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Abstract Owing to the fascinating features of graphene material, graphene-based 
patch antennas have quickly attracted attentions in communication technologies for 
high-speed data transfer in terahertz band. Herein, we present in this chapter a careful 
study of a new ultra-wide band (UWB) graphene-based plasmonic terahertz (THz) 
antenna operating in the range of 7.4–8.4 THz, with a huge bandwidth of 1000 GHz. 
The resonant part of the antenna consists of a modified circular ring patch, designed 
on 2.4 μm-thick silicon laminate with a high permittivity of 11.9. The resonating 
frequencies and the antenna operation band can be controllable by adjusting the 
graphene layers’ chemical potential, where the desired UWB behavior is attained 
whit a chemical potential of 2 eV. The suggested antenna possesses a super compact 
geometry of 24 × 24 μm along with attractive radiation behavior in terms of gain (up 
to 5.5 dB) radiation efficiency (>97%). In addition, a high impedance matching is 
achieved which contributes in very low reflection coefficient of −53.5 dB. According 
to the outcomes realized, it can be inferred that the proffered THz antenna would 
be an excellent solution for various applications in terahertz regime, including the 
explosive detection, material characterization, homeland defense, security scanning, 
biomedical imagine, sensing, video rate imaging system and the upcoming short-
range high-speed wireless indoor communications. 
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1 Introduction 

During the past few years, the revolutionary advancement in wireless communica-
tions technologies generated a real need to an inexhaustible frequency bandwidth 
to fulfill the requirements of channel capacity, colossal data traffic rate, and unin-
terrupted connectivity [1–6]. These needs have attracted the researchers’ interests 
toward a new massive frequency band spectrum, namely terahertz (THz) band. 
The latter is an electromagnetic (EM) spectrum lying between millimeter wave and 
infrared regions and occupying the spectral band from 0.1 to 10 THz. The region 
of THz band has appeared as a key solution to achieve high speed, secure, highly 
reliable wireless communications and unprecedented advanced technologies [7, 8]. 
The THz band technologies are gaining a rapid development to support several high 
potential applications such as ultra-fast communication [9], medical diagnostic [10], 
explosive detection [11], chemical, viruses’ detection [12], remote sensing [13], 
imaging system [14], material characterization [15] and spectroscopic detection [16]. 
Indeed, the terahertz spectrum are able to hold up all these data-hungry applications 
due to many benefits like the enormous available frequency band, improved anti-
interference performance, low diffraction and high spectral resolution compared to 
millimeter wave (mm-Wave) spectrum. However, the severe atmospheric path atten-
uation constitutes a significant hurdles for the commercialization of THz wireless 
systems. Accordingly, developing a compact antenna with high efficient performance 
is of first concern to indemnify the wasted energy referred to the considerable path 
loss in THz regime [17]. The antenna is the key unit enabling the transmission of 
EM waves in THz wireless communication where its characteristics, including the 
compactness, the bandwidth, efficiency and gain, etc., affect directly the THz system 
performance. This will inherently raise several defiances to the experts of antenna 
community and usher in a new era in the realm of planar antenna technology. In the 
other side, graphene material arouses a considerable scientific attentiveness due to 
its exceptional mechanical and electrical traits. It is explored as miracle substance 
enabling the good exploitation of terahertz portion [18]. Accordingly, many existing 
works are focused on graphene to design different antennas structures for THz appli-
cations, for instance, in Ref. [19], a THz antenna with graphene material is proposed 
for multiband application at 1.73/ 2.6 /4.01 /4.72 THz. In Ref. [20], a photoconductive 
dipole antenna is designed using graphene layer and put in comparison with a photo-
conductive dipole antenna made with gold metal, where a high emitted spectrum is 
reached while using graphene. In Ref. [21], a graphene patch antenna with super-
strate is suggested to operate at 7 THz with total bandwidth of 386 GHz. Another 
graphene-based antenna with narrow bandwidth of 25 GHz is reported in [22]. In Ref. 
[23], a conventional patch antenna is presented with a total bandwidth of 280 GHz at 
0.72 THz. In Ref. [24], a rectangular path antenna is created at 0.67 THz with only 
40 GHz of bandwidth. Similarly in Ref. [25], a modified patch antenna is modeled 
using graphene as radiating material to work at 0.62 THz. The photonic band gaps 
were implanted in the substrate, while a restricted bandwidth of 34.9 GHz is reached.
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Taking into account the wide bandwidth requirement for high data rate trans-
mission, the main objective of this research work is the development of a new 
THz antenna supporting the ultra-wide band operation while preserving a suitable 
radiation performance and extremely small dimensions. This purpose is success-
fully accomplished by developing a teeny circular ring antenna powered by a 50 Ω

microstrip feed line and backed by a full ground plane. The conducting parts of the 
proposed antenna are made of graphene material, while silicon substrate is chosen 
to build the design. 

The remaining of the paper is organized as follows: The next section is allowed 
to introduce the graphene material and modeling. Section 3 presents the proffered 
antenna geometry. The antenna evolution procedures is studied in Sect. 4. A careful 
parametric study is done in Sect. 5. Section 6 brings the main achieved results. A 
comparative study is taken place in Sect. 7. Finally, Sect. 8 summarizes the performed 
study. 

2 Modeling of Graphene Material 

Graphene is a staggering carbon-based material with spectacular optical, electrical 
and mechanical properties. It is considered the magic key to entering the terahertz 
world through its wide door. In addition, one of the most advantage of graphene 
is the capability to support the transmission of surface plasmon polaritons (SPPs) 
waves on its surface which can be employed for miniaturization process even for 
antennas or other applications [26]. Indeed, the graphene surface plasmon polaritons 
are highly tunable and marked by low consumption, ultra-fast carrier mobility and 
strong localization [27]. The SPPs propagation as well as the graphene resonance are 
heavily depending on its complex electrical conductivity, where the latter is mainly 
depends on the key parameters, namely relaxation time (τ ) and chemical poten-
tial (μc), i.e., (Fermi energy). Hence, the chemical potential can be altered trough 
chemical doping or by applying electrostatic gate bias [28]. For an infinitesimally 
thin graphene surface with random-phase approximation (RPA), the surface electric 
conductivity (σ s) can be represented mathematically with the assistance of Kubo 
Formula which is denoted by Eq. (1) [21, 29], where, Fermi Dirac distribution is 

denoted by f d(ε) =
(
e 

ε−μc 
kB 

−T + 1
)
, and the collision frequency is represented by

[ = 1/2τ . 
Furthermore, the graphene total conductivity (σ g) [30] can be obtained by 

summing the two conductivity parts, the first part is the intra-band conductivity 
(σ intra), while the second is the inter-band conductivity (σ inter). The intra-band 
conductivity controls the graphene characteristics in infrared region, where the 
approximated Eq. (2) is given by Dured model, where q is the electron charge, Boltz-
mann constant is denoted by kB, T is the effective carrier temperature in Kelvin, 
reduced Plank constant is given by è = h/2π and ω is the angular frequency of 
the incident wave. Damping constant is expressed as [c = q è υ2 

F /μμc, where,
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μ = 104m2.V−1 .s−1 is the electron mobility and υ2 
F = 106m.s−1 is the Fermi 

velocity. The other conductivity part, i.e., the inter-band conductivity, is dominating 
at higher frequency spectrum and it is expressed by Eq. (3). 

σs = j 
q2(ω − j2[) 

πh2 ⎡ 

⎣ 1 

(ω − j2[)2 

∞∫
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ε

(
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q2kBT 
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kBT 
+ 2 ln

(
e 

μc 
kB T + 1

)]
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σinter = j 
q2 

4πh 
ln

[
2|μc| − (hω + j[c) 
2|μc| + (hω + j[c)

]
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The graphene material can be roughly modeled using the FIT-based (Finite Inte-
gration Technique) electromagnetic software, namely CST microwave studio for 
optical applications and terahertz spectrum. Accordingly, Fig. 1a and b expose the 
real and imaginary parts of the of the simulated graphene conductivity for various 
values of chemical potential (μc) and relaxation time (τ ), respectively.

As illustrated, it can be clearly observed that the conductivity behavior changes 
significantly when augmenting the chemical potential (μc) and relaxation time (τ ), 
which leads to produce a strong resonance at higher frequency range. Indeed, with 
the increase of chemical potential (μc), the absorption cross section raises and the 
resonance shifts toward high frequencies, where the same goes for relaxation time 
(τ ). Hence, to tune the antenna resonance at high terahertz frequency, the graphene 
characteristics are chosen in the following manner; chemical potential (μc) is fixed  
at 2 eV, for the relaxation time (τ ) is specified at 10–12 s and the temperature T is 
chosen at 300 K. 

3 Geometry of the Proposed THz Antenna 

The configuration of the proposed antenna structure is exposed in Fig. 2. The antenna 
geometry is wisely built of 2.4 μm-thick silicon substrate with permittivity εr of 11.9, 
tangent loss of 0.00025 and full area (Ws ×Ls) of 24 × 24 μm2. The proposed layout 
consists of a radiating annular ring with outer radius r1 and inner radius r2 of 6.5 and 
5 μm, respectively, powered by a 50 Ω microstrip feed line of length Lf = 5.6 μm 
and width W f = 1.5 μm. A rectangular strip of width W1 = 1.7 μm and length L1 

= 1.42 μm is placed at the outer edge of the annular ring, in the opposite direction 
to the feeding line for bandwidth enhancement goal. A full ground plane is used to 
back the structure, where the antenna conductive parts are made using 0.4 μm-thick 
graphene layer.
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Fig. 1 Conductivity variation with respect to a Chemical potential (μc), b relaxation time, c 
conductivity of proposed graphene with μc = 2 eV,  τ = 10–12 s and  T = 300 K
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Fig. 2 Layout of the 
graphene-based suggested 
antenna 

A careful design construction and intense parameter optimization are made 
using the above mentioned software to reach the most-refined version of the 
suggested antenna providing the desirable operation. To find out the antenna design 
methodology, the next section investigates the antenna evolution procedure. 

4 Evolutionary Stages of the Suggested Antenna 

In order to comprehend the operation principle of the proposed antenna design, Fig. 3 
displays the essential evolution steps through which the final antenna geometry with 
the desired operation is reached. As clarified, the proposed antenna is the ameliorated 
version of the basic Circular Microstrip Patch Antenna (CMPA) developed over 
three essential steps, where the frequency response for all design steps is collected 
in Fig. 4. As demonstrated in Fig. 3a, the first step is accomplished by designing 
a conventional CMPA with complete ground plane, where the patch radius r1 is 
preliminary approximated using Eqs. (4–5). Then the overall dimensions refinement 
is done with the assistance of CST software to bring the antenna resonance in the 
band of interest. As perceived in Fig. 4, the conventional CMPA (Antenna-1) was 
firstly modeled to resonate around 8 THz frequency, however, the total bandwidth is 
only 177 GHz, while the impedance matching needs a considerable improvement. 
Hence, to extend the operating bandwidth and the impedance matching, geometrical 
modifications are required. Accordingly, in the second step exposed in Fig. 4, the  
basic CMPA is converted to an annular ring microstrip patch antenna (Antenna-2) 
by creating a circular slot with a radius r2 inside the resonant patch. As expected,
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the reflection coefficient in Fig. 4 shows a great bandwidth enhancement from 177 
to 720 GHz after adding the circular slot where a strong resonance is created at 
8.11 THz. This is obtained through a fine refinement of the slot radius r2 which is 
fixed at 5 μm, where the latter is approximately seventh wavelength ( λ 

7 ) at 8.11 THz. 

r1 = F
{
1 + 2hsub 

πεr F

[
ln

(
π F 
2hsub

)
+ 1.7726

]}1/2 
(4) 

F = 
8.791 × 109 

fr
√

εr 
(5) 

Hence, to well comprehend the circular slot effect, Fig. 5 shows the electric field 
distribution of the SPP before and after adding the slot. As configured, the etched 
slot has led to a strong confinement of the electric field propagation in the substrate 
inside the annular ring which enables the antenna to form its first resonance around 
8.11 THz. Finally, as visualized in Fig. 3c, to get the coveted operation, a rectangular 
strip is inserted on the top edge of the annular ring which consequently contributes 
to reach the final design of the suggested antenna.

As can be seen in Fig. 4, the resonant strip engenders a new resonating frequency 
at 7.5 THz which bestowed further bandwidth-extension toward lower frequencies. 
The strip dimensions are properly tuned to extract the optimal antenna behavior

Fig. 3 Stepwise design 
evolution, a Antenna-1 
(Conventional antenna), b 
Antenna-2 (Ring antenna), c 
Proposed antenna
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Fig. 4 Reflection coefficient of the evolutionary designs

Fig. 5 SPP electric field distribution, a Antenna-1 at 8.07 THz, b Antenna-2 at 8.11 THz

where its effect can be easily glimpsed by observing the electric field pervasion in 
Fig. 6.

As described, a strong electric field intensity is surrounding the rectangular strip at 
7.5 THz which indicates its main rule to generate the mentioned resonating frequency, 
whereas at 8.15 THz, the electric field propagation remains intense in the annular 
ring slot. So, to deeply analyze the effect of the antenna parameters on its operation 
behavior, an accurate parametric study is done in the next section.
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Fig. 6 SPP electric field distribution of the proposed antenna, a 7.5 THz, b 8.15 THz

5 Parametrical Analysis 

Parametric analysis is an inevitable phase in antenna design to discover the 
optimal dimensions allowing the best antenna performance. Hence, this parametric 
analysis is performed with the intention to reveal the effect of the some basic param-
eters related to the annular ring and the rectangular strip on the antenna perfor-
mance including the operating bandwidth, the impedance matching and the resonant 
frequencies. The influence of the inner radius r2, the strip width W1 and length L1 is 
configured in Fig. 7. During the parametrical study, when altering a parameter, the 
other ones remain constant. As manifested in Fig. 7a, the reflection coefficient shows 
a hyper sensitivity and changes drastically when the inner radius r2 is increased from 
3 to 6  μm. Indeed, with r2 = 3 μm, the antenna acts as multiband antenna with two 
resonant frequencies at 8.12 and 8.65 THz. The multiband operation converts to 
monoband operation around 8.21 THz when r2 is 4  μm. The required operation is 
glimpsed when the inner radius r2 is 5  μm, where the antenna bears an ultra-wide 
band of 1000 GHz and two resonant frequencies at 7.5 THz and 8.15 THz. However, 
when the inner radius r2 is augmented to 6 μm, the impedance matching is distorted 
over the whole frequency range and inherently the operational bandwidth get lost. 
The effect of varying the rectangular strip width W1 is displayed in Fig. 7b. As shown, 
the slight variation of the parameter W1 from 1.3 to 1.9 μm with a step of 0.1 μm 
has a clear impact on the impedance matching of both resonating frequencies as well 
as the adjustment of the lower resonating frequency.

Indeed, it can be remarked that the latter is decreased from 7.59 to 7.5 THz when 
the width W1 increases from 1.3 to 1.7 μm while it rising back to 7.53 THz when 
W1 is 1.9 μm. The most suitable result is attained at W1 = 1.7 μm. The outcome of 
swapping the strip length L1 is plotted if Fig. 7c.
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Fig. 7 Parametric analysis of the some key parameters, a inner radius r2, b strip width W1, c strip 
length L1
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As exposed, the effect of altering the parameter L1 from 1.22 to 1.62 μm has 
principally a direct influence on the lower resonance frequency and the impedance 
matching, while the higher resonance frequency value still unchanged. By increasing 
L1, the first resonance shifts down from 7.55 to 7.42 THz, while the sought-after 
frequency response is acquired with L1 = 1.42 μm. Consequently, the performed 
parametrical analysis assures the main role of the parameters, namely the inner 
radius r2, the strip length L1 and width W1 to neatly control the reflection coefficient 
and adjust the resonant frequencies and operating bandwidth. In addition, they can 
properly amend the impedance matching to offer the best performance operation. 
After wisely analyzing the antenna parameters and describing their effect on the 
frequency response, the next section is dedicated to present the results and antenna 
performance. 

6 Performance Results and Discussions 

This section is allowed to present and describe the traits of the suggested antenna 
including the impedance and radiation characteristics. 

6.1 Reflection Coefficient 

As illustrated in Fig. 8, the suggested antenna bears an ultra-wide bandwidth of 
1000 GHz from 7.4 to 8.4 THz with high impedance matching where the reflection 
coefficient at the first and second resonant frequencies reaches to−54 dB and−34 dB. 
The attained bandwidth could be used for various high-speed wireless applications 
in terahertz spectrum. 

Fig. 8 Reflection coefficient 
of the proposed antenna
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Fig. 9 VSWR of the 
suggested antenna 

6.2 Voltage Standing Wave Ratio 

As the reflection coefficient, the Voltage Standing Wave Ratio (VSWR) can be used to 
visualize the impedance bandwidth of the proposed antenna. Indeed, the operational 
bandwidth can be determined when the VSWR is below 2. Accordingly, same as the 
reflection coefficient, the plotted VSWR in Fig. 9 shows a large operating bandwidth 
from 7.4 to 8.4 THz at VSWR < 2 which in turn indicates a good agreement and 
validates the operating band. 

6.3 Input Impedance 

The antenna input impedance (Zin) is the voltage to current ratio at the input of the 
antenna. It is a complex number where the input resistance is the real part Re [Zin], 
while the imaginary part Im [Zin] is the input reactance. To fulfill a high impedance 
matching at a given frequency which inherently means a highly radiated power, the 
input impedance should be close to 50 Ω. This signifies that the real part must be 
close to 50 Ω, while the imaginary part should be near to zero. In the ideal case, 
the imaginary part of the input impedance is null and the real part is exactly 50 Ω

which indicates that the antenna receives and radiates the total incident power. The 
input impedance of the proposed antenna is configured in Fig. 10, as can be seen the 
antenna realizes a high impedance matching at both resonance frequencies, where 
the real and imaginary parts (Re [Zin], Im [Zin]) at the lower and higher resonance 
frequencies are (50.02, 0.2) Ω and (49.23, 1.8) Ω, respectively.
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Fig. 10 Antenna input 
impedance 

6.4 Radiation Patterns 

The radiation pattern describes the variations of the radiated power in function of the 
direction away from the antenna. Hence, the three-dimensional radiation patterns 
7.5, 7.8, 8 and 8.15 THz are plotted in Figs. 11, 12 and 13 and 14, respectively. 
In addition, the polar (2D) representation of the radiation pattern at the mentioned 
frequencies is illustrated in Figs. 15, 16, 17 and 18, respectively. As displayed, the 3D 
configuration assures a good and stable radiation behavior of the suggested antenna 
at all selected frequencies where the maximum gain achieved is 2.95, 3.57, 3.82 
and 4.6 dB at 7.5 THz, 7.8 THz, 8 THz and 8.15 THz, respectively. Furthermore, 
the 2D radiation patterns at the above mentioned frequencies in the two cutting 
planes, i.e., H-plane (phi = 0°) and E-plane (phi = 90°) show for most frequencies a 
quasi-omnidirectional pattern in H-plane and bidirectional pattern in E-plane which 
demonstrates a uniform radiation. In the other side, the gain and radiation efficiency 
along the operating bandwidth are traced in Fig. 19. As displayed, the proposed 
design is marked by a good gain characteristic varying between 2.6 and 5 dB over 
the working band. In addition, an excellent radiation efficiency trait is remarked along 
the whole bandwidth where the minimum value is more than 97.5% and the maximum 
reached is up to 99.72%. After describing the achievements of the suggested antenna, 
a brief comparison with some existing work is reported in the next section to well 
evaluate the antenna performance.

7 Comparison with Other Reported Work 

Table 1 presents a comparative study of the proffered antenna performance with 
some other previous works. Certainly, many research are reported in the literature to 
propose different antenna design structure for the upcoming terahertz applications.
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Fig. 11 3D radiation pattern 
at 7.5 THz 

Fig. 12 3D radiation pattern 
at 7.8 THz

Indeed, as summed in the Table, the researchers was focusing on both lower and 
higher frequencies of terahertz spectrum to develop different antennas structures. 
However, all the assembled designs were marked by a narrow bandwidth, while 
some of them are limited by their low radiation efficiency. Hence, compared to the 
other previous works, the suggested antenna offers the widest bandwidth of about 
1000 GHz with the highest radiation efficiency of 99.72%. Moreover, it provides 
a good comparable gain while preserving the most compact structure. As a result, 
all the mentioned traits allows the proposed antenna to be a suitable option for the 
wireless devices of terahertz applications.
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Fig. 13 3D radiation pattern 
at 8 THz 

Fig. 14 3D radiation pattern 
at 8.15 THz

8 Conclusion 

In this manuscript, an ultra-simple, ultra-wide band and super-tiny graphene-based 
annular ring antenna was developed and optimized for terahertz applications. The 
antenna was neatly designed using CST software to operate along a very wide tera-
hertz spectrum range from 7.4 to 8.4 THz with high radiation efficiency reaches to 
99.72% and maximum gain of 5 dB. The achieved results qualifies the proffered 
antenna to be a strong contender for terahertz wireless applications.
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Fig. 15 Two dimension radiation pattern at 7.5 THz 

Fig. 16 Two dimension radiation pattern at 7 THz



Micro-sized Graphene-Based UWB Annular Ring Patch Antenna … 243

Fig. 17 Two dimension radiation pattern at 8 THz 

Fig. 18 Two dimension radiation pattern at 8.15 THz
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Fig. 19 Radiation efficiency and gain versus frequency
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