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Abstract— In this paper, a novel method is proposed to increase the
gain and radiation efficiency of a compact patch antenna. By
employing a combination of three efficient techniques, we have
developed a multi-resonance L-DGS antenna with a high gain of 5
dB and an efficiency of 99.6%. Furthermore, a novel compact
Double Negative metamaterial unit cell and its equivalent circuit
are investigated, to achieve high miniaturization of 3030 mm2 and
multi-band wireless applications (2.8 GHz, 4.1-4.45 GHz, 5.6 GHz).
Koch snowflake fractal is introduced along radiation patch edges to
improve the antenna matching. The antenna is designed using
commercially available package CST software, printed on Rogers
RT5880, and the probe feed mechanism is adopted for the antenna
excitation. Then, to prove the validation of the antenna design, the
equivalent circuit is presented and simulated using ADS of Agilent
software. The compared simulation results given by CST, HFSS
and ADS software have confirmed the antenna use for WIMAX, C-
band and WLAN applications.

Index Terms— Compact antenna; Miniaturisation; Metamaterials; Fractal
technique; DGS technique.

[. INTRODUCTION

Man's modern life is characterized by the wide use of electronic mobile devices. For their efficient
and optimal use, they must be compact and able of multifunction and multi-frequency band operation
that corresponds to the standards such as IEEE 806.16, IEEE 806.11, GSM, CDMA, etc.
Communication standards, e.g., Bluetooth, WIFI, ZigBee, WiMAX, mobile networks have been
developing too fast, which require the integration of one or more antennas in one unit. To satisfy this
requirement, the antenna, in particular, must be conformal to the device body, compact in size, and
able to operate at multiple frequencies of mobile communication systems. As an example of such use,
modern electrocardiography (ECG) monitors, blood pressure monitors, and biosensors in the medical
field, which are going through the telecommunications field and making use of GPS devices, cell

phones, and smart wearable, etc. Facing this technological challenge, research works on small antenna
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construction have naturally been developed. Several techniques have already been proposed during
past decades. Even so, these techniques have the inconvenient to decrease the antenna performance's
in most cases. So, at present, designing a compact antenna with good performances and ability of
integration into small volumes presents a real challenge.

Broadly speaking, there are two different categories of miniaturization methods, each of which
contains several techniques. The first category is based on the extension of the electrical current path
by the modification of the geometry. One of the widely used techniques that reduce the antenna space
is meander line [1]. However, although it allows size compactness, this technique most often results in
antennas with narrower bandwidth [2]. Another proposed technique is fractal geometries [3]-[5],
which increases the current path. Consequently, a reduction of the physical dimension is achieved.
Besides, this technique has proven its efficacy in designing multiband structures with more
economical low profile [6]. The self-similarity of the fractal geometries provides impedance matching
at multiple operating bands. Therefore, impedance matching is achieved by two types of methods,
structural modification and lumped elements insertion [7]-[9]. Many papers have used the fractal
technique to enhance the impedance matching of the antenna [10]-[12]. However, the bandwidth as
well as the efficiency of the Koch fractal monopole antenna has exceedingly degraded compared to
the monopole antenna [13]. Another commonly used technique for printed antennas is the
introduction of shortening pin for the purposes of miniaturization. This technique can provide a
compact size to a maximum of wavelength quarter, though; the slots can distort the radiation patterns
[14]. Besides compactness, this technique is practical to any antenna form. Slot-loading technique is
one of the promising techniques, which is also reported in the literature. Interesting slots to the
radiating metallic results have been obtained in reducing the size of a patch antenna and producing
multiband operation within a specified frequency range [15]. Ground plan modification or so-called
Defected Ground Technique (DGS) is another method for planar antennas miniaturisation [16], the
reduction of ground plan size or inserting slots in the ground plan helps in lowering the operating
frequency, which leads to size reduction, except, this technique has drawbacks of increasing the back-
lob level. The addition of reactive components to slot antennas is considered as a method of
miniaturization [17]. In [18], with the use of chip capacitor loading, Cheng-Shong Hong has achieved
a 23.4 % slot antenna area size reduction. Unfortunately, the common disadvantage of such antennas
is the high-quality factor, which occurs from the capacitor loading. The second category of
miniaturization is based on manipulating the dielectric and magnetic properties of the antenna
material. Generally speaking, this method includes three different techniques. The first one consists of
using substrates with high permittivity, typically of 10 to 20 order. Thus, this class substrate allows
reducing the antenna size with no geometry changing [19]. The main drawback of this technique
remains in the high cost of the substrates during the manufacturing process. The second solution that
was increasingly attracting research attention over the last few years is employing the magnetoelectric
(ME) materials. The ME coupling effect brings novel functionalities to develop many new types of
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electronics such as high-speed memory, radio frequency resonator, compact ME antenna, and weak
magnetic field sensors [20]. On the practical side, most existing ME materials have both high
permittivity and permeability with many losses. Also, the limited commercial EM materials are only
usable for frequencies up to 1 GHz and are of a high cost [21-22]. The alternative solution to design
electrical circuits, compact antennas in particular with novel properties like small profile, low losses,
is the use of artificial electromagnetic materials, also known as metamaterials. This specific class of
materials has proven to be a universal and very powerful technique of miniaturization [23]. Unlike
many other techniques, Metamaterials do not lower the bandwidth of the antenna.

Despite the miniaturisation possibilities granted by the mentioned techniques, they usually come to
a compromise of size, bandwidth, and radiation efficiency. To overcome this issue, a combination of
multiple miniaturisation techniques can reduce these drawbacks. Varamini et al. have designed a
compact microstrip antenna with dual-band characteristics by blending of the metamaterial and fractal
techniques, where a slot antenna is developed with Sierpinski carpet and Minkowski fractals, and then
a metamaterial unit cell is loaded on the slot area of the antenna. The proposed antenna showed two
resonances frequencies at 3.2 and 4.5 GHz [24]. Furthermore, the authors have proposed slight
modification to the metamaterial layer and introduced reconfigurable qualification, where both
resonances are shifted to 3.5 and 5.8 GHz. Against the background of miniaturisation techniques
combining, by adopting defected ground structure (DGS), metamaterial cell and interdigital capacitor
(IDC) shaped slots, Singh, Amit Kumar, et al. have designed a miniaturized significant gain triple-
band patch antenna [25]. Initially, a patch antenna resonates at 10.15 GHz is designed, and then the
radiating patch is loaded with IDC to add a series capacitance, which decreased the resonance
frequency to 7.57 GHz. Further, a modified double circular slot ring resonator (MDCSRR) is inserted
as a DGS; this caused a significant shift in resonant frequency to 3.20 GHz, resulting in
miniaturization of 68.83%. Besides a triple band of operation with a gain of 3.28 dBi at 3.2 GHz, 2.76
dBi at 5.4 GHz and 3.1 dBi at 5.8 GHz. The shorting vias and slots were combined by Boukarkar, X.
Lin et al. in [26], to design a miniaturized multi-band patch antenna. A size reduction of 60% is
achieved by loading metallic shorting vias on the edge of the radiating patch, while the multi
resonance is obtained by etching multiple inverted U-shapes slots. Peak gains and efficiencies vary
from 1.43-3.06 dBi and 42—74%, respectively are measured.

This paper presents an efficient method for miniaturisation techniques combination to obtain a
multi-resonance antenna with a very compact size and high gain and efficiency. In addition to that, a
new approach for designing multi resonant metamaterial unit cell is developed and presented. Two
newly modified-CSRRs are integrated into a single layer, to achieve a unit cell design with the desired
characteristics. Moreover, the designed unit cell is engraved on the radiating patch of a microstrip
antenna to achieve high miniaturisation and triple frequency band of operation. For further
improvement in impedance matching, the third iteration of Koch-snowflake fractal is introduced along
the four edges of the radiating patch, and the ground plan is defected with an L-shaped slot to increase
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the gain and efficiency of the antenna.

This study is achieved in four stages. In the first stage, we present the design methodology and
simulation results of the new modified CSRR unit cell. In the second stage, the new designed MTM
unit cell is engraved in the resonating patch of a conventional coaxial feed printed antenna, to attain
the multi resonance and reduce size. Then, the Koch snowflake fractal is introduced along the edges
of the square patch to improve impedance matching, named stage three. Finally, L-shaped slot is

etched from the ground plan centre, to enhance the radiation properties, besides the return loss.

II. GEOMETRY AND PERFORMANCE OF METAMATERIAL UNIT CELL

The proposed metamaterial unit cell developing method proposed in this paper starts with designing
a conventional complementary split ring resonator as a reference. The analysis of the reference unit
cell geometries and results lead to understanding the effect of every parameter. From this background,
the Single Diagonal CSRR (SDCSRR) unit cell in Fig. 1 (a) is designed by introducing an additional
split and a diagonal to the original CSRR to introduce a dual resonance at a lower frequency. Further,
the SDCSRR size is reduced, then, a cross-diagonal and a split are inserted as in Fig.1 (b), to swipe up
the resonance frequency to the upper WLAN 5 GHz range. In a final step, the SDCSRR and CDCSRR
metamaterials cells are combined into a single SCDCSRR cell layer (Fig. 1 (c)) that gathers the
characteristics of both unit cells. Fig. 1 (f) describes in details the design methodology of the proposed
unit cell SCDCSRR. The unit cells dimensions are given in Table I. The Rogers 5880RT substrate of
a dielectric constant of 2.2, a loss tangent of 0.0009, and a thickness of 3.175 is considered for this
study. The unit cells are enclosed in an air-filled waveguide, excited by two waveguide ports
perpendicular to the Y-axis, while the Perfect Electric Conductor PEC and Perfect Magnetic
Conductor PMC are assigned to the X and Z axis, respectively, as depicted in figure 1 (d). The CST
Microwave Studio software is used to design the metamaterial unit cells and retrieve the scattering
parameters. The metamaterial structures could be measured by connecting the unit cells into an
AgilentTM PNA-L Series Network Analyzer using SMA ports and co-axial cables to find the S-

parameters, as in Fig. 1 (e).
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Fig. 1. Geometry of (a) Single Diagonal CSRR, (b) Cross Diagonal CSRR, (c) Integrated SCDCSRR cell, (d) Boundaries
conditions, (¢) measurement method, and (f) Design methodology of the proposed SCDCSRR cell.
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TABLE 1. DIMENSIONS OF SDCSRR AND CDCSRR UNIT CELLS.

Dimension W2 D1 D2 G2 W1 L1 G1

Value [ mm] 513 533 85 0.83 19 18 1

The Single Diagonal Complementary Split Ring Resonator SDCSRR is designed by introducing an
additional split and a diagonal to the conventional CSRR. The split gap has a capacitance effect, as

expressed in equation (1) [27].

EoT].t
Co=—G1

Where g is the permittivity of free space, T1 and t present the width and thickness of the rings,

()

respectively. The total capacitance is the mean of the series capacitance Cg and the gap capacitance

Cg.

2
The diagonal increases the wire length, so it has an inductance effect which is calculated by
equation (2) as follows [28]—[30]:

w4+t
I

The parameter | presents the length of the microstrip line and it is calculated by I = 2(4 W1 +

!
t) +1.193 +0.2235

Lo =2 x 10741 [1n (W "

| Ko 3)

V2 W1) —2G1 , where w and t are the thickness and the width of the microstrip line, respectively.

Kg is the correction factor and it is calculated by the equation K, = 0.57 — 0.145 ln% , here ’ is the

width and h’ is the thickness of the substrate.

The resonance frequency can be calculated by:
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Fig. 2. Equivalent circuit of SDCSRR unit cell.
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Fig. 3. Scattering parameters of conventional CSRR, SDCSRR unit cell and equivalent circuit.

The equivalent circuit is a qualitative response from the structure, used to understand or predict the
resonance mechanism of an electrical circuit at respective resonant frequencies [31]. The equivalent
circuit of the unit cell presented in Fig. 2 is constructed with the help of a shunt connected resonators
comprised of capacitors and inductors, both arranged in series and/or in parallel. The given lumped
elements values are calculated using the Advanced Design System (ADS) software.

As shown in Fig. 3, the SDCSRR transmission coefficient over the frequency band from 2 to 4.5
GHz, presents a low resonance frequency at 2.8 GHz, in addition to the resonance frequency of the
conventional CSRR at 3.7 GHz. According to the obtained results, the performance of the SDCSRR
design method is validated. The S21 equivalent circuit curve agrees well with the CST result.

To generate a frequency of operation at the upper WLAN band (5 GHz), firstly, SDCSRR size is
reduced, then, a second diagonal is introduced to design the Cross Diagonal CSRR (CDCSRR). The
parametric study of the CDCSRR unit cell dimensions effects on the resonance frequency is
investigated and presented in table II. The equivalent circuit and lumped elements values are
presented in Fig. 4.

From Fig. 5, CDCSRR transmission coefficient presents a resonance frequency at 5 GHz with
impedance matching of -68 dB. Also, an excellent matching with S21 of the equivalent circuit is

observed.
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TABLE II. CDCSRR UNIT CELL PARAMETERS EFFECT ON RESONANCE FREQUENCY.

Parameter Parameter value Frequency of operation shift

W2 Increase Upward
D1 Increase Downward
D2 Increase Upward
G2 Increase Upward
T2 Increase Upward

The SDCSRR and CDCSRR unit cells are combined into a single layer metamaterial unit cell
(SCDCSRR), to gather the properties of both previous unit cells. Fig. 7 shows a comparison between
the transmission coefficients of the final unit cell structure with twvo CDCSRRs in the centre and the
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upper right corner of the SDCSRR, the SDCSRR cell with a single CDCSRRSS in the centre, and the

equivalent circuit of the final unit cell.

The S21 comparison presents three resonance frequencies 2.8 GHz, 4 GHz and 5GHs, respectively.
The additional CDCSRR at the upper right corner has improved the impedance matching at SGHz and

reducing the unwanted harmonics at 5.8 GHz without need of an additional filter component.
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A Matlab code based on the equations (5-8) is used to retrieve the electromagnetic properties of the
unit cells [32], [33]. The impedance z is calculated using the scattering parameters S11 and S21

extracted from CST microwave studio.
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The refractive index n is dependent on the scattering parameters, the dielectric slab thickness d, and

the wave victor in free space k.
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Fig. 9. Permittivity of CDCSRR unit cell.
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The transmission coefficient phase of the SDCSRR in Fig. 8 shows a phase variation of 180° at 2.8
GHz, which explain the appearance of the negative epsilon region at this frequency. The permittivity
of the CDCSRR unit cell in Fig. 9 shows a negative region at SGHz; thus, the ENG characteristic is
confirmed. Fig. 10 presents the permittivity of the SCDCSRR unit cell, the SCDCSRR configuration
with two CDCSRR unit cells has two epsilon negative regions around 2.8 GHz and 5 GHz; thus, it
carries the metamaterial properties of both the SDCSRR and CDCSRR unit cells.

Table III resumes the characteristics of the three simulated unit cells.

TABLE III. CHARACTERISTICS OF THE THREE SIMULATED UNIT CELLS.

Unit cell SDCSRR CDCSRR SCDCSRR
Dimension [mm] 19%x19 6x6 19%x19
Freq. of operation [GHz] 2.8, 3.7 5 2.8,3.7,5
S21 at resonance frequency [dB] -48, -62 -68 -39, -44, -44
ENG region [GHz] 2.8 5 2.8,5
ENG pic [Real part] -3 -15 -18, -5

III. ANTENNA DESIGN AND METAMATERIAL LOADING

The proposed antenna design is based on the conventional rectangular patch antenna [34]. the

dimensions of the reference antenna are calculated using the following equations (9-11) [35].

C

2f, ’SR2+ 1 )

Width =
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(Sofs +0.3) (3 +0.264)

c
Length = =————-0.824h (10)
2foyEers (8efs = 0.258) (1 +0.8)
Where
Er + 1 ER — 1 1
Eeff = 5 + ) (11)

The Rogers RT5880 substrate with a relative permittivity £.¢5 of 2.2 and a thickness h of 3.175
mm is considered for the study. The calculated dimensions of the radiating patch for 2.5 GHz
operating frequency, are 38.62 mmx 47.43 mmx3.175 mm. The coaxial feeding technique is used to
feed the proposed antenna with 50-ohm impedance.

To reduce the antenna size and introduce the multi resonance, the radiation patch of the reference
antenna radiation patch is miniaturized to 28 mm %28 mm, then the proposed SCDCSRR unit cell is
engraved on its centre as shown in Fig. 11.

The return loss in Fig. 12 shows that the reference antenna with 28 mm %28 mm patch has a single
resonance frequency at 3.4 GHz. By loading the SCDCSRR to the radiating patch, the unit cell has
induced two resonances at 2.65 GHz and 5.2 GHz, besides improving the impedance matching at 3.4
GHz.

Noting that the resonance frequencies locations of the antenna with metamaterial can be predicted

since they match those of the SCDCSRR cell in fig.7.

Fig. 11. Geometry of miniaturized antenna with SCDCSRR unit cell.
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Fig. 12. Return loss of conventional miniaturized antenna and that of miniaturised antenna with SCDCSRR unit cell.

The antenna size can be miniaturised whether by reducing the size and maintain the same resonance
frequency or by shifting the resonance to a lower frequency and maintain the same size of the antenna
[1]. In this paper, the proposed antenna size is miniaturized by 63.11% in two steps. First, the size of
the radiating patch of the reference antenna is reduced from 38.62 mm x47.43 mm to 28 mm %x28 mm,
which resulted in a resonance frequency shift from 2.5 to 3.4 GHz. Then to attain a resonance at a
lower frequency, the SCDCSRR unit cell is loaded to the radiation patch, and a resonance frequency

is created at 2.65 GHz. The table IV depicts the miniaturisation process followed in this paper.

Table IV. ANTENNA MINIATURIZATION PROCESSES.

Antenna Size [mm2] Lowest resonance [GHz] Achieved miniaturisation [%]
Conventional antenna 38.62x47.43 2.5 -
Reducing patch size 28%28 34 -
Metamaterial loading 28%28 2.65 57.2

IV. FRACTAL TECHNIQUE EMPLOYING

Koch snowflake fractal is etched from the four edges of the resonating patch to improve return loss
at the resonance frequencies, as depicted in Fig. 13. The first order is formed of four sections, each
section is one third the length of the rectangular patch (28 mm/3). In the second order, each of the four
sections is replaced with the same shape which makes them sixteen segments, each one is one-ninth
the patch side length. Table V resumes the effect of Koch snowflake fractal order on the antenna

return loss.
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Fig. 13. (a) First iteration (b) second iteration of Koch snowflake fractal.
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Fig. 14. Return loss of antenna with fractal.

TABLE V. EFFECT OF KOCH SNOWFLAKE FRACTAL ON THE RETURN LOSS.

Fractal order Frequency [GHz]

Reflection coefficient [dB]

Zeroth order 2.65 -8.98
3.40 -17.51
5.20 -11.78

First order 2.52 421
3.28 -14.98
5.13 -18.66

Second order 2.48 -4.71
3.27 -20.13
5.12 -16.42

V. DGS TECHNIQUE EMPLOYING

To improve the radiation parameters as gain, radiation pattern and efficiency, the DGS technique is

employed. The L shaped slot is etched from the ground plan of the proposed antenna. The slot has the

dimensions of GY=20 mm, GX=17mm, gy=10mm, and gx=9mm. The final antenna is fed by the

SMA connector attached, as shown in Fig. 15.
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Fig. 15. Final proposed antenna with L-slit DGS in (a) Front view, (b) Side view and (c) Back view.
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Fig. 16. Final proposed antenna equivalent circuit.
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Fig. 17. Return loss of the proposed antenna.
The return loss of the proposed antenna is presented in Fig. 17, the DGS technique enhanced

noticeably the impedance matching of the first resonance frequency, but also has shifted upward the
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three resonance frequencies.

Moreover, the ANSYS HFSS software is investigated to validate the CST obtained results and then,
the equivalent circuit is provided. The comparison of return loss results is shown in table VI, the three

return loss results show good agreement at the whole frequency ranges.

Fig. 18. Current distribution and radiation pattern of proposed antenna at (a) 2.8 GHz, (b) 4.3 and (c) 5.6 GHz.

TABLE VI. COMPARISON OF RETURN LOSS RESULTS.

1%t resonance frequency 2nd resonance frequency  3rd resonance frequency

[GHz] [GHz] [GHz]

CST 2.8 4.0~4.43 5.6
HFSS 2.8 40~4.4 5.6
ADS 2.8 42~4.4 5.6

To explain the physical mechanism of radiation at the three resonance frequencies, the current
distribution besides the radiation pattern are presented in Fig. 18. The distribution of surface current at
the frequency 2.8 GHz is mainly concentrated in the SDCSRR and the central CDCSRR unit cells
with a maximum of 530.3 A/m, as shown in Fig. 18 (a). Moreover, the antenna has a two-sided
radiation pattern, the forward lob at the Z-axis is more significant with a maximum gain of 5.01 dB. In
Fig. 18 (b), the current at the second resonance frequency is distributed at all the surface of the
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radiating patch, which reduces the surface current maximum to 143.7 A/m. The radiation pattern at
4.2 GHz is bidirectional with a maximum gain of 4.21 dB at the main lob in the Z-axis. Fig. 18 (c)
shows that the resonance frequency at 5.6 GHz is caused by the CDCSRR at upper left corner. The
maximum surface current is 1030 A/m, the radiation pattern at 5.6 GHz has a main lob with a

maximum gain of 5.09 dB.

Gain [dB]|
Efficiency [%)]

—Gain 702
25 — — ~Efficiency

701

2 25 3 3.5 4 45 5 55 6
Frequency[GHz]

Fig. 19. Gain and Efficiency of proposed antenna.

Fig. 19 shows that the proposed antenna provides an excellent simulated radiation efficiency with
values of 96.06%, 99.3% and 95.91% at the frequencies 2.8 GHz, 4.2 GHz, and 5.6 GHz, respectively.

The methodology of input impedance measurements and pattern measurements such as gain,
beamwidth, polarization, and minor lobe level of the proposed antenna are described in [36].

In table VII, a comparative analysis is provided with respect to existing reported antennas. The
comparison is made by taking into consideration the miniaturisation techniques, the overall dimension

of the antennas, resonance frequency, and the gain.
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TABLE VII. COMPARISON OF PROPOSED ANTENNA WITH THOSE STUDIED IN LITERATURE.

Parameters Antenna size [mm?] Resonance [GHz]  Gain [dB] Employed techniques
2.8 5.01 MTM
This Work 30%30 4.2 4.21 Fractals
5.6 5.09 DGS
24] 40x40 3.15 35 MTM
4.56 2.6 Fractals
32 3.28 MTM
[25] 40x40 5.4 2.76 DGS
5.8 3.1
2.98 2.59 Slots
[26] 40x40 4.73 3.58 Shorting pins
5.7 2.29
2.6 0.2 Slots
[37] 35%35 3.5 0.16 DGS
5.8 0.62

VI. CONCLUSION
This paper presents a compact triple-band antenna for WIMAX and WLAN applications. The

proposed antenna is designed by combining the metamaterials, fractals, and DGS. The antenna size is
reduced into 63% by introducing a novel modified CSRR unit cell in the centre of a rectangular
radiating patch, then, the return loss and the radiation properties are improved by employing the Koch
snowflake fractal and the DGS techniques. The antenna is designed on a Rogers RT5880 substrate
with an overall dimension of 3030 mm?2 and fed by a 50-ohm coaxial line. The suggested antenna is
analysed using full-wave electromagnetic solvers, CST Microwave Studio (MWS), and Ansoft HFSS
for validating the obtained simulated results. Moreover, the Advanced Design System (ADS) software
is used to calculate the equivalent circuit of the metamaterial unit cells. The obtained results show that
the proposed antenna achieves good impedance matching at the three resonating bands 2.7 GHz, 4.1-
4.45 GHz, and 5.6 GHz, with a good gain of 5.01 dB, 5.21 dB and 5.09 dB, respectively, and
excellent radiation efficiency of 99.6%. The comparison table proves that the proposed antenna has a
smaller size, and better gain and efficiency comparing to recent multi-resonance antennas, reported in

the literature.
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