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Enhanced Bandwidth of a Microstrip Antenna Using a Parasitic
Mushroom-like Metamaterial Structure for Multi-robot Cooperative
Navigation
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The broadband design of a microstrip patch antenna is presented and experimentally studied
for multi-robot cooperation. A parasitic mushroom-like metamaterial (MTM) patch close to a
microstrip top patch is excited through gap-coupling, thereby producing a resonance frequency.
Because of the design, the resonance frequency of the parasitic MTM patch is adjacent to that of
the main patch, and the presented antenna can achieve an enhanced bandwidth of 450 MHz, which
is about two times the bandwidth of a conventional patch antenna without the MTM parasitic
patch. The error rate of packet transmissions for measuring the distance between a leader robot
and a follower robot was also improved by almost two-fold.
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I. INTRODUCTION

Intelligent remote-controlled multi-robots have re-
ceived considerable attention over the past decade in
the scientific and engineering communities [1,2]. The
most important technical challenge of remote control is
to secure reliable and robust wireless communication in
both indoor and unstructured environments where com-
munication infrastructures are poor. Remote-controlled
multi-robots navigate cooperatively and visit adverse en-
vironments such as disaster sites with the task of res-
cuing survivors. A wireless communication system for
multi-robot cooperative navigation consists of a leader
robot, follower robots, and interfaces for remote control.
Each follower robot has a wireless router using the stan-
dard Transmission Control Protocol/Internet Protocol
(TCP/IP), and communicates with the leader robot or
other following robots while keeping a valid distance by
the received signal strength indication (RSSI). However,
in both indoor and unstructured environments where
communication is hindered, robots may have to toler-
ate low signal-to-noise ratios and temporary losses of
communication connectivity along with constraints on
power and bandwidth. Highly-efficient, wideband anten-
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nae have, thus, been developed to provide robust and
reliable distance-keeping cooperative navigation.
Microstrip patch antennae have been widely used in
military (aircraft, spacecraft, satellites, radars, and mis-
siles) and commercial (mobile radios and wireless com-
munication systems) applications [3,4]. Printed antennae
have many attractive features, such as light weight, small
size, low cost, mechanical robustness, and ease of fabrica-
tion. In addition, they can be easily integrated with pla-
nar surfaces and have many degrees of freedom in their
design. However, classical microstrip patch antennae in-
herently have narrow frequency bandwidths, typically 1
~ 5%, which is a major factor limiting widespread appli-
cations. Several methods, such as stacked patches and
coplanar parasitic patches, have been developed in or-
der to increase the bandwidth of microstrip antennae,
in addition to common techniques of increasing patch
height and decreasing substrate permittivity [5,6]. The
stacked patches and the conventional techniques have
solved the bandwidth problem for a relatively-large an-
tenna thickness, because the bandwidth is generally pro-
portional to the antenna’s thickness measured in wave-
lengths. However, a practical limit exists on increasing
the antenna’s thickness; if it is increased beyond 0.1A,
surface-wave propagation takes place, resulting in de-
graded antenna performance. Another popular band-
width extension technique is the use of parasitic patches
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Fig. 1. (Color online) ZOR mushroom antennae with a
mushroom-like MTM parasitic patch: (a) structure and (b)
photo.

without increasing the volume or degrading the perfor-
mance of low-profile antennas [7,8]. A parasitic patch
placed close to the fed main patch is excited through
coupling with fringing fields along the width between
the two patches. If the resonance frequencies of these
two patches are close to each other, then the neighboring
resonance frequencies will provide a broader bandwidth
than that of a single patch.

Recently, metamaterials (MTMs) having simultane-
ously negative permittivity (¢) and permeability (u),
commonly referred to as left-handed materials (LHMs),
have received considerable attention in the antenna com-
munities because they reduce antenna size and enhance
narrow bandwidths [9-12]. In particular, mushroom-
like MTM structures fabricated on microstrip patch sub-
strates possess exciting properties, including suppression
of surface-wave propagation, high surface impedance for
both TE and TM polarizations, and compactness. These
features help to improve the antenna’s performance by
increasing the antenna’s gain and reducing back radia-
tion [13-15]. Upon this background, this paper presents
a new parasitic mushroom-like MTM structure to im-
prove the bandwidth and the radiation efficiency. The
parasitic patch using the mushroom-like MTM can pro-
duce a resonance frequency adjacent that of the main
patch to enhance the bandwidth. It can also suppress
surface waves on the gap-coupled parasitic patch for im-
proved radiation efficiency in a specific frequency band.
In this study, the parasitic patch provides a resonance
frequency adjacent to that of the main patch, and the
bandwidth was thereby enhanced up to 2 times that of a
microstrip antenna without a parasitic patch. Further-
more, the gain was also increased by up to two-fold by
using a parasitic patch having the same size as the main
patch.

II. ANTENNA DESIGN

MTMs are effective homogeneous structures that can
be modeled with one-dimensional transmission lines
(TLs) as composite right/left-hand (CRLH) structures
under the condition that the average cell size is smaller
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Fig. 2. Circuit model of the presented antenna.

than the guided wavelength. A general CRLH TL unit-
cell consists of a series capacitance and a shunt induc-
tance, as well as a series inductance and a shunt capaci-
tance [9].

Figure 1 shows the presented microstrip antenna with
a mushroom-like MTM parasitic patch. The mushroom
structure is built with a rectangular top patch and a
metal via connecting the top patch to the ground. The
gap between neighboring patches represents the left-
handed series capacitance, and the vertical via of the
top plate acts as the left-handed shunt inductance in the
equivalent circuit model, while the shunt capacitance and
series inductance, representing the right-handed TL, are
due to parasitic effects caused by the microstrip geom-
etry. For impedance matching with a 50-2 microstrip
transmission line, we used an inset microstrip feed line
with a width (Wy;) and a length (L;,) of 3 mm and 13
mm, respectively. The widths (W) and the lengths (L)
of both the main patch and the parasitic patch of the
presented antenna were 42 mm and 32 mm, respectively;
the via’s diameter (2R,) was 0.6 mm, and the height and
the relative permittivity of the substrate (FR4) were 1.6
mm and 4.4, respectively.

The CRLH TL model can be represented as a combi-
nation of a per-unit-length series inductance (L';), a per-
unit-length shunt capacitance (C), a times-unit-length
shunt inductance (L7, ), and a times-unit-length series ca-
pacitance (C’), as shown in Fig. 2. According to lossless
transmission line theory, the propagation constant of a
CRLH TL is given by v = j8 = vVZ'Y’, where Z’ and
Y’ are the per-unit-length impedance and the per-unit-
length admittance, respectively. Z' and Y’ are obtained
as [9]

Z'(w) = ZA(L:) =7 (WLIR — ﬁ) ,
L

V/(w) = 5 = j (wCh - ) -
L

The series resonance frequency and the shunt resonance
frequency are given as wg. = 1//L'gC’; and wg, =
1/v/L',C" R, respectively. According to the equivalent
one-dimensional open-ended CRLH TL unit-cell, the dis-
persion relation related to Bloch-Floquet theory [9] is

(1)
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Fig. 3. (Color online) Si; parameter as a function of the
frequency.

obtained as follows:
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where wrpy = 1/\/L3Cy and wrg = 1/4/L}, C} With
the resonant condition (,,L. = mm, 3 can be obtained
for each resonance mode of m = 0, +1, £2, +3, ...,
+£(N —1) of a N-cell CRLH TL with a total length L =
N x d, where d is the length of the unit cell.

Figure 3 shows the S1; parameters of the presented an-
tennae with and without the parasitic patch. A network
analyzer (Agilent, PNA-X N5247A) was used to measure
the return losses, the Si; parameters, which can show
the frequency bandwidth. The resonance mode of the
main patch was scaled to operate at 2.22 GHz, and the
resonance frequency of the parasitic patch corresponded
to 2.34 GHz. The 3-dB bandwidth of the presented an-
tenna is 450 MHz, which is between 2.05 GHz and 2.5
GHz. The 3-dB bandwidth was enhanced by approxi-
mately two times relative to that of a conventional rect-
angular mushroom antenna without the parasitic patch.

The simulated radiation patterns of the presented an-
tennae with and without the MTM parasitic patch are
plotted in Fig. 4 on the E plane at 2.1 GHz. When the
parasitic MTM patch is used, the main lobe’s magni-
tude is 7 dBi, and the 3-dB angular width is 73.3 degrees,
while for the conventional antenna without the patch, the
main lobe magnitude is 6.1 dBi, and the 3-dB angular
width is 79.9 degrees. The simulated radiation pattern
was obtained by using a full-wave electromagnetic simu-
lation with a high-frequency structure simulator (CST).

Figure 5 shows the tracking experimental setup for
multi-robot cooperative navigation with a leader and a
follower robot. The leader and the single follower robot
are two-wheeled mobile robots and are equipped with a
digital image sensor, a position-sensitive device sensor, a
wireless router using the standard TCP /IP protocol, and
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Fig. 4. (Color online) Simulated radiation pattern (a) with
and (b) without the MTM parasitic patch.

Fig. 5. (Color online) Two-wheeled mobile follower robot
tracking a leader robot.

the presented antenna. While the leader robot is oper-
ated by a remote controller, the follower robot calculates
the distance from the leader robot by using SDS-TWR
(symmetrical double-sided two way ranging), and deter-
mines the bearing and following speed by estimating and
tracking the moving leader robot with an image process-
ing procedure based on the color and pattern information
on the moving leader robot. The distance of SDS-TWR
can be estimated by calculating the time difference be-
tween sending and receiving of an RF signal. Figure 5
shows an experimental environment in which the range
between the leader robot and the follower robot is mea-
sured. Both robots navigate with a navigation speed of
10 cm/s and the interval between the two robots is mea-
sured and acquired for up to 500 times.

As shown in the graphs of Fig. 6, the initial intervals of
1, 2, 3, 4, and 5 m between the two robots are calculated,
including an offset distance of about 2 m. The offset can
be regarded as a stationary delay for calculating the ToF
(time of flight). The ToFs over a specific threshold are
considered as transmission errors, and they are displayed
according to each maximum distance value in the graph.
The experimental results for each interval measurement
show a transmission error rate of less than 3.6%, which is
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Fig. 6. (Color online) TDOA distance measurement from a leader robot to a follower robot (a) with and (b) without the

MTM parasitic patch.

improved by almost two times relative to the 7.8% error
rate for a conventional microstrip antenna without the
MTM parasitic patch.

III. CONCLUSION

In this paper, for multi-robot cooperation, we present
a bandwidth-enhanced microstrip patch antenna based
on a parasitic MTM structure implemented by using
a mushroom-shaped surface. The size and the height
of the parasitic mushroom-like surface were designed to
place the resonance frequency (2.34 GHz) near the res-
onant frequency (2.22 GHz) of the main patch in order
to widen the small bandwidth. The presented antenna
with the MTM parasitic patch achieved a 450 MHz 3-dB
bandwidth, representing a roughly two-fold enhancement
relative to the bandwidth of a conventional rectangular
patch antenna without the MTM parasitic patch. The
error rate of packet transmissions for measuring the dis-
tance between a leader robot and a follower robot was
also improved by almost two-fold.
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