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Abstract
In a world where communication requires ever faster data transmission capable of
transmitting high speeds. In order to reach and transmit this high speed, it is necessary
to increase the frequency that carries the information. For this, scientists are interested
in the terahertz (THz) range which, thanks to its high frequencies between 0.1 THz
and 30 THz, offers the possibility of increasing the data rate. This letter presents the
inclusion of Dodecagon Split Ring Resonator (D-SRR) in rectangular microstrip patch
antenna and its effect in the performance of the proposed antenna. The metamaterial design employs two types of SRRs resonators shapes such as the Dodecagon
Broadside Coupled Split Ring Resonator (DBC-SRR) and Dodecagon Split Ring Resonator (D-SRR). The model applied uses a local field approach and allowed to obtain the
dispersion characteristics of discrete negative magnetic permeability. The proposed
antenna substrate uses Arlon AD1000 material, which helps to attain high gain and
good directivity at THz frequency. The antenna performance is investigated with and
without superstrate. The operating frequencies of the proposed antenna vary in the
range of 0.66 - 0.69 THz and shows maximum gain of 10.4 dB and maximum directivity
of 9.84 dB. HFSS software tool helps to simulate the parametric analysis of the proposed antenna design. This novel structure may find applications in terahertz imaging,
remote systems and may find manifold possibilities in the medical field.
Keyword: Microstrip patch antennas, DBC-SRR resonator, D-SRR resonator,
Metamaterial, Terahertz band

Introduction
The next generation requires advance applications in the field of wireless communications,
which depends on the development of tiny, faster, more efficient, and cost-effective ultrabroadband antenna [1], and the communication systems focus on THz region for increased
carrier frequency, higher data rates, and high channel capacity [2]. However, THz waves,
which are located between millimeter waves and infrared light waves in the electromagnetic spectrum, had rarely been utilized [3], in communications, radar, imaging, sensors,
astronomy, space-science, and ultra-fast chemistry [4, 5]. At the terahertz frequency, the
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creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publi
cdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Benkhallouk et al. Journal of Engineering and Applied Science

(2022) 69:71

implementation of the antenna is the matter of research in goal to enhance the electrical performance of the microstrip antenna in terms of reflection coefficient, gain, and directivity.
The microstrip antenna printed on dielectric substrates have been successful in applications requiring low profiles and compactness [6]. The size of an antenna reduces to
submillimeter at Terahertz frequencies [6, 7]. Due to advancement in photonics and semiconductor devices, which are operating at terahertz frequency, the realization of these submillimeter systems is possible [8]. Metamaterials are the most critical part determining
whether a system will be practical and capable to having an active role in modern wireless
communications. The metamaterials studied by the Russian physicist Victor Veselago are
pseudo-homogeneous artificial or composite structures possessing electromagnetic properties not available in nature [9]. Later, Smith implements first left-handed materials consist of periodic split-ring resonators (SRRs) and long strips [10, 11]. SRRs are well known
in metamaterials since they can provide negative permeability that can create a stopband
response at the resonant frequency [12, 13] and also produce new bands of operation
[14–17]. Since the rings are broadside-coupled in the SRR resonator, it will be called broadside-coupled SRR (BC-SRR) [18]. The possibilities of changing the resonance frequency by
varying the spacing between the two rings of the BC-SRR in response to the amplitude of
vibration in a controllable and sensitive way makes it an ideal candidate among different
SRR structures for the proposed sensor [19].
More recently, several researchers have been working on the implementation of techniques and systems in order to be able to use it in higher-speed communication. Several
articles covering the different aspects of this subject (communication sources and detectors,
modulation systems, wireless communication measurements). Microstrip patch antennas are increasingly popular in sensing applications. For pH sensor application, M-Tariqul
et al. [20] proposed a ultrawideband antenna based on Hexagonal Split-Ring Resonator
with small electrical size can reach a high gain and bandwidth. The authors [21] designed
a microwave dual-band metamaterial perfect absorber based on one square patch with 45°
diagonal slot structure, which achieved two absorption band and able to change with different polarization angles. Besides, Yadgar et al. [22] proposed a sandwich metamaterial
in a frequency band of left-hand characteristics in a range of 8−18 GHz and the resonant
absorption is dominated by the induced magnetic dipole.
The objective of this paper is to enhance and improve the coefficient of reflection, bandwidth, and gain of a conventional microstrip antenna using a different approach while
applying the Dodecagon Split Ring Resonators (D-SRR) or Dodecagon Broadside Coupled
Split Ring Resonator (DBC-SRR). The resonators patterned structures are directly lay on
the upper of the patch or on the dielectric substrate; therefore, the microstrip antenna can
have an excellent performances. Then, we investigate the effect of superstrate on directivity and radiation pattern. The designed antenna loaded with metamaterial resonators is
numerically simulated and investigated. The details of the proposed antennas design and
the results are presented in the following sections.

Methods
The main aim of this paper is to design a novel microstrip antenna using a different
approach of metamaterials without degrading the other performance parameters of
antenna.
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Fig. 1 Structure of dodecagon SRR. a Representation in rings. b Equivalent electrical circuit [25]

Theatrical background of the proposed SRR cell
Structure design of the dodecagon SRR

A split-ring resonator (SRR) is an artificially created structure allow provoking magnetic
susceptibility in various types of metamaterials up to 200 THz. In addition, the magnetic
resonance is induced by the gap between inner and outer rings. The SRR varies in its shape
and structure such as square SRR and circular SRR [23–25]. The rarer structures include
multiple SRR, spiral SRR, triangular SRR, and elliptical SRR [26–30]. In this work, we propose a new model of SRR as a regular dodecagon with twelve angles and therefore twelve
sides. The structure of dodecagon split-ring resonator (DSRR) is illustrated in Fig. 1.
The resonant frequency (f0) of the regular dodecagon SRR is given by [25–31]:

f0 =

2π

1
2.aeq .LNet . CNet

(1)

where aeq is the effective radius of regular dodecagon SRR and its expression is
[25–31]:
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g
N

So, in our case N=12.
LNet is the equivalent inductance and its expression is [25–31]:


4l
LNet = 0.00508 ∗ 2.303 log10 − 2.636
c
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(2)

(3)

where c is the width of the strip, l is the perimeter of the regular dodecagon SRR, and
the expression of l is shown in the following equation [25–31]:

l = 2.a.N. sin

π
N

(4)

CNett et is the equivalent capacitance of the structure and the expression is [25–31]:

CNet =



2   2 
π
+ β − a
N. sin N

π

2 N. sin N
+β

(5)

where β = Cg/a. Cpul and C
 pul is the capacitance per unit length of the regular dodecagon SRR and [25]:

� = a. sin

π
π
π

−ϕ
.(2m + 1) − a. cos
. tan
N
N
N

(6)

Now, the capacitance of the upper half-ring (Cu) and lower half-ring (Cl) can be easily
computed from ∆ and Cpul as [25–31]:


π

−  .Cpul
Cu = N.a. sin
N

(7)

And:


π 

+ � .Cpul
Cl = N .a. sin
N

(8)

Cg is the capacitance due to the split gaps in the rings and can be estimated using
the equation [25–31]:

Cg =

ε0 .εr .C.h
g

(9)

where ε0 is the permittivity of free space (ε0 =8.8541×10–12 F/mt) and εr is the relative permittivity which is different for materials [25].
Structure design of dodecagon broadside coupled SRR

In the broadside-coupled split ring resonator (BC-SRR) structure, the rings are printed on
both sides of the dielectric substrate with slit locations 180° apart. A dodecagon broadsidecoupled split-ring resonator (DBC-SRR) is depicted in Fig. 2. It consists of two face-to-face
coupled rings and they etched in parallel planes with splits on opposite sides.
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Fig. 2 Structure of dodecagon broadside coupled SRR. a Simulation model of proposed a structure between
two waveguide ports in HFSS and b back view of DC-SRR

Table 1 Dimensions of DBC-SRR structure
Parameters

Size (μm)

K

0.09

t

0.02

h

0.09

εr

4.4

The dimensions of DBC-SRR structure are summarized in Table 1. The resonator is
etched on substrate namely FR4 epoxy dielectric material with relative permittivity (εr) of
4.4 and with thickness h=0.09 μm. The operation of the dodecagon broadside-coupled resonator near the 12 THz band.
The result of reflection and transmission coefficients as a function of the frequency of an
SRR cell unit are displayed in Fig. 3
From Fig. 3, we observe on the curve of S11 a resonant frequency at 11.44 THz with a
transmission of the order of −63 dB. On the S
 21 curve, we observe a high bandwidth transmission at 12.43 GHz.
Pattern antenna project

The pattern antenna project was developed through the parameters of the rectangular
microstrip antenna, which has a microstrip line power and the patch is made by copper, as
in Fig. 4, in which is based on the transmission line method theory, that means, operation
frequency of 0.65 THz. The resonance frequency is obtained in [32]:

fr =

C
√
2.L εr

(10)

where C is the speed of light in free space, L is length, and εr =10.2 (Arlon AD1000) is the
dielectric constant of the substrate.
The dimensions of proposed microstrip antenna are summarized in Table 2.
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Fig. 3 Simulated reflection and transmission coefficient

Fig. 4 Microstrip antenna dimensions

Table 2 Dimensions of microstrip antenna
Parameters

Size (μm)

Length of the radiating patch (L)

89

Width of the radiating patch (W)

148

Length of the 50 Ω line (L)

250

Width of the 50Ω line (W)

28

Length of the ground plane (Lg)

500

Width of the ground plane ( Wg)

500

Simulation results and discussion
Dodecagon SRR behavior

On the upper surface of the glass substrate (𝜀r= 5.5), the regular dodecagon metamaterial resonator SRR (D-SRR) is printed for a thickness equal to 0.003 μm. The Fig. 5 represent the 3-D Modeler of the HFSS simulator:
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Fig. 5 Proposed shapes of dodecagon resonator in HFSS

Fig. 6 Simulated reflection coefficient of microstrip patch antenna loaded with D-SRR

Figure 6 shows the simulated reflection coefficient between 0.1 and 1 THz for two different shapes of D-SRR
From the results in Fig. 6, a significant difference was observed. The two proposed
shapes of D-SRR have a multi-band characteristic in the spectrum, and the resonant frequencies are located at 0.54, 0.57, 0.53, 0.66, and 0.81 THz. The results proves the multiband characteristics of the proposed structure.
Figure 7 illustrate the radiation patterns in H plane and E plane cuts for the two proposed antennas.

Dodecagon BC‑SRR‑loaded microstrip patch antenna

DBC‑SRR loaded vertically microstrip patch antenna Figure 8 display the arrangement
of the proposed design for the microstrip antenna and DBC-SRR for positive and beamdeflection with 1 layer, 2 layers, and 3 layers, respectively. In this context, we propose to
deviate the beam toward the positive angles so that the arrangement of DBC-SRR must
be placed on the right side of the microstrip patch antenna. We notice that the deflection
angle increase proportionally with number of layers. Each linear array of DB-CSRR has a
spacing of 5 μm, and between linear arrays, the spacing is 5 μm.
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Fig. 7 Simulated radiation patterns of microstrip patch antenna loaded with D-SRR

The dielectric substrate used is a low loss PVC foam sheet of thickness 10 μm having relative permittivity 1.2 and dielectric loss tangent 0.001. The surface area of the substrate
is 96 μm × 96 μm. The two rings are separately etched from thin sheets of copper with
a thickness of 10 μm. The outer and inner radius of the rings are designed as 36 mm and
26 mm, respectively, and the slit width is 40 μm.
Figure 9 represents the radiation patterns in H plane and E plane cuts for the microstrip
antenna with DBC-SRR structure.
Figures 9a–d presents the radiation pattern for the microstrip antenna with DBC-SRR
structure. In the first simulation with one array of DBC-SRR, the radiation beam is tilted
by an angle of +30° in the E-plane at 0.65 THz and the gain is equal to −3.7dB. When
we add another layer, the radiation beam is tilted by an angle at +30° and the gain is
increase to -4.5dB. The radiation beam is tilted when the antenna is loaded with Three
array of DBC-SRR and the gain become −5.5dB. The simulated result confirms that the
main beam is deflected by +30°. To carry out a negative tilting angle, the arrangement of
the DBC-SRR structure is reversed on the left side of the microstrip patch antenna. The

Fig. 8 DBC-SRR loaded vertically microstrip patch antenna
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Fig. 9 The radiation pattern for the microstrip antenna with DBC-SRR structure at 0.65 THz. a Conventional
antenna, b antenna with one array of DBC-SRR, c two arrays, and d three arrays

Fig. 10 DBC-SRR loaded horizontally microstrip patch antenna. a Model in HFSS. b Dimensions of proposed
structure

including of DBC-SRR array affects the shape of the radiation pattern in E-plane; however, the proposed antenna still radiates with no tilting for both directions as illustrated
in Fig. 11.
DBC‑SRR loaded horizontally microstrip patch antenna The layout of the DBC-SRR
loaded on the microstrip patch antenna is given in Fig. 10. In this part, three DSRR
unit cell will be placed horizontally in a parallel way with the substrate of the proposed
antenna. The three D-SRR unit cell is fixed on the opposite sides of a low loss PVC foam
substrate of thickness 10 μm, and the combination is fixed very near (0.3 μm) and around
to the microstrip patch antenna.
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The simulated S11 characteristics of the DBC-SRR-loaded microstrip antenna structure
versus frequency using HFSS simulation software are depicted in Fig. 11.
We notice the first resonant mode between the antenna and the DBC-SRR that there was
an increase in the parameter values S11 of about −26 dB, besides the frequency displacement from the loaded antenna by metamaterials, which is due to the change in electromagnetic parameters of permittivity and permeability of the material applied on the
substrate. However, for the second resonant mode, the microstrip patch antenna with
DBC-SRR displed a decrease in the parameter values S11 adding to the little increase in
width band for the second resonant mode.
In Fig. 12, a significance difference was apparent in the radiation patterns of the microstrip patch antenna with DBC-SRR. The radiation of the antenna and the radiated energy
own the same direction and is concentrated in the main lobe.
The simulation demonstrates an asymmetrical radiation pattern about the broadside
direction across antenna bandwidth with gain of 1.91 and 3dB beam width of 50° in the
H plane and 40° in the E plane, whereas the radiation pattern of conventional microstrip
patch antenna has a gain equal to 5.04dB and 3dB beam width of 140° in the H plane and
40° in the E plane.
The behavior of the periodic arrays of the D‑SRR Based on the idea of [33] about the
behavior of toothed SRR, the patch has several slots dodecagon-shaped and arranged on
its surface and inside each shape is printed a D-SRR cell unit. Figure 13 represents rectangular patch antenna with an array of D-SRR.
Figure 14 represents the simulated S
 11 for the microstrip patch antenna in terms of number of the SRR resonators put on the patch that form the array.
Table 3 illustrates the comparative study and analysis of simulated antenna in terms of
resonance frequency, coefficient S11, and the with band.
According to the Table 3 results, the proposed patch keeps dual band, as well the principal resonant mode of resonance. For these resonant modes, we notice that the frequency

Fig. 11 Simulated reflection coefficient (in dB)
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Fig. 12 Simulated antenna radiation pattern at 63.6 THz. a Conventional antenna. b Antenna-based DCB-SRR

Fig. 13 Proposed shape of periodic arrays of the D-SRR in HFSS

Fig. 14 Simulated reflection coefficient of microstrip patch antenna loaded with periodic arrays D-SRR

displaces as the position of D-SRR is altered, in which the behavior analysis of the first
mode enable to increase the bandwidth and the reflection coefficient in the antenna.
The electromagnetic wave is involved in view of the fact that the D-SRR reflects the wave
back to the second ring and altering the ring’s behavior, responsible for the permeability
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Table 3 Comparison of parameter results of microstrip patch antenna loaded with periodic arrays
DSRR

Fig. 15 Microstrip patch antenna with dielectric superstrate

Fig. 16 Reflection coefficients of microstrip patch antenna with dielectric superstrate

response and allowing to reduce mutual coupling while considering the rest of innerring rotation angles. However, it provides a decrease in a gain value to 5.04 dB from 3.89
dB compared to the conventional microstrip patch antenna.

Page 12 of 16

Benkhallouk et al. Journal of Engineering and Applied Science

(2022) 69:71

Fig. 17 Directivity of microstrip patch antenna with dielectric superstrate. a Antenna with one layer. b
Antenna with two layers

Fig. 18 The radiation pattern of microstrip patch antenna with dielectric superstrate. a Antenna with one
layer. b Antenna with two layers

Microstrip patch antennas with dielectric superstrate In order to further improve the
gain and efficiency of the microstrip patch antenna and ensure the minimum impact on
the antenna resonance frequency, we utilize the design of the periodic metamaterials
D-SRR (4) established in the precedent section. The upper part of the antenna is covered
with a “Rogers TMM 10 (tm)” (εr = 9.2) superstrate, consists of a one-dimensional electromagnetic band (1D-EBG) structure, made from two identical dielectric slabs [37].
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Table 4 Comparison study with existing works
References

Frequency band Reflection
(THz)
coefficient (dB)

Bandwidth
(GHz)

Directivity (dB)

Peak gain (dB)

[38]

0.5

[39]

0.64–0.85

−22

[32]

0.69–0.77

[40]

0.69

[35]

0.63

[34]

0.67

[41]
This work

80

2.8

/

−35

/

5.6

/

−41.65/−25.30

224.7

/

10.43

−34.9

/

7.01

6.68

−44.71

/

8.61

7.94

/

/

5

5.22

0.69

/

/

6.59

5.74

0.66–0.69

−40.53/−37.13

108

9.84

10.4

The first layer is adjusted about one third of the operation wavelength (λ/3) above the
ground plane which causes to gain increase. The distance of the second layer from
the first layer is about λ/4 [37]. To retain the same frequency band [0.4-0.9] THz, we
adjusted the thickness of each layer to 50μm (Fig. 15).
The variation of the gain, directivity as well as of S
 11 with frequency, is illustrate in
Figs. 16, 17 and 18, respectively.
The including of a double layer superstrate rectangular patch antenna cause the increase
of reflection coefficient and affects the shape of the radiation pattern in both planes E
and H.
The corresponding performances are summarized in Table 4.
Table 4 displayed the designed microstrip patch antenna with dielectric superstrate overall performance in comparison with previous works. The dielectric superstrate method
always proved useful for microstrip antennas and provides better performances in terms
of directivity and gain. The electric field is getting more strengths in the cavity regions
created by the two layers of superstrates; as a result, we achieved a suitable percentage
bandwidth, very high directivity, and gain at the terahertz band.

Conclusions
The suggested antenna with different positions of dodecagon resonator on the substrate or on the rectangular patch produces multi-band posture and being possible
to apply on distinct and specific frequencies (resonating under −10 dB) on the band
between 0.1 and 1 THz, as well as the resonator gap variations. The multiband frequency operation in antenna based on DBC-SRR is manifested in two ways: vertical
position demonstrates the ability of beam deflection and horizontal position to optimize S11 frequency bandwidth. Furthermore, in this work, we have proposed a composed array of metamaterial unitary cells disposed periodically on the rectangular
patch. The radiating frequencies can be designed to other desired values by making
changes in the arrangements of the resonators and in slot parameters. The inclusion
of the two same superstrate layers protects the microstrip patch as well as enhances
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the antenna radiation characteristics. The use of higher (εr = 9.2) dielectric constant
materials as a superstrate layer increases significantly the antenna directivity and gain,
but it also reduces the bandwidth of the proposed antenna. Compared with the references, the microstrip patch antenna discloses a good performance in gain and radiation efficiency, meeting the design exigency. This structure can be extensively used in
terahertz imaging and communication because of its amazing electrical, mechanical,
and optical properties.
Abbreviations
SRR	Split-sing resonator
HFSS	High-frequency structure simulator
DBC-SRR	Dodecagon broadside-coupled split ring resonator
D-SRR	Dodecagon split ring resonator
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