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Bandwidth enhancement of dual-band bi-directional microstrip
antenna using complementary split ring resonator with defected
structure for 3/5 GHz applications
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This paper presents a bandwidth enhancement of a dual-band bi-directional
rectangular microstrip patch antenna. The novelty of this work lies in the
modification of conventional rectangular microstip patch antenna by using
the combination of two techniques: a complementary split ring resonator
(CSRR) and a defected patch structure (DPS). The structure of antenna was
studied and investigated via computer simulation technology (CST). The
dimension and position of CSRR on the ground plane was optimized to
achieve dual bandwidth and bi-directional radiation pattern characteristics.
In addition, the bandwidths were enhanced by defecting suitable shape
incorporated in the microstrip patch. A prototype with overall dimension of
70.45x63.73 mm? has been fabricated on FR-4 substrate. To verify the
proposed design, the impedance bandwidth, gain, and radiation patterns
were carried out in measurements. The measured impedance bandwidths
were respectively 560 MHz (3.08-3.64 GHz) and 950 GHz (4.64-5.59 GHz)
while the measured gains of each bandwidth were respectively 4.28 dBi and
4.63 dBi. The measured radiation patterns were in good agreement with
simulated ones. The proposed antenna achieves wide dual bandwidth and bi-
directional radiation patterns performances. Consequently, it is a promising
candidate for Wi-Fi or 5G communications in specific areas such as tunnel,
corridor, or transit and rail.
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1. INTRODUCTION

Demand of the upcoming technology for the fifth-generation (5G) wireless communication has been
rapid increasing due to the inherent advantages of high channel capacity and high data rate communication
[1]. To support these capabilities, an antenna with wide bandwidth characteristic is required. There are many
wideband or ultra-wideband antennas [2]-[6], but their structures are too bulky. Thus, microstrip patch
antenna is one of the most interesting structures that always be chosen to use due to its compact size, light
weight, low cost and ease of fabrication and integration [7], [8]. However, its major drawback is narrow

Journal homepage: http://ijece.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

1684 O ISSN: 2088-8708

impedance bandwidth, typically less than 5% [9]. Thus, many works concerning how to widen the bandwidth
of microstrip patch antenna such as feeding with different techniques or applying material composites have
been published. A technique called proximity coupled-feed deals with the feeding mechanism only while the
patch structure is still fix. The bandwidth at the order of 8% can be achieved, but the antenna structure is
thicker than conventional one [10]. Coupled parasitic elements with shorting vias has been presented in [11].
The antenna structure is only on a single substrate, but the added parasitic elements and vias cause the
antenna structure more complex. A differential-fed with shorting posts has been presented, but its feeding
network is quite complex [12]. In addition, a technique of defecting patch structure (DPS) with different
shapes to create multi-paths of surface current distribution is much interesting since it can increase bandwidth
without changing the overall structure [13]-[16]. For example, a d-shaped defected into patch structure can
increase bandwidth to 126 MHz [16]. According to aforementioned, they only focused on increasing the
impedance bandwidth of a single resonant frequency and remaining the input impedance and the radiation
pattern constant over the frequency band. Nevertheless, the designs for fractional bandwidths of microstip
patch antennas are quite a few. Especially the dual-band antennas that having wide bandwidth and bi-
directional radiation pattern for using in specific areas such as corridor, tunnel, or transit and rail are still
lacking.

In order to increase the multiple resonant frequencies, a complementary split ring resonator (CSRR)
is an interesting technique. It has previously been published to enhance microstrip antennas since it not only
increases bandwidthand gain but also resonates at multiple frequencies. CSRR is the metamaterial structure
which is loading a typical microstrip or coplanar waveguide (CPW) transmission line with reactive elements
to generate the artificial substrate that has the simultaneously negative permittivity and permeability. It was
originally proposed as a notch filter element in microstrip transmission line [17]. In the recent years, CSRR
structure has been extensively developed to enhance microstrip antennas performance and other microwave
devices such as microstrip lines, filters, and waveguides [18]-[20]. In addition, it is etched in the ground
plane underneath a microstrip feed line to behaves like a tank circuit resonance to convert a single band to
dual band microstrip antennas [21]-[24]. However, it is inherent of microstrip patch antenna that provides
uni-directional radiation patterns and there are quite a few works involving designs for bi-directional
radiation pattern.

In this paper, the bandwidth enhancement of a dual-band bi-directional microstrip patch antenna by
using CSRR combined with DPS techniques is proposed. The antenna was initially designed by calculating
the dimension of CSRR for embedding it into a rectangular microstrip patch antenna to get dual frequency
function. Then, it was modeled in CST simulation software to study and investigate the optimum dimension
and position of CSRR on the ground plane. The optimized CSRR configuration that provided dual bandwidth
and bi-directional radiation pattern characteristics was then further used in DPS design to enhance the
bandwidth and get better impedance matching. The prototype antenna was fabricated and measured
impedance bandwidth, gain, and radiation patterns to verify the proposed design.

2. RESEARCH METHOD
2.1. Antenna design concept and CSRR principle

The optimized configuration of antenna is illustrated in Figure 1. It was designed on a 1.6 mm thick
FR-4 substrate which the dielectric constant and the loss tangent are respectively 4.44 and 0.02. The design
procedure consists of 3 main steps which initially starts by calculating the dimension of conventional
rectangular microstrip patch antenna with a microstrip line feeding at the frequency of 3.1 GHz. The second
step is to achieve the second resonant frequency at 5 GHz and bi-directional radiation pattern by embedding
CSRR on the ground plane. The Final step is done by defecting on the rectangular patch to increase a number
of paths for surface current distribution to widen the bandwidth of the first resonant frequency. All
procedures in antenna design are shown in Figure 2.

Split ring resonator (SRR) behaves analogously to an LC resonant circuit. The inductance is created
by the circulating current through the rings while the capacitance is generated between gaps and splits of the
rings. Due to the complementary nature of Barbinet principle [25], the inductances in SRR become
capacitance in CSRR and vice versa to the capacitances. In the design, CSRR is etched on the ground plane
beneath the microstrip line feed which is the position causing strong magnetic coupling to achieve a new
resonance. The equivalent circuit of CSRR is shown in Figure 3. The operating frequency f, is 5 GHz thus
the initial dimension of CSRR can be numerically estimate from (1) [26]:
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where L, and C,.., are respectively the inductance and the capacitance of CSRR which can be obtained from (2),

Lo
Lyes =—
res 2
C _ m3gy oo [bB(kb)—aB(ka)]?
res — c2 0 k2

Jos 1+

&
1+g tanh(kh)

)

1+52 tanh(kh)

O]

®)

where &, u, and c are respectively the permittivity, the permeability, and the velocity of electromagnetic
wave. In the design, € is the dielectric constant of substrate which equals 4.44. In addition, a=r, — c¢/2 and
b = ¢ + a where ry and c are respectively the radius of CSRR and the slit width. B(x) can be found in (4),

B(x) = So(x)J1(x) = S1(x)]Jo ()

(4)

where S, (x) and J,(x) are respectively the n™ order Struve function and the Bessel function which can be
calculated in (5),
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From the expressions, the calculated L,..; and C,.. in terms of CSRR dimensions: ¢, d, g, and r, as depicted
in Figure 3 are obtained which will be used as initial dimensions to model in simulation.

1
e eememeemeesmeeeeemnnnq

I

[ v —

_| e, & |
'T T sy
pp, T TSN
[ L2
J . 2 Exe Ek
== . B
I » |+ I |
11
= [y ==
I
t &
fi ™ I«
X
Top layer

—

7 BALEASARASALLAALLSASSALASSALALSAALALLALSLLEASALSASAS S 1
Pl w >
P I* S > i
i i | i
P ¥ j
P A i
- — L e ¥ Si, H
i : Sln.,,_ | | !f.h _ :
TTETTT T e | ;
P e—si,—! d P

Bottom laver

L

Figure 1. Configuration of proposed bandwidth-enhanced dual-band bi-directional rectangular microstrip

2.2. Antenna simulation
The calculated dimensions of CSRR obtained from previous section are modeled in CST Microwave
Studio program [27]. In the simulation, the CSRR structure was embedded on the ground plane of rectangular
microstrip patch antenna and modified by considering the reflection coefficient Si;.

antenna
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2.2.1. CSRR design

In the simulation, the key parameter that strongly determining the shift of resonant frequency is the
width Sy of the outer square of CSRR. When the slit width of CSRR and the length S, are respectively fixed
at 1 and 19 mm, it can obviously see in Figure 4 that the resonant frequency shifts to lower frequency as the
Sw increases. The optimum dimensions of outer square of CSRR are S;=19 mm, S,=38 mm that provide the
impedance bandwidth of the second resonant frequency equal 300 MHz (5.1-5.4 GHz). Note that a resonant
frequency around 4 GHz occurs due to the mutual coupling between CSRR and the microstrip line feed.

STEP 1 STEP 2 STEP 3

HEE

Figure 2. Design procedures of proposed antenna
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Figure 3. Configuration of CSRR underneath microstrip line feed and equivalent circuit

To widen the bandwidth of second resonant frequency, the length S1, and the width S1,, of the inner
square of CSRR are tuned. In the investigation, the width S1,, is assumed to equal 28 mm and the lengths S1.
are varied in the range of 3-12 mm since the strong coupling between inner and outer squares is near the gap
of outer square of CSRR. Thus, the key parameter to resonate the frequency depends on S1, that causes the
CSRR structure be modified by shortening the S1, to keep the surface wave concentration. It can be
obviously noticed in Figure 5 that the bandwidth at 5 GHz is wider as the length S1, decreases. The surface
current distributions on the CSRR configuration at the frequencies of 3.1 and 5 GHz are depicted in
Figures 6(a) and 6(b) to better understand. The surface current at 3.1 GHz mainly concentrates around the
microstrip patch antenna and CSRR configuration while it concentrates only at the CSRR configuration for
the frequency of 5 GHz. In addition, the resonant frequency around 4 GHz still remains, but the S1; becomes
higher. Thus, the CSRR configuration is further tuned in order to suppress the strong coupling between outer
square and inner squares of CSRR by adjusting the dimension and the distance of inner and outer squares.
The optimum dimensions of CSRR configuration are S,=19 mm, S,=36 mm, S1,=5 mm, S1,=28 mm, and
di= 2 mm which the simulated impedance bandwidth obtained from step 2 design procedure is wider than
that from step 1 as illustrated in Figure 7. The impedance bandwidth of step 2 is equal to 950 MHz
(4.64-5.59 GHz).
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Figure 6.

Surface current distribution on antenna design step 2 (a) 3.1 GHz and (b) 5 GHz
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Figure 7. Comparison of simulated Si; of step 1 and step 2 design procedure

2.2.2. DPS design

According to the previous subsection, CSRR was added beneath the microstrip line feeding to
generate the second resonant frequency. However, the impedance bandwidth of the first resonant frequency is
quite narrow. The defecting on patch structure is thus employed in the step 3 design procedure to enhance the
bandwidth of the first resonant frequency. It is done on the patch structure where the surface current much
concentrates to increase the alternate paths of surface current by discontinuing the distribution from the
microstrip line feeding. Firstly, the dumbbell shape is defected to create 3 paths of surface current
distribution from the microstip line feed: the left, the center, and the right paths. Next, the beam of dumbbell
shape is unconnected causing the surface current distribution in the center path connects to both the left- and
the right-ones so that the double E-shape is formed. Finally, 4 slots are added into the center path of patch
structure to create more paths in the center path. All sub-steps of step 3 design procedure are illustrated in
Figure 8. For the dumbbell shape defecting, the beam of dumbbell is placed along x-axis which the width c;
is fixed at 2 mm and the length is then tuned with the width of weight plate shape placed along y-axis. The
surface currents distribute along the longest paths, the left- and the right-ones, are unconnected to the center
path. In step 3.2 of design procedure, the beam of dumbbell is broken to optimize the width x, parameter. In
the last step, 4 slots are added to tune the slot lengths and the spacing between slots g1. The surface current of
DPS design in each step is depicted in Figure 9(a) to Figure 9(c). As clearly seen in step 3.1 design, the
surface current distributes near the weight plate shape of dumbbell shape defection on both left- and right-
paths, but the surface current sparsely distributes on the center path. On the step 3.2 design, it can be noticed
that the surface current uniformly distributes on all 3 paths as those from the step 3.3 design. However, the
surface current distributions from step 3.3 design are denser than those from step 3.2 design.

The simulated Si; results from all sub-steps of step 3 design are compared as illustrated in Figure 10.
It can be seen that the impedance bandwidth obtained from step 3.1 is 168 MHz (3.064-3.232 GHz) and it is
getting wider to 452 MHz (3.547-3.095 GHz) for the step 3.2. However, the impedance bandwidth of the
second resonant compared with that from step 2 decreases from 950 MHz to 595 MHz. The widest
impedance bandwidth is obtained from step 3.3 that it increases to 560 MHz (3.08-3.64 GHz) while it slightly
affects to the second resonant which decreases to 930 MHz compared with that from step 2. Thus, the
optimum dimensions of antenna parameters obtained from the best design are tabulated in Table 1.

STEP 3.1 STEP 3.2 STEP 3.3
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Figure 8. DPS design procedure
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Figure 10. Comparison of simulated S1; of step 3 design procedure

Table 1. Optimum dimensions of design antenna

Parameters L W P Py P, Pl, g C; d;
Dimension (mm) 63.73 70.45 2123 4246 16 31 2 2 2

Parameters 01 k C1 X1 X2 Y1 Y2 m; m;
Dimension (mm) 1 1 1 9 7 65 55 1325 8.75

Parameters t tw fL fu S Syw Sl Sl, d

Dimension (mm) 2274 15 1174 282 19 36 5 28 15.49
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3. RESULTS AND DISCUSSION

To validate the antenna design, a prototype antenna has been fabricated on a low-cost FR-4 printed
circuit board which is 1.6 mm thick and is excited by a standard 50 {2 SMA connector. The overall
dimension of fabricated antenna is 70.45 mm x 63.73 mm as depicted in Figures 11(a) and 11(b). On the top
plane, the microstrip patch antenna with DPS structure on its structure is connected to the microstrip line
feeding while the CSRR structure beneath the microstip line feeding is on the ground plane.

The experiment was set up to carry out the performance of designed antenna by considering its
impedance bandwidth, radiation patterns, and gain. The prototype antenna was connected to a Keysight
E5063A network analyzer and then Si; was measured. The measured Sii results compared with simulated
results are illustrated in Figure 12. It can be obviously seen that the measured results are in good agreement
with the simulated results. The impedance bandwidths of both resonant frequencies around 3.1 GHz and
5 GHz are nearly equal to 560 MHz (3.08-3.64 GHz) and 950 MHz (4.64-5.59 GHz), respectively.

(b)

Figure 11. Fabricated antenna, (a) top plane and (b) bottom plane

S11 (dB)

----- Simulated results
Measured results

15 28 32 36 39 412 46 49 53 56 60
Frequency (GHz)

Figure 12. Comparison of simulated and measured Sy:

The radiation patterns and gain of the designed antenna were also carried out in an anechoic
chamber by setting the prototype antenna as the receiving antenna. The SCHWARZBECK USLP 9143 log
periodic antenna was exploited as the transmitting antenna which was able to operate cover the frequency
range 300 MHz to 7 GHz. Both antennas were placed 8 meters separation which was more than far field
range. The radiation patterns were measured both E- (9=0°) and H- planes (§=90") at the center frequency of
dual resonant frequencies: 3.36 GHz and 5.1 GHz. They were normalized and compared with simulated
results prior to plotting as illustrated in Figures 13(a) and 13(b) for 3.36 GHz while Figures 13(c) and 13(d)
were for 5.1 GHz. It can be noticed that the measured radiation patterns in both planes are in good agreement
with the simulated results, but there are slightly differences at null position. At the frequency of 3.36 GHz,
the 3 dB beamwidth in E-plane is 91 degree and the main lobes point to 0 and 180 degrees, while the 3 dB
beamwidth in H-plane is 56 degree and the main lobes point to 224 and 316 degrees. For the frequency of
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5.1 GHz, the 3 dB beamwidth in H-plane is 33 degree and the main lobes point to 21 and 159 degrees, but the
main lobe in E-plane in the direction of 180 degree is more intense than in the direction of O degree. Due to
the bi-directional radiation pattern, it can be applied for specific area such as corridor or tunnel as depicted in
Figure 14. In addition, the gain of antenna was measured at both resonant frequencies which were

respectively 4.28 and 4.63 dBi.
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Figure 14. Bi-directional radiation pattern application scenario

4. CONCLUSION

A bandwidth enhancement of dual-band bi-directional rectangular microstrip patch antenna was
presented. The novelty of this work is based on the modification of conventional microstrip patch antenna by
exploiting the combination of techniques between modified CSRR with DPS. The designed antenna was
studied and investigated via CST simulation. The optimized dimension and position of CSRR on the ground
plane achieved dual bandwidth and bi-directional radiation pattern characteristics. The strong coupling
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occured in case the CSRR position was beneath the microstip line feed that also caused the undesired
resonant frequency. The CSRR stucture was modified to keep the surface current concentration and eliminate
undesired resonant frequency by adjust the dimension and the distance of inner and outer-squares of CSRR.
Then, the defected suitable shape incorporated in the rectangular patch to enhance the bandwidth. The
prototype has been fabricated on a low-cost FR-4 printed circuit board. The performance of designed antenna
wascarried out in the impedance bandwidth, gain, and radiation patterns measurements. The measured
impedance bandwidths were respectively 560 MHz (3.08 to 3.64 GHz) and 950 GHz (4.64 to 5.59 GHz)
while the measured gains of each bandwidth were respectively 4.28 and 4.63 dBi. The measured radiation
patterns were in good agreement with simulated ones. The proposed antenna achieves wide dual bandwidth
and bi-directional radiation patterns performances. Consequently, it is suitable to apply for Wi-Fi or 5G
communications for specific areas such as tunnel, corridor, or transit and rail.
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