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Abstract:
negative permeability and permittivity characteristics with multi-band resonance for the X, Ku, and Ka frequency bands. Different
configurations of the patch antenna have been analyzed with different orientations and positions of the metamaterial. Optimized
performance was achieved with the new shape of the metamaterial antenna with an appreciable 9 dB gain, 77 GHz bandwidth,

We present the design and analysis of a novel modified H-shaped split ring resonator (SRR) metamaterial. It has

100% radiation efficiency, and 65% reduction in active area. The second-order fractal metamaterial antenna achieves high min-
iaturization on the order of 1/21. This is truly a boon in the communications world, as a sharp beam with smaller physical di-

mensions is urgently required.
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1 Introduction

Left-handed materials (LHMs) are increasingly
being used in various applications because of their
ability to modify the characteristics of the medium
(Schantz, 2005). They are formed by periodic
placement of the structures, such that each element
has a size less than the wavelength of the medium.
Thus, we can easily tune the characteristics of the
medium by minor changes in the unit cell. They can
be single negative materials (SNGs) or double
negative materials (DNGs).

In this work, we use the Ansoft high-frequency
structure simulator (HFSS) for the simulation of the
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designed structures. It uses the finite element method
(FEM) for solving electromagnetic (EM) structures
(Pozar, 1992).

In recent years, with the rapid development in
wireless communications, various alphabetic meta-
material structures such as S-shaped, V-shaped, and
U-shaped (Chen et al., 2004; Ekmek¢i and Turhan-
Sayan, 2007; Benosman and Hacene, 2012; Mallik
et al., 2013), have been proposed to reduce
the size of microstrip antennas. There has been
ever-growing demands for antenna designs with
compactness, low cost, high performance, and
multi-band (Mahatthanajatuphat et al., 2009). With
the use of fractal shapes of the radiating elements,
multi-band resonance with a single antenna is
becoming attractive (Gianvittorio and Rahmat-Samii,
2002).
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2 Novel modified H-shaped split
resonator metamaterial

ring

The schematic and design parameters of the
novel modified ‘H-shaped’ metamaterial (Islam et al.,
2014) are shown in Fig. 1 and Table 1, respectively. It
is composed of modified H-shaped resonating copper
conductors placed between two modified SRR
structures.

10 mm

Fig. 1 Schematic of the novel modified H-shaped SRR
metamaterial

Table 1 Design parameters of the novel modified
H-shaped SRR metamaterial
Parameter Value Parameter Value
/ 10 mm g 1 mm
K 0.5 mm h 1 mm
c 1 mm 4 5 mm

The width of each outer split-square resonator is
0.5 mm, and the outer length is 10 mm with a 0.5 mm
split. The structure is printed on a square-shaped
Duroid substrate with a dielectric constant ¢=2.2, a
dielectric loss tangent tand=0.025, side length a=
25 mm, width »=14 mm, and thickness =1.6 mm.
The structure is placed between two waveguide ports
(Fig. 2) at positive and negative locations on the x axis
and excited by an electromagnetic wave in the
direction of the x axis. The perfect electric conductor
(PEC) boundary condition is applied to the y axis, and
the z axis is defined as a perfect magnetic conductor
(PMC) boundary.

20 (mm)

Fig. 2
structure

Simulation setup for the novel metamaterial

The effective permeability and permittivity of
the medium can be determined from the simulated
complex S, and S); parameters using the Nicolson—
Ross—Weir method (Ziolkowski, 2003). Figs. 3a-3c
show the permittivity and permeability characteristics,
and the S,; parameter (transmission coefficient).

3
-~ 24 mai (12,0000, -0.0942)
£ ] m (37.0000, -0.1045)
.‘é‘
5 0
Q.
5 -1
§ -2 my (39.7633)1-0.0075)
T -3{ ms(14.0000, -0.1534)
€ _,]
(a)
-5 ! . . .
0 20 40 60 80 100
Frequency (GHz)

=
3
S m (61.0000, —0.0806)
E
[
[N
5 m4 (31.0000, -0.5514)
b=
©
Qo
g
2 (b)
-3.0 T y T r
20 40 60 80 100
Frequency (GHz)
-0.53 ,\\4
__ -12.50
g 1 m4 (39.0000, -9.7843)
& ms (37.0000, —10.7281)
-25.00 -
5.00 i m; (14.0000, -27.2368)
] © 12 - 1
_36.80 "mﬂ( .0900, 35.6'388) | |
124 1250 2500 37.50 50.00 6250 72.14
Frequency (GHz)
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permeability (b), and simulated transmission parameter (c)

It can be observed that the resonant frequencies
of 12, 14, 37, and 39 GHz are obtained. Table 2 gives
the values of permittivity, permeability, and S;; at the
X, Ku, and Ka band frequencies.

Table 2 Real values of u, ¢, n, and S,

Resonant frequency

(G Re(u) Re()  Re(p)
12 0.0262 —0.0942 2.8500
14 0.0320 —0.1534 —1.6035
37 —0.0873 —0.1045 —0.0052
39 —0.0656 0.0579 —0.4410
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From Table 2, the negative refraction or double
negative characteristics of the structure can be
obtained at 37 GHz.

In metamaterial structures, the equivalent
structure is obtained by calculating the resultant
capacitance due to the gaps and the resultant
inductance due to the metallic loops. This structure
can be divided into three sections, as shown in Fig. 4
with its equivalent circuit.

A ' B ' c
(b)
Fig. 4 Modified H-shaped SRR metamaterial (a) and
equivalent circuit of the modified H-shaped SRR (b)

The three sections are joined by two gaps.
According to the quasi-static theory, the capacitance
in the gap is given by

C=¢g5A/d, @)

where gy and ¢, are the permittivity of free space and
the relative permittivity, respectively, A is the cross-
sectional area of the gap, and d is the gap length,
which is s in our design.

The equivalent inductance and capacitance of
section B is given by (Grover, 1946; Pendry et al.,
1999; Paul, 2009)

2 AJ@w+h) +I
L=yt + s 2
Ho [2w+h c @
Cr =&, (Mln 2c j, 3)
b a-1
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where the free-space permeability is zo=4nx10" H/m
and the free-space permittivity is £=8.85x10""> F/m.

Similarly, equivalent inductance and capacitance
of sections A and B are given by (Saha and Siddiqui,
2011)

L = 0.0002[1g(4lW /d,) - 9], 4)
2(I +w,)=2mnr, %)
CPU1 Lim + 1/vint gOWt _ \/Z
=——|n———"—-g+ ,C = , (6)
g2 2n 2g M Z,

where subscript ‘gp’ stands for gap, subscript ‘pul’
stands for per unit length, 6=2.451, L; is the total
inductance, /, is the length of the w strip, d,, is the
depth of the w strip, /; is the length of the outer ring
(10 mm), and w; is the width of the outer ring (4.5
mm), Ly and wy, are the length of the inner ring
(3.5 mm) and width of the inner ring (6 mm) of the
internal rectangular ring of the proposed SRRs’ sec-
tions A and B (Fig. 1a), respectively, and & is the
free-space permittivity. The split gap is 0.5 mm, and ¢
and w are the thickness and width of rectangular rings,
respectively. The capacitance Cpy denotes the capac-
itance per unit length between the rectangular rings, &,
is the effective permittivity of the medium, ¢o=3x10"
m/s is the speed of light in free space, and Z; is the
impedance of the medium.

Upon substituting all the values, we obtain the
resultant capacitance Co=2x10"" F and resultant
inductance Leg=7.3% 10'° H. The resonant frequency
of the unit cell can be calculated by

o= |——. 7)
L.C,
The resonant frequency is found to be

13.17 GHz. Thus, there is a 6% error between the
simulated and theoretical values of the resonant fre-
quency of the metamaterial unit cell.

3 Microstrip patch antenna

Transmission line representation of the rectan-
gular microstrip patch antenna is by two slots of width
w and height A, separated by a transmission line of
length /. It resonates at 32 GHz with dielectric
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constant &=2.2, substrate thickness #4#=3.2 mm,
L=26.2 mm, and W=26.5 mm on a ground plane
(Balanis, 1997). The ground plane is almost finite
with a size greater than the patch by six times the
substrate thickness, length L,~65.6 mm, and width
W,=73 mm. Fig. 5 gives the constructional details.

50 (mm)

Fig. 5 Rectangular microstrip patch antenna

Microstrip feed using the quarter wave trans-
former feeds the antenna:

Z., =.Z

aw mpa Zo- ®

The input impedance Z; at the base of the mi-
crostrip feed line is 50 Q. Wy, and L, represent the
width (2.475 mm) and length (9.75 mm) of the quarter
wave transformer as calculated from the impedance
of the quarter wave transformer Zg, using the TX line
(transmission line calculator) software by AWR
Corporation’s Microwave Office. Fig. 6 shows the
simulated return loss and radiation pattern in the
H-plane of the rectangular microstrip patch antenna.

It can be seen that the return loss Sj; 1s 32.59 dB
at 32 GHz and the voltage standing wave ratio
(VSWR) is 1.02. The bandwidth in the range of fre-
quencies with VSWR<2 is 10 GHz. The peak gain is
9.7 dB and the peak directivity is 12.97 dB. It can be
seen that the impedance of the antenna is around
90 Q.

4 Proposed antenna configurations

To enhance the performance parameters of the
antenna, three configurations are proposed, as shown
in Fig. 7.

In Fig. 7b, the metamaterial is placed at a cou-
pling distance of 0.5 mm from top of the patch in the
middle of the substrate. The simulation results are
shown in Fig. 8.
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Fig. 7 Proposed antenna configurations: (a) patch an-
tenna; (b) metamaterial placed at a coupling distance of
0.5 mm from top of the patch in the middle of the sub-
strate; (c¢) metamaterial array formed with a 0.5 mm gap
between each; (d) patch antenna with a lessened active
area
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vs. frequency of the configuration in Fig. 7b (¢)

In Fig. 7c, the metamaterial array, comprising
three elements in a row, is formed with a 0.5 mm gap
between each. The center of the array coincides with
the center of the patch and is placed at the middle of
the substrate. The simulation results are shown in
Fig. 9.

The shifts in the resonant frequency are obtained
at 9 and 18 GHz. This amounts to a miniaturization of
the antenna structure by 71% and 43%, respectively.

The estimated expression for the exact band-
width of a tuned antenna is inversely proportional to
the magnitude |Z'y(wy)| of the frequency derivative of
the input impedance. It has been shown that a
properly defined exact Q of a tuned lossy or lossless
antenna is nearly proportional to |Z'o(wy)|, and thus O
is nearly inversely proportional to the bandwidth (for
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not too large a bandwidth) of a simply tuned antenna
at all frequencies (Yaghjian and Best, 2005). Thus, by
inserting the metamaterial array into the antenna
substrate, the effective impedance decreaces, thereby
increasing the bandwidth.
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In Fig. 9d, the rectangular patch antenna is
shown with the active area reduced by the area of the
circle of radius 12 mm. The active area (Saraswat and
Kumar, 2016) is reduced by 65%. The metamaterial is
placed in the middle of the substrate such that its
center coincides with the center of the patch. The
simulation results are shown in Fig. 10.
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Fig. 10 Return loss curve (a), VSWR curve (b), and ra-
diation pattern of the configuration in Fig. 7c (c)

Secondary resonances are obtained at 9, 12, and
18 GHz. This amounts to miniaturization of the an-
tenna structure by 71%, 62.5%, and 43%, respectively.
Fig. 11 shows the plot of Z;; in the operating fre-
quency range of the antenna.

70

0 o
-100 -90 ~80

Fig. 11
antenna

Zy, in the operating frequency range of the

We have the antenna impedance:

2=, ©)

The Smith chart explains the decrease in im-
pedance, as the capacitive reactance is indicated by
the curve. Thus, because of the capacitive loading of
the antenna, the impedance decreases and the band-
width increases.

The above results are summarized in Table 3.

From the above configurations, we first con-
clude that for high-directivity applications, the an-
tenna must be coupled with the metamaterial on the
top. This type of placement helps enhance the field in
a particular direction. Second, for the ultra-wideband
on the order of 91 GHz, the maximum miniaturization
of 78% is achieved by the array of three metamateri-
als, where the center coincides with the center of the
patch. This configuration leads to a decrease in the
effective the bandwidth is enhanced. Third, the
maximum medium characteristics just below the

Table 3 Results of different antenna configurations

Figure Gain Directivity Radiation effi-  Bandwidth Return loss ~ Active ?rea Miniaturization
(dB) (dB) ciency (%) (GHz) (dB) (mm”) (%)

Fig. 7a 9.7 12.97 73.0 10.00 32.59 694.3 -

Fig. 7b 10.0 10.40 97.4 16.34 23.28 694.3 71

Fig. 7¢c 9.7 9.40 99.5 91.00 39.19 694.3 78

Fig. 7d 8.7 7.40 100.0 77.00 30.12 241.9 71
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patch. Hence, radiation efficiency with the maximum
reduction in the active area of the patch can be ob-
tained with a fractal antenna.

5 Fractal antenna

One method of reducing the antenna’s active
area is using the fractal geometry. Fractals are de-
signed by some iterative mathematical formulae in
such a way that the fractal is generated from any
simple object (Fig. 12).

y

Yy, 0 20  40(mm)

(a)
Fig. 12 Fractal of the first order (a) and second order(b)

In Fig. 12a, five fractals of dimensions
10.5 mmx10.5 mm are placed to form the first-order
fractal antenna, and in Fig. 12b, each unit is further
divided using the same iterative method to form the
second-order fractal antenna.

The metamaterial, as a single element and as an
array of three elements, is placed in the middle of the
substrate such that the center of metamaterial coin-
cides with the center of the patch for both first- and
second-order fractals (Fig. 13). The results obtained
have been tabulated in Table 4.

In the configuration of Fig. 13a, high directivity
is achieved because of the operation in the near-zero-
refraction region. As the refraction is very close to 0
or very much less than 1, the field lines are highly
directed (Fig. 14).

Thus, using the fractal metamaterial antenna

of second-order iterative mathematics, we can

(a) i (b)

,g 0 15_30 (mm) / 0
(c)

X

/7 0 15 30 (mm) / 0

z z

15 30 (mm)

Fig. 13 Fractal metamaterial antenna: (a) first-order
fractal antenna with metamaterial; (b) first-order fractal
antenna with a metamaterial array; (c) second-order
fractal antenna with metamaterial; (d) second-order
fractal antenna with a metamaterial array

my (32.7273, 0.2913)

Real part of refractive index

20 25 30 3 40 45 50
Frequency (GHz)

Fig. 14 Real part of the refractive index vs. frequency

miniaturize the antenna by 21 times along with the
improvement in bandwidth. The miniaturization is
possible because the perimeter of the patch increases
with the order of fractalization. The increase in
bandwidth is achieved because of the decrease in
impedance of the substrate. This is a boon in today’s
wireless communication, where a very sharp reso-
nance antenna with smaller physical dimensions is
required.

Table 4 Fractal metamaterial antenna

Figure Gain  Directivity ~ Radiation effi- Bandwidth Return loss Miniaturization
(dB) (dB) ciency (%) (GHz) (dB)
Fig. 12a 8.88 8.94 98.70 12.41 31.18 -
Fig. 13a  10.23 10.26 99.28 16.59 26.32 7%
Fig. 13b 8.90 8.90 98.90 20.00 28.80 -
Fig. 12b  7.00 7.00 98.00 17.50 23.50 1/4 at 6.3 GHz
Fig. 13c 7.00 7.00 98.00 41.40 31.00 1/21 at 1.5 GHz
Fig. 13d  7.00 7.00 97.00 34.00 20.00 1/5 at 6.0 GHz
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6 Results and discussion

In this paper, two techniques have been proposed
to realize a miniaturized patch antenna as follows:

1. A circular slot has been cut from the rectan-
gular patch, which reduces the active area of the
patch.

2. The fractalization approach leads to a reduc-
tion in the active patch area and volume of the antenna
structure.

Many sizes and shapes are used for designing the
fractal antennas (Barasara et al., 2012).

Fractal antennas have been extensively used in
wireless communication as they can fit into a small
space and have multiple frequencies of operation
(Cohen, 1997; Vinoy, 2002; Singh et al., 2009). When
the order of iterations in the antenna increases, the
size decreases and the effective electrical length in-
creases, which leads to the miniaturization of the
antenna (Cohen, 1995; Best and Morrow, 2002). As
the volume decreases, the energy can be coupled more
efficiently from the feed line.

The above miniaturization techniques have been
combined with the use of metamaterials to improve
the bandwidth of the patch antenna. For example, the
metamaterial cover increases gain, bandwidth, and
directivity (Harrington, 1960; Gupta, 1988; Dwivedi
et al., 2013; Nordin et al., 2013), it increases di-
rectivity by focusing more energy, and it (SRR, etc.)
reduces surface waves. Size reduction (63%) of the
patch can be achieved by using metamaterials, e.g., a
mushroom structure (CRLH-TL). In addition, a wider
band can be obtained by reducing the ground plane of
the antenna. An ultra-wideband (189%) can be
achieved by placing a number of metamaterial unit
cells.

In this study, using different metamaterial ori-
entations and shapes of the antenna, the bandwidth
has been increased by nine times, and the second-
order fractal metamaterial antenna helps achieve high
miniaturization of the order of 1/21, which is the
largest achieved so far.

7 Conclusions

A new double-negative metamaterial unit cell
structure was presented that resonates at frequencies

in the X, Ku, and Ka bands of the microwave spectra.
The latter band has wide applications in microspace-
craft development. By using different metamaterial
orientations and shapes of the antenna, bandwidth
was increased by nine times, and miniaturization of
78% and 62.5% in the active area of the patch antenna
was achieved. The new metamaterial antenna with
reduced active area promises a 100% radiation effi-
ciency with a little compromise between gain and
directivity. The second-order fractal metamaterial
antenna helps achieve high miniaturization of the
order of 1/21. This is truly a boon in communication,
as a sharp beam with smaller physical dimensions is
highly desired.
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