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Abstract

In this paper, the design and the analysis of the double square ring (DSR) metamaterial
is presented, which is based on the equivalent circuit theory and the analysis of the
distribution of the electromagnetic field. Based on the retrieval algorithm, the effect of the
structural parameters on the effective permittivity and the effective permeability are
proposed. The effective permittivity and the effective permeability of the designed DSR
metamaterial are simultaneously negative in the range from 4.8GHz to 5.65GHz. A
conventional microstrip antenna is designed as comparison, and the analysis of the
microstrip antenna is not written in this paper for brevity. The superstrate is composed of

an 4x4 array of the DSR metamaterial, and the novel antenna is consist of the
conventional microstrip antenna and the superstrate. The effect of the distance between the
superstrate and the antenna are simulated by HFSS software, and the novel antenna is
proposed according to the analysis of the distance. The simulation results show that the
gain of the novel antenna increased by 1.1dB, and the half power beam width decreased by
40.9°. Therefore, it is concluded that the performance of microstrip antenna can be
improved by using DSR metamaterials.
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1. Introduction

In 1968, Veselago proposed the term “metamaterial” refer to the materials with negative
effective permittivity and the negative effective permeability [1]. However, the
metamaterial did not exist in nature. Even the metamaterial could realize different
characteristics from conventional materials, the metamaterial had been ignored for a long
time. Until 2000, the interest on the metamaterial was renewed as the two-dimensional
array which exhibit negative refractive index was proposed by Pendry [2]. Almost at the
same time, the split-ring resonators (SRRs) which obtain the negative effective permittivity
were proposed by Shelby. From then on, many researches had been carried out to design
metamaterial [3-4]. Smith firstly demonstrated the realization of the metamaterial. The
SRRs and wires were placed alternately to achieve the negative effective permittivity and
the negative effective permeability simultaneously.

The essential feature of the metamaterial is negative permittivity and negative
permeability, while the permittivity and the permeability of the traditional medium are
positive [5]. According to the individual Maxwell curl equation of the electric field, the
electric field E , the magnetic field H , and the propagation vector k formed
“right-handed” (RH) rule in the traditional medium [6]. However, the three vectors formed
“left-handed” (LH) rule in the metamaterial. Due to this essential feature of the
metamaterial, many fantastic characteristics have been found such as the reversal of Snell’s
law, reversed Doppler Effect, Vavilov-Cerenkov effect, etc. [7-8] .Hence, the metamaterial
are termed as “left-handed material” or “negative index material” and so on.

The antenna’s micromation is one of the key technologies of communication [8]. The
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microstrip patch antennas have advantages such as light weight, low volume, easily
integration and so on. While low gain is the major disadvantage of the microstrip patch
antenna. Therefore, a method to improve the gain of the microstrip antenna is badly needed.

It has been proved that the metamaterial can improve the performance of the microstrip
patch antenna [9-10]. The radome based the regular hexagon metamaterials were placed
above the microstrip antenna, and the gain of the antenna improved 2.5dB[11], while the
bandwidth of the double negative property is narrow. The distance between patch antenna
and metamaterial was analyzed in the literature [12], while the half power beam width
(HPBW) were not reduced. It is no doubt that how to further improve the radiation
characteristic of the microstrip patch antenna is still the challenge [13].

This article is arranged as follows. Section II proposes a double square ring (DSR), and
the equivalent circuit of the metamaterial is proposed based the distribution of the electric
field and the distribution of the current. The effect of the parameters on the effective
permittivity and the effective permeability are analyzed in section II as well. Section III
proposes a conventional microstrip patch antenna with its performance. In section IV, the
effect of the distance between the superstrate and the antenna on the radiation characteristic
are analyzed. As a consequence of the analysis of the distance, the novel antenna is
designed at last. Finally, a conclusion that the performance of the microstrip patch antenna
can be improved by the use of metamaterial is put forward in the section V.

2. DSR Design and Analysis
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Figure 1. The Schematic of the DSR
(a) front view; (b) angular view; (c) side view; (d) boundary conditions

The DSR structure was proposed in 2012 [14], the Structure diagram is shown in Figure
1(a) and Figure 1 (b). The metallic rings are made of copper with the thickness of 17um.
The two square rings are located at the top of the substrate and the bottom, as shown in the
Figure 1 (c). The relative dielectric constant of the substrate is 4.4 with the Loss tangent is
0.02, the thickness of the substrate is Imm. The length of the substrate is 10 mm, the width
of the substrate is 10mm as well. The width of the square ring is 1 mm, the distance from the
square ring to the edge of the dielectric substrate is 1mm.

The simulation of the DSR is carried out using HFSS software. The boundary conditions
are set as the reference [14]. The perfect electric boundary condition (PEB) is constructed
along the Y axis, and the perfect magnetic boundary condition (PMB) is constructed along
the X axis. The wave ports are set in Z axis. The Figure 1 (d) demonstrates the boundary
condition of the simulation of the DSR.
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In order to have a deeper insight into the mechanism of the magnetic and electric
responses, the distribution of the electric field and the magnetic field, and the distribution of
the current are carried out. All the distributions of the field are carried out at the resonating
frequency.
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Figure 2. The Distribution of the Fields

(a) electric field; (b) magnetic field; (c) the current; (d) equivalent circuit

The Figure 2 (a) shows the distribution of the electric fields. It can be observed that the
electric fields are mainly concentrated in the metallic strips which along the X-axis. It can
be deduced that the electric charges are gathered in these strips. Based on the equivalent
circuit theory, these metallic strips have the effect of the capacitors.

The Figure 2 (b) illustrates the distribution of the magnetic fields. It can be observed that
the magnetic fields are mainly concentrated in the metallic strips which along the Y-axis.
These metallic strips have the effect of the inductances based on the equivalent circuit
theory.

The distributions of the current are shown in the Figure 2 (c). It shows that the two
currents in the same directions and it can be concluded that the two circuits are parallel. As
a consequence of the analysis of the distribution of the electric field and the magnetic field,
the equivalent circuit of the DSR can be expressed as the Figure 2 (d).

The X-direction metallic strips forms the capacitance C , and the Y- direction metallic
strips forms the inductance L. The total capacitance of the circuit is represented ascC, .

Based the equivalent circuit, the C, is
C== (1)

The total inductance of the circuit is represented as L, . Based the equivalent circuit, the
L, is
L =2L )

The resonance frequency of the DSR is

wi\/I A
"™ oyLc, \Lc
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The plasma frequency of the DSR is
. = ! , (4)
SN

Where the F is the fractional area of the unit cell [15].
The equivalent inductance is represented as[16]

L= (L, —2X, — 2L, )(W, —2Y, — 2W}) (5)
The equivalent capacitance is calculated by [16]

oy (LO — 2Xl)vvl
t
Therefore, the resonance frequency is

C= (6)

0. = \/ t )
£ot, (Lo — 2X Wyt (Ly — 2, — 2L, ) (W, — 2Y, — 2W,)

Based on the equivalent theory [16], the effective permittivity and the effective
permeability of the DSR can be calculated. The widely used retrieval algorithm is[16]

n=—cos | —@1-S;+S
kt {2321 ( 11 21)} 8)

7= (1+ Sll)i B Szzl (9)
\} (1_ Sn) - S21
&= % (10)

p=nz (11)

The S,,and theS,, represent for the reflection and transmission data, and the wave

number of free space represented as the parameterk , the parameter t represents for the
thickness of the DSR, n is the refractive index, z is the wave impedance [16].

The relationship between the effective permittivity with the frequency, and the
relationship between the effective permeability with the frequency, can be proposed from
the retrieval algorithm. In the range o,, <@ <a,,, the effective permittivity and the

mp ?
effective permeability are negative [17]. The @, , isthe resonance frequency, and the «,,

is the plasma frequency [18].

Due to the resonance frequency and the plasma frequency depend on the LC resonant
circuit, it is no doubt that the parameters of the DSR have an effect on the resonance
frequency and the plasma frequency [19]. That is, the parameters have an effect on the
frequency band of the negative effective permeability and the frequency band of the
negative effective permeability.

The parameter X, represents for the X-direction distance between the edge of the
metallic strip and the edge of the substrate, and it varied in five steps of 0.2mm each, that is
X, =0.6mm, X; =0.8mm, X, =1.0mm, X, =1.2mm, X, =1.4mm . The effect of the

X-direction distance on the effective permittivity and the effective permeability are shown
in Figure 3 (a) and Figure 3 (b).
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Figure 3. The Retrieved Parameter Versus Frequency Plot

(a) effective permittivity versus frequency plot; (b) effective permeability versus frequency
plot

According to the Figure 3, it can be found that the frequency range of the negative
effective permittivity is dependent on the X-direction distance. With the distance increase,
the negative frequency band shift from low frequency band to high frequency band, that is
the resonance frequency and the plasma frequency increased. The range of the negative
effective permeability shares the same regular with the effective permittivity.

150 -

' 1=0.6mm 30 - —Y1=0.6mm
. 100 ===Y1=0.8mm > :': ~ ===Y1=0.8mm
= v Y 1=1.0mm = 20 J . '= """" Y1=1.0mm
£ 50 L|—Y1=1.2mm 5 : :
E | ---Y1=1.4mm £ i
g o g 10F l'
° 1
2 g ;
2 Z 0
ﬁ -50+ g
® 400 ©-10

fIGHz f/GHz
4(a) 4(b)

Figure 4. The Retrieved Parameter Versus Frequency Plot

(a) effective permittivity versus frequency plot; (b) effective permeability versus frequency
plot

The parameter Y, represents for the Y-direction distance between the edge of the
metallic strip and the edge of the substrate, and it varied in five steps of 0.2mm each, that is
Y, =0.6mm , Y, =0.8mm , Y, =1.0mm , Y, =1.2mm , Y, =1.4mm . The effect of the
Y-direction distance on the effective permittivity and the effective permeability are shown
in Figure 4(a) and Figure 4(b).

It indicates that the effect of Y-direction distance on the effective permittivity and the
effect on the effective permeability are similar to the regular of the X-direction distance.

The parameter L, represents for the width of the X-direction strip, and it varied in five
steps of 0.2mm each, that is L =0.6mm , L =0.8mm , L =1.0mm , L, =1.2mm ,
L, =1.4mm .The effect of the Y-direction distance on the effective permittivity and the
effective permeability are shown in Figure 5 (a) and Figure 5 (b).
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Figure 5. The Retrieved Parameter Versus Frequency Plot

(a) effective permittivity versus frequency plot; (b) effective permeability versus frequency
plot

In Figure 3, it can be found that the wider of the X-direction width, the bigger the
resonance frequency and the plasma frequency, as well as the regular of the X, .

The parameter W, represents for the width of the Y-direction strip, and it varied in five
steps of 0.2mm each, that is W, =0.6mm , W, =0.8mm , W, =1.0mm , W, =1.2mm ,
W, =1.4mm.The effect of the X-direction distance on the effective permittivity and the
effective permeability are shown in Figure 6 (a) and Figure 6 (b).
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Figure 6. The Retrieved Parameter Versus Frequency Plot

(a) effective permittivity versus frequency plot; (b) effective permeability versus frequency
plot

Figure 6 (a) shows that with the width increase, the negative frequency band of the
effective permittivity shift from low frequency band to high frequency band. On the
contrary, the negative frequency band of the effective permeability shift from high
frequency band to low frequency band, as shown in Figure 6 (b). According to the
equivalent circuit theory, the inductor is associated with the width of the Y-direction strip.
With the width increase, the inductance decrease. Due to the inductance decrease, the
magnetic resonance weaken. While the capacitance increased for the increase of the width,
which leads to the enhance of the electric resonance. As a result, the negative frequency
band of the effective permittivity shift from low frequency band to high frequency band,
while the negative frequency band of the effective permeability shift from high frequency
band to low frequency band.

The parameter t is used to represent for the thickness of the DSR. The thickness is
varied in five steps for respectively 0.6mm, 0.8mm, 1.0mm, 1.2mm, and 1.4mm. The effect
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on the effective permittivity and the effective permeability are demonstrated in Figure 7 (a)
and Figure 7 (b).
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Figure 7. The Retrieved Parameter Versus Frequency Plot

a) effective permittivity versus frequency plot; (b) effective permeability versus frequency
plot

The effect of the thickness is similar to the effect of the width of the Y-direction strip. As
the thickness increase, the electric resonance weaken, while the magnetic resonance
enhance.

With the distance from the square ring to the edge of the dielectric substrate decreased
the length of the metallic strips increase. Therefore, the study of the parameter X, and the

study of the parameter Y, are equivalent to the study of the length of the metallic strips.

The optimal structure is designed according to the results of the analysis above. The
values of the parameters are included in Table 1, and the schematic is demonstrated in
Figure 8(a). The effective permittivity and the effective permeability of the optimal
structure are demonstrated in Figure 8 (b) and Figure 8 (c).

Figure 8 (b) and Figure 8(c) show that the effective permittivity is negative from 4.8GHz
to 7.7GHz and the effective permeability is negative from 4.75GHz to 5.65GHz. Therefore,
the frequency band of double negative extends from 4.8GHz to 5.65GHz.

Table 1. The Parameters of the DSR

Structural parameters value
WO 10mm
LO 10mm
X1 0.2mm
¥1 0.2mm
Wi 0.2mm
L1 Imm
t 0.4mm
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Figure 8. The Retrieved Parameter of the DSR

(a) the schematic of the DSR(b) effective permittivity; (c) effective permeability

3. Microstrip Antenna Design

Table 2. The Parameters of the Conventional Microstrip Antenna

Structural parameters value

L s 36mm

W s 32mm

Lp 16.4mm

W_p 12.4mm
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Figure 9. The Performance of the Conventional Microstrip Patch Antenna

(a) angular view; (b) front view; (c) return loss;

(d) gain; (e) HPBW

Microstrip patch antenna can be designed according to the empirical formula [14], and
they are not written here for brevity. The values of each parameter are obtained as the result

of the analysis of the parameters, as shown in Table 2.

The configuration of the microstrip patch antenna is demonstrated in Figure 9 (a) and

Figure 9 (b). The size of antenna is 36 x 32mm?, and the size of the patch is16.4x12.4mm?.
The relative dielectric constant of the substrate is 4.4, and the height of the substrate is 2mm.
The antenna is fed by the coaxial feed, and the antenna is designed at 50 Q matching
impedance. The simulation of the antenna is operated with the use of the HFSS software.
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The return loss of the antenna is demonstrated in Figure 5(a), and the radiation pattern of
the resonating frequency is shown in Figure 5(b), the half power beam width (HPBW) is
demonstrated in Figure 5(c).

It shows that the resonating frequency of the antenna is 5.01GHz with the maximum
return loss is -21.2dB, and the bandwidth is 770MHz. The gain of the antenna is 5.9dB with
the HPBW is 88.9°.

4. High Gain Microstrip Antenna with Metamaterials

On the basis of the unit cell described in section I, a single layered planar superstrate is
designed. The superstrate is consist of the slab and the DSR array, the DSRs are constructed
toforma 4x4 array and located at the top of the FR4 slab, as shown in Figure 10(a). The
proposed antenna is consisting of the superstrate and the conventional microstrip patch
antenna, as demonstrated in Figure 10(b).
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Figure 10. The Schematic of the of the Novel Antenna
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(a) front view of the superstrate; (b) side-view of the novel antenna; (c) the effect of the h on
the gain;

The parameter h represents for the distance between the superstrate and the antenna,
and the superstrate is in the antenna above. The distance between antenna and superstrate is
varied in forty steps of 1mm each. At each step, a radiation characteristic is performed. To
illustrate the effect of the distance on the maximum gain, Figure 10(c) is constructed.

Figure 10(c) shows that the maximum gain of the proposed antennas is 7.01dB when the
h is 26mm. The longer the distance between antenna and superstrate, the higher the
maximum gain of the antenna. However, as the distance more than a certain degree, the
maximum gain of the antenna is decreased.

It found that the direction of the radiation reversed when the distance small. The
radiation pattern when the distance is 3mm is shown in Figure 11 (c), the radiation pattern
of the conventional microstrip antenna and the radiation pattern when the distance is 26mm
are demonstrated as comparison. It is clear that the direction of the radiation reversed when
the distance is 3mm, and this case also appeared in other condition with small distance.
When the distance close to the half-wavelength, the electromagnetic wave can be
converged by the superstrate [14], as shown in Figure 11 (b).
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11(a) 11(b) 11(c)
Figure 11. The Radiation Pattern in Three Cases

(a) conventional microstrip antenna; (b) h=26mm; (c) h=3mm;

After the analysis of the distance between the superstrate and the antenna, the best result
is used for the novel antenna. The novel antenna has the distance of 26mm between the
antenna and the superstrate. The return loss of the novel antenna is shown in Figure 12(a),
and the radiation pattern is demonstrated in Figure 12 (b), the HPBW is shown in Figure 12
(©).

It shows that the resonating frequency of the novel antenna is 4.99GHz, almost
consistent with the microstrip antenna designed in section III. The gain of the novel antenna
is 7.01dB. The HPBW of the novel antenna is 48°, while the designed conventional
microstrip antenna’s HPBW is 88.9°, decreased by 40.9°.
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Figure 12. The Performance of the Novel Antenna

(a) return Loss; (b) gain; (C) HPBW

5. Conclusion

In this paper, the conventional DSR metamaterial is proposed at first. The distribution of
the electromagnetic field of the conventional DSR is analyzed to deduce the equivalent
circuit of the conventional DSR. According to the equivalent circuit theory, the effect of
the structural parameters on the effective permittivity and the effective permeability are
proposed. It is found that the structural parameters have an effect on the effective
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permittivity and the effective permeability. The novel DSR metamaterial is designed based
on the analysis of the structural parameters, the effective permittivity and the effective
permeability of the novel DSR are negative within the scope of the 4.8GHz to 5.65GHz.
The designed conventional microstrip antenna is proposed based on the empirical formula,
and its maximum gain is 5.9dB at 5.01GHz. The novel antenna is consist of the
conventional microstrip antenna and the superstrate, and the superstrate is constructed by
the DSR metamaterials. The distance between the conventional microstrip antenna and the
superstrate has an effect on the gain of the novel antenna. As a result of the analysis of the
distance, it is found that the direction of the radiation reversed when the distance less than a
quarter wavelength, and the electromagnetic wave can be converged by the superstrate
when the distance is half-wavelength. The simulation results show that the novel antenna’s
maximum gain is 7.01dB at 4.99GHz, improved by 1.01dB. The novel antenna’s HPBW is
48°, decreased by 40.9°.The novel DSR metamaterial structure proposed in this paper
provides a reference for the design and practical applications of metamaterials in the future.
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