ℎ is the 

thickness of the substrate, 𝜀𝑟 is the substrate permittivity, ℏ 

is the reduced Plank’s constant, and 𝑉𝑓 is Fermi velocity in 

graphene. Changing the carrier concentration in graphene, 

the Fermi energy varied from 0.85×106 to 3×106. In this 

formula, Fermi velocity is assumed 1.1×106. 

The graphene surface conductivity model was obtained from 

the well-known Kubo formula [3, 5]. The graphene 

permittivity can be extracted from 𝜀 = −
𝜎𝑖𝑚

𝜔∆
+ 𝜀0 + 𝑖

𝜎𝑟𝑒𝑎𝑙

𝜔∆
 

where 𝜎𝑟𝑒𝑎𝑙  and 𝜎𝑖𝑚  are defined as surface conductivity, and 

𝜔 is the angular frequency. The real and imaginary parts of 

graphene permittivity at temperature T (300 Kelvin) are 

defined as follows:  
 

𝜀𝑟𝑒𝑎𝑎𝑙 =
𝐻𝜎0

𝜋𝜔∆
𝑙𝑜𝑔

|ℏ𝜔+2𝜇𝑐|

|ℏ𝜔−2𝜇𝑐|
−

4𝜇𝑐

ℏ𝜔2∆

𝜎0

𝜋
(1 −

2𝜇𝑐
2

9𝑡2) + 𝜀0          (2) 

 

𝜀𝑖𝑚 =
𝐻𝜎0

2𝜔∆
[𝑡𝑎𝑛ℎ (

ℏ𝜔+2𝜇𝑐

4𝑘𝐵𝑇
) + 𝑡𝑎𝑛ℎ (

ℏ𝜔−2𝜇𝑐

4𝑘𝐵𝑇
) ]                  (3) 

Where Δ=1nm is the graphene thickness, 𝑘𝐵  is the 

Boltzmann’s constant, and 𝑡  is electron relaxation time 

(t=0.1 ps ). In Equation 2, 𝜎0 and 𝐻 are defined as: 
 

𝜎0 =
𝑒2

4ℏ
                                                                               (4) 

 

𝐻 = [1 +
(ℏ𝜔)2

(36𝑡2)
]                                                                  (5)   

 

The temperature has a minimal effect on the imaginary part 

of conductivity and the frequency shift. 

  Fig. 1 shows the real and imaginary portions of the 

permittivity of graphene in three values of typical chemical 

potential. 
 

 
Fig. 1. Permittivity of graphene for three values of chemical potential.  

 
III. GRAPHENE UNIT CELL PARAMETRIC 

DESIGN 

The proposed TA aperture consists of double-layered unit 

cells, including two slotted graphene sheets on the top of two 

SiO2 substrate layers, as displayed in Figure 2.  

 

 
(a)                                        (b) 

Fig. 2. Schematic structure of the proposed unit-cell. (a) The patterned 
slot on the graphene sheet. (b) unit cell of dual layers slotted graphene 

sheet on two substrate layers. 
 

The structure is optimized on dielectric layers with 𝜀𝑟 = 3 

(SiO2). A split ring resonator (SRR) slot is patterned on 

graphene layers. The unit cell dimensions as displayed in Fig. 

2, are 𝐴 = 30𝜇𝑚 and 𝐵 = 30𝜇𝑚 and the thickness of  ℎ =
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5𝜇𝑚. The dimensions of SRR are, 𝑎 = 24𝜇𝑚, 𝑏 = 16𝜇𝑚, 

𝑐 = 7.6𝜇𝑚, 𝑑 = 1𝜇𝑚, and 𝑔 = 0.8𝜇𝑚.  

Hence, the total thickness of the structure achieved only 
𝝀𝟎

𝟐∙𝟏𝟒
 at center frequency of 14 THz. 

To achieve a full transmission phase distribution, the length 

of 𝑳 is adjusted within each unit cell as demonstrated in 

Figure 2. 
 

 
Fig. 3. The S-parameter of the proposed unit cell with chemical potential 

values, 𝜇𝑐 = 500 𝑚𝑒𝑣.  

 
Figure 3 illustrates the reflection coefficient for the proposed 

structure at varying frequencies. The simulation results were 

performed using periodic boundary conditions with Floquet 

ports in CST Microwave Studio.  

Figure 4 displays the parametric analysis of the proposed unit 

cell by changing length 𝑳 at 14 THz. Implementing a full 

360o phase shift arrangement with different 𝑳 values results 

in uniform phase distribution along the antenna transmission 

aperture. 

 
Fig. 4. Variation of the transmission coefficients of the proposed unit 
cells at 14 THz. 

 
In Fig. 5, the S21 phases and magnitudes of the proposed unit 

cell are shown at three different frequencies in both upper 

and lower ranges. Changing 𝑳 results in a 360-degree phase 

scan that can achieve almost complete transmission (0dB for 

|S21|), accordingly. 

 

(a) 

 

(b) 

Fig. 5. The variation of transmission coefficients of suggested unit cells 

at (a) three lower frequencies, and (b) three upper frequencies. 
 

In TA aperture design, the phase shift of each unit cell can 

be intended with the equation. 6 [46]. 

ψ(𝑖, 𝑗) =
2𝜋𝑓0

𝑐
(𝑅𝑖,𝑗 − 𝑟𝑖,�̂�. 𝑟�̂�)+𝜓0                                  (6) 

Where 𝑓0 is the center frequency, 𝑐 is 3 × 108,  𝑟𝑖,�̂� and 𝑅𝑖,𝑗  

is the position vector and distance of (i,j) element and the 

feed, respectively. In addition, 𝑟�̂� is the unit vector oblique to 

the aperture. Fig. 6 shows the phase distribution of the 

proposed graphene TA aperture for 11×11 elements at 14 

THz. 
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Fig. 6. Phase distribution on the proposed TA.  

The TA arrangement is shaped by analyzing the relationship 

between transmission phase distribution and parametric 

properties of the unit cell. 

 

IV. DESIGN OF THE GRAPHENE TAA  

The proposed transmitarray aperture comprises an 11×11 

unit cells array with a rectangular plane. The presented 

graphene transmitarray consists of two slotted graphene 

sheets implemented on two SiO2 substrate layers. The 

graphene sheets are connected to gate voltage, to adjust the 

desired graphene chemical potential 𝜇𝑐 = 500 𝑚𝑒𝑣 , as 

shown in Figure 7. 

 
Fig. 7. The proposed 11×11 graphene transmitarray structure. 

 

 Substituting the parameters of the proposed structure in Eq. 

1, the gate voltage needed for biasing presented graphene 

sheets, calculated 𝑉𝑔 = 21 ∙ 58 𝑣 . The proposed slotted 

graphene sheets are continuous since to fabricate the 

structure we need a proper graphene sheet and then cut the 

proposed slots on them.   

Some fabrication methodologies for graphene have been 

discussed in recent years [47]. Predictably, the desired 

graphene transmitarray structure fabrication will be realized. 
A pyramidal horn antenna is designed in the desired 

frequency band as a feeding source. The far-field pattern of 

the presented horn feed at 14 THz can be defined with 

𝑐𝑜𝑠𝑞(𝜃𝑒) [46], with q=7 and, 𝜃𝑒 = 27𝑜  the HPBW of the 

designed feed. The distance between the feed a TA, 𝑭 can 

be calculated from Equation 7, as follows. 
 

 𝐹 =
0.5𝐷

tan 𝜃𝑒
            (7) 

 

Where 𝑫 is the biggest dimension in the aperture array, in 

the proposed design, F/D=0.98 is assumed and 𝐹 =

323.8𝑢𝑚, equal 15.11𝜆0. 
The simulation results of the proposed TAA are shown in 

Fig. 8. The rectangular horn antenna with a maximum gain 

of 16.4 dB at 14 THz designed to feed the TAA, is shown in 

Fig. 8 (a). Additionally, the 3-D view of the far-field pattern 

of the designed feed antenna and proposed TAA are 

displayed in Fig. 8 (b, c). Fig. 8 (d), shows the reflection 

coefficients of the feed horn and TAA. Moreover, the co-

polarization and cross-polarization radiation patterns of feed 

and TAA are shown in Fig. 8 (e). The peak gain of the 

proposed THz antenna is 29.2 dB with the SLL of -17.5 dB 

achieved at 14 THz. 

In Fig. 8 (f), a comparison between the far-field co-polar 

patterns of the suggested antenna at 13.5, 14 and 14.5 THz, 

is presented. 

The variations of peak gain and aperture efficiencies versus 

frequency for the proposed 11×11 TAA, are displayed in 

Figure 8. 

 

   
(a) (b) (c) 
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(d) (e) (f) 

Fig. 8. (a) 3D view of the radiation pattern of the feed antenna, (b) 3D view of the far-field pattern of 11×11 proposed TAA, side view, (c) 3D view of the far-
field pattern of 11×11proposed TAA, front view, (d) reflection coefficient of feed and proposed TAA, (e) Co-polarization and cross-polarization radiation 

pattern of feed and TAA, (f) normalized radiation pattern of proposed TAA at three frequencies.  

 
Fig. 9. Variation of gain and aperture efficiency of proposed TAA in 
different frequencies. 

 
As shown in Figure 9, the 1-dB gain bandwidth is from 

about 13.5 THz to 14.75 THz, equal 8.9%, and 15.7% 3-dB 

gain bandwidth from 13.1 THz to 15.3 THz. The peak gain 

of 29.2 dB and maximum aperture efficiency, of 41.87% are 

achieved at center frequency, 14 THz. The design process of 

TAA, step by step, can be specified as a flowchart, shown in 

Figure 10.  
Fig. 10. Flowchart related to TAA design. 
 

TABLE I  
Comparison Between Planned Graphene TAA and the Reported Research. 

 

Ref. Frequency 
Unit cell size 

(𝝀𝟎) 
Layers 

Substrate 

(𝜺𝒓) Array 
Aperture size 

(𝝀𝟎
𝟐) 

Max. Gain Aperture 

Efficiency 
3-dB 

Bandwidth 

[42] 6THz 0.56 
2 sub* layers + 

1 gr** sheet 
12 13×13 53 24.4dB 41.35% 16.66% 

[43] 1THz 0.33 
4 sub layers + 

4 gr patch layers 
3.45 11×11 13.177 20.7dB 49.23% ---------- 

[48] 6THz 0.5 
1 sub layer + 

2 gr patch layers 
3.45 9×9 20.25 18.63dB 28.66% 6.8% 
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[49] 2.7THz 0.84 

2 sub layers + 

2 gr slotted layers + 

1 gold layer 

3.9 40×40 413.55 8.91dB 70.14% ---------- 

[50] 0.9THz 0.57 
5 metallic layers + 

4 air gaps 
1 64×64 1330.8 35.96dB 25.96% 26.67% 

[51] 0.31THz 0.434 
2 metallic layers + 

1 sub layer 
3.323 14×14 36.9 19.15dB 17.5% 48.38% 

[52] 0.87THz 0.435 

2 metallic layers + 

1 sub layer + 

3 metallic vias 

2.2 50×50 473 34.341 45.7% ---------- 

Proposed 14THz 
Horizontal: 0.93 

Vertical: 1.4 

2 sub layers + 

2 gr slotted layers 
3 11×11 157.542 29.2dB 41.87% 15.7% 

*sub: substrate  **gr: graphene 

 

Table I illustrates the comparison between the presented 

graphene TAA and some similar antenna revealed in recent 

years. The designed graphene THz antenna has the 

advantages of small size, wide frequency bandwidth, and 

high gain and efficiency at 14 THz. In recent years, research 

in the THz spectrum has been very interesting and developed 

rapidly. Hence, the proposed antenna will be able to be used 

in THz wireless communication systems, data traffic 

antennas, security imaging systems, biomedical imaging, and 

space telecommunications [53-55]. 

 

V. CONCLUSION 

This paper introduces a high-gain graphene transmitarray 

antenna at THz frequencies. The proposed antenna’s 

transmission aperture consists of the unit cells with two 

slotted graphene sheets on two SiO2 substrate layers. The 

total thickness of the structure is only 
𝜆0

2∙14
 at center frequency 

of 14 THz. The continuous slotted graphene sheets are 

connected to electrical bias to control the chemical potential 

of the graphene layers. The transmission aperture consists of 

an 11×11 unit-cells array with a rectangular dimension. A 

rectangular horn antenna is designed as feed in the proposed 

frequency band. The radiation pattern of the proposed TAA 

has a maximum power gain of 29.2 dB with a suitable SLL 

of about -17.5 dB at 14 THz. Hence, the 1-dB gain 

bandwidth and maximum aperture efficiency of the proposed 

structure are 8.9% and 41.87%, respectively. 
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