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Abstract—The design and analysis of a single compact antenna, that can operate at Global System for Mobile (GSM), Mobile
Satellite Service (MSS), Industrial Scientific Medical (ISM), and Fixed Satellite Service (FSS) frequencies is presented. The
design is based on the utilization of a chip resistor to split the two frequency bands of the step-slotted patch antenna into four
frequency bands. The four frequency bands that are generated by the proposed antenna are all in the same polarization plane.
The proposed antenna is easy to fabricate and is expected to be used in modern communication devices to replace multi
antennas to handle different frequency bands. The analysis of the antenna is done by using an in house FDTD code to provide
an in-depth study of the physics of the radiation mechanism. Results from the code were validated through commercial
simulation suit and are in good agreement. Some discrepancy in the return loss appears to be due to the mesh generation

methodology implemented in each code.

Index Terms—~Four band antenna, Chip Resistor, Finite Difference Time Domain, Planar Patch Antenna, Return Loss.

1 INTRODUCTION

HEmicrostrip antennas occupy a niche of their own

in the modern day communications systems such as

cell phone, satellite radio, space craft, and other
gadgets. Its relative advantages include small size, low
cost, and ease in fabrication [1]. In recent years, an area of
research focus is in the design study of a single multiband
microstrip antenna that can potentially be used in
systems that utilize multiple frequencies. Such an antenna
would optimize materials, real state, and time and thus
will be cost effective.

Two band antenna study include a two T-match stub
that operates in the Bluetooth and IEEE802.11a bands
[2],a patch antenna with aperture feed to operate at UHF
and GSM/CDMA bands [3], a double band stacked
antenna with circular polarization for satellite navigation
system [4], and a two port feed dual polarization patch
antenna that operates at PCS and ISM frequency bands
[5]. Reported three band antenna include three
overlapped patches for WLAN applications [6], a double
layer microstrip antenna with two U-slots and
conventional coaxial feed [7], a directional triple band
planer antenna based on the concept of the dipole
antenna for WLAN/WiMax applications [8], triple band
antenna with h-slot embedded in the center of the patch
[9], a stacked antenna with circular polarization for use in
GPS receivers [10], a compact printed antenna for
WLAN/WiMax applications [11], and a body-worn
antenna for GSM/PCS/WLAN communications [12].

In the design of four band antennas, few attempts have
been successful. For example, in 2013, Karimian et al.
[13]designed a four port F-shaped quad-band patch
antenna for WLAN/WiMax multi-input multi-output
systems. We have also designed a four band planer patch
antenna with radiation pattern not in the broad side

direction [14]. All the reported designs, however, use
double layer, complex design, multi feed points, or
imperfect radiation characteristics to produce multi bands
for specific applications.

In this paper, we propose a compact and low profile,
single feed microstrip antenna that is not only planar in
design, but can generate four useful frequency bands in
the same polarization plane. Unlike the stacked antenna,
the proposed antenna has a low profile and will be easy
to fabricate. In addition this antenna is compact in size as
compared to the conventional microstrip antenna used in
GSM applications. The study shows that the proposed
antenna can be utilized in Global System for Mobile GSM,
Mobile Satellite Service MSS, Industrial Scientific Medical
ISM, and Fixed Satellite Service FSS applications.
Following this brief introduction, the rest of the paper is
organized as follows: The proposed antenna is discussed
in Section 2, while the simulation method used in the
analysis of the proposed antenna is explained in Section
3. The simulation results and a comparison between the
simulation results and those of an industry standard
simulation suite are shown in Section 4. Section 5
describes the physical effect of inserting chip resistor
inside the patch antenna. Finally, Section 6 concludes
with a brief summary.

2 ANTENNA STRUCTURE

Fig. 1 illustrates the top and the side view of the
proposed antenna. It has a copper patch (o =5.7 X
10’mho/m) of length L = 35 mm and width W = 25 mm.
The ground plane is also made of copper with L' = 45 mm
and width W' = 35 mm. The substrate dielectric is FR4
(e, = 4.3, u, = 1,0 = 0.025 mho/m) with the same length
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and width as the ground plane and height h = 1.6 mm.
Two step slots are embedded on the surface of the patch
along its length and shifted 1 mm away from the patch
edges. The narrower side of the step slot is 1 mm while
the wider side is 9 mm in width. As reported elsewhere,
these two slots make the antenna operate at dual
frequency bands [15]. A 1Q chip resistor (lump resistor)
is inserted through the ground plane via a small hole and
connected to the patch and the ground plane. As will be
shown later in Section V, this resistor effectively reduces
the antenna size, splits each frequency band into two
bands, and increases the band width of each band. An
important feature of this design is that a single coaxial
feed point is located in the middle of the width in order to
prevent any radiation toward the width and keeps the
radiation to be in one polarization plane only. The
selection of the position of the feed point is an important
part of the design and must be done with precision in
order to achieve good matching for all the four frequency
bands.

FRY dielectric

 Feed Point 8 Lump Resistor

. FR ditlectric

@

Fig. 1. The structure of the four-band antenna (a) Top view and
(b) Side view.

3 IN-House CoDE

The simulation of the proposed antenna is based on a
developed in-house code to simulate the Finite Difference
Time Domain (FDTD) method [15]. The results are
compared with those of an industrial simulation suite
(CST Microwave Studio) in order to validate the accuracy
of the in-house code. The use of the in-house code is
necessary to analyze the physics of the designed antenna,
which is otherwise not available through the commercial
simulation suite.

For the FDTD based code, the Yee cell dimensions are
Ax = 1 mm, Ay = 0.5 mm, andAz = 0.533 mm. Therefore

the total mesh dimensions are 45 X 70 X 3 cells in x, y,
and z directions, respectively. The antenna is excited at its
feed point using a voltage source having internal
resistance of 50 Q). A Gaussian pulse with accuracy
parameter equal to (n. = 20 cell per wavelength) is
selected to be the source waveform, and is given by (1):

g(®) = e~ /(1)

wheret, represents a specific time shift, and v denotes
the pulse width. These two parameters have optimum
values given by (2) and (3), respectively [16]:

t, = 4.57 (2)

.= max(Ax, Ay, Az) X n, 3)
2c

wherec denotes the speed of light in freespace, and

max denotes the maximum value. After applying the
above two equations, the value of t, and 7 are found to
be 150 ps and 33.33 ps, respectively. A suitable time
step At was determined from (4) to ensure the stability
of the FDTD processing [15]:

1

At =09 (4)
1 1 1
C\/ @ T T e

The value of the time step is found to be 1.3 ps.

A perfectly absorbing boundary condition has been
applied to the simulation structure surrounding the antenna
with 10 cells air buffer followed by 8 cells Convolutional
Perfect Matched Layer (CPML) [15]. The CPML ensures
that no field component is reflecting back to the antenna.
This is evident from Fig. 2 and Fig. 3 which show the
electric and magnetic fields distribution, respectively, at
different time instants. It is clear that the magnetic and
electric fields are zero at the boundary which means that
there is no field reflects back to the problem space:

6) h (b) ‘
© C)

Fig. 2. Distribution of the electric field at (a) 100At, (b) 1000At, (c)

3000At, (d) 5000At.
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Fig. 4. The return losses of the proposed four band antenna.

broadside radiation characteristics. It is clear from Fig. 7
that the proposed antenna has a very good broad side
radiation. Furthermore, the cross polarization is small
especially for the E-plane which approaches zero.

© | )

Figure 3. Distribution of the magnetic field at (a) 100At, (b) 1000At,
(c) 3000At, (d) 5000At.

4 RESULTS AND DISCUSSION o essern
Fig. 4 shows the return losses of the proposed four
band antenna that is calculated using the in-house code.
This figure clearly demonstrates the four frequency bands
which have return loss less than -10dB , and thus are
useful frequencies. The first band is centered at 850MHz
in the GSM band. The second band is centered at 2GHz
which is used for mobile satellite service MSS. The third
one is centered at 2.4GHz for ISM applications while the
last band is centered at 4GHz which is used for fixed @ = e
satellite service FSS. The return losses at each resonant }
frequency are -15.8dB, -15.75dB, -18dB, and -19.4dB,
respectively. Table 1 gives the bandwidth around each
resonant frequency which is calculated at [S11<10dB.
There is a noticeable bandwidth enhancement compared
to the conventional microstrip antenna due to the effect of
the chip resistor.

Pl RSN $=090°

TABLE1
THE RESONANT FREQUENCIES AND THEIR CORRESPONDING
RETURN Loss

Band f. (GHZ) T (GHZ) T (GH2) 10dB BW
(MHz, %)

1 0.85 0.81 0.91 100, 11.6

2 2 1.98 2.061 81,4.1

3 24 2.39 2.48 90, 3.8

4 4 39 4.1 200, 5

The radiation patterns corresponding to each resonant
frequency are shown in Fig. 5. The first frequency band
gives approximately isotropic radiation pattern while all
the other resonant frequencies give good broadside
characteristics. In general, the radiation characteristics of

Fig. 5. The directivity pattern of the proposed antenna at the E-

) plane plane (xz plane) and the H-plane (yz plane) at (a)
the proposed antenna are reasonable and suitable for the 0.85GHz, (b) 2GHz, (c) 2.4GHz, (d) 4GHz.

wireless applications because of these convenient
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The return losses are compared to that of a commercial
simulation suite called CST Microwave Studio. Fig. 6
shows the resulted return losses, which includes the four
frequency band for the antenna. Comparisons of the
return losses show minor deviation between the two
results. This deviation could be attributed to the
incorporation of dynamic mesh size in the commercial
code, where the mesh size can automatically change the
number of Yee cells at different locations for better
convergence while this is not viable in the in-house code.
In spite of this difference, the return losses of the
commercial software still gives frequencies at GSM, MSS,
ISM, and FSS frequency bands which is also evident in
the in-house code results. However, the in-house
program is more flexible because some unwanted
parameters can be removed from the calculations, which
significantly improves the speed of the program. In
addition, specific antenna parameters can be added to the
code to provide additional physical interpretations for the
antenna design.

wency | G

Fig. 6. The return losses of the four band antenna using CST
Microwave Studio.

The validated in-house code can be used to analyze the
effect of the chip resistor on the designed four band
antenna.

5 PHYSICAL EFFECTS OF THE CHIP RESISTOR

In order to analyze the effects of chip resistor the in-
house code described earlier was used. It can be shown
that the chip resistor (Lump Resistor) insertion through
the substrate can significantly i) reduce the antenna size,
ii) generate additional bands, and iii) improve the
bandwidth of the antenna. Since they are independent of
each other, these three figures of merit will be discussed
separately.

i) Antenna Size Reduction: We begin with the analysis
of a shorted patch antenna (the chip resistor is a special
case of this shorted antenna where the current and
voltage paths are controlled by the chip dimensions).Fig.
7 shows the current distribution (7(a), top view) and the
voltage distribution (7(b), side view) of the shorted patch
antenna, which has one side of its patch connected
directly to the ground plane. The current of the first
resonant mode is zero at the open side of the patch and
increases as it moves to the shorted side (Fig. 7(a)) and
vice versa for the voltage distribution. This suggests that
the antenna resonates at quarter wavelength (1/4) instead
of half wavelength at which the conventional un-shorted
antenna resonates. As a result, this leads to a reduction in

the antenna size by half for the same resonant frequency
and thus the resonant mode is (0.5f;).

Shorted
patch

(b)

Fig. 7. A shorted patch antenna (a) Top view: current distribution
and (b) Side view: voltage distribution.

Fig. 8 shows the current distribution of an antenna
loaded by a chip resistor. The voltage distribution (not
shown) is similar to that of the shorted antenna. Insertion
of a chip resistor can be treated as a special case of the
shorted antenna described earlier. Here only a small area
of the patch is shorted through a low value resistor. Since
the current in this case, which converges towards the chip
resistor, takes a longer path (curved path as shown in Fig.
10) to reach the shorted point, the size of the antenna
undergoes further reduction compared to the shorted
patch antenna and the resulting antenna will resonate at a
frequency less than 0.5f;¢.

Lump
Resistor

Fig. 8. The current distribution of a patch antenna loaded by chip
resistor.

ii) Generation of Extra band; The voltage distributions
of the shorted patch show that there is higher mode at
which the antenna can resonate. At (1.5f1y) the voltage
distribution is also zero at the shorted edge and
maximum at the open edge. Fig. 9 illustrates the voltage
distribution of 1.5f;, mode which considered the second
resonant mode of the shorted and the resistor loaded
patch antenna.

Fig. 9. The second resonant mode voltage distribution of a shorted
patch antenna.

iii) Bandwidth Enhancement: Chip resistor can reduce
the quality factor of the antenna because the resistance
increases the losses of the dielectric material. Therefore,
the bandwidth of the resulted antenna is widened.
Although increasing the value of the chip resistor leads to
wider bandwidth, it also increases the losses of the
antenna which leads to a reduction in gain. For this
reason, the antenna analyzed here has a chip resistor
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of 1, thereby improving the bandwidth without adding
much loss to the antenna.

It is worthwhile to mention that changing the position
of the chip resistor shifts the resonant frequency of the
antenna [15]. This suggests that another set of four band
antenna can be obtained by controlling the parameters of
the chip resistors. However the feed point must be
readjusted to match the new distributed impedance.

6 CONCLUSION

Due to the ever increasing demand in electronic
devices that can operate at different frequency bands,
multiband antennas design is at the forefront of research
for antenna design studies. Gadgets that utilize multiple
antennas for each frequency of operation do consume
resources, real state and would not be cost effective. Dual,
triple, and even four band antennas have been designed
in the recent years, but most of them use multi layers,
complex design, or multi feed to generate multiple bands
that operate for different applications.

This work proposes and analyzes a single feed patch
antenna that can operate at four different frequency
bands in the same polarization plane. This antenna has
application in GSM, MSS, ISM, and FSS devices. The
proposed design is based on inserting chip resistor to a
step slot patch antenna to generate four bands instead of
two, compact the antenna size, and enhance the antenna
bandwidth. This antenna also has good broadside
radiation characteristics that are accommodate the
wireless applications. The development and analysis
through in-house developed code provides greater
flexibility in defining the physics of the radiation
mechanism which may not be possible through a
commercial code.
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