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Abstract — A microstrip meander line with a single
H-shaped Defected Ground Structure (HDGS) is
employed to design a novel compact lowpass filter
with sharp roll off and wide stop band. Two
parametric studies were conducted to analyze the
sensitivity of the HDGS position and the size
effects on the filter response. The design is
fabricated to have a 6 GHz cutoff frequency using
Rogers TMM 10i substrate, with an area of 7.6 x 6
mm’. The measured results are in a good
agreement with simulation prediction.

Index Terms — Defected ground structures,
compact filter, lowpass filter and microstrip
meander line.

I. INTRODUCTION

Lowpass filters are widely used in various
wireless communication systems; they take
important roles in many microwave integrated
circuits and monolithic microwave integrated
circuits. Lowpass filters with compact design,
superior performance and low cost are highly
desired to incorporate in innovative microwave
systems. There have been several variations to the

Submitted On: November 19, 2013
Accepted On: July 14, 2014

state-of-art microstrip line structure, such as
meandering the transmission line [1-7], defecting
the ground plane structure [8-28]; to enhance the
behavior of the lowpass filter.

Defecting the ground plane structure of a
microstrip line has been popular for more than a
decade. A defect etched in the ground plane rejects
certain frequency bands by suppressing the surface
wave based on its geometry and position. There
have been many geometrical Defected Ground
Structures (DGS), such as dumbbell [12-15],
circular [16], elliptical [17-18], Complementary
Slot Ring Resonator (CSRR) [5, 19-21], U-shaped
[22-23], H-shaped [24-25]; where each shape has
its merits. In designing lowpass filters using DGS
shapes, two or more DGS’s are used in order to
attain good frequency response, such as low
insertion loss, sharp cutoff transition and wide stop
band.

In this paper, instead of using a straight
microstrip line with multiple DGS, a meander
microstrip line is used with a single H-shaped
Defected Ground Structure (HDGS), to design a
compact lowpass filter with a superior
performance. The proposed meander line filter

1054-4887 © 2014 ACES
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with a single DGS is compact and is characterized
by very low insertion loss in the passband, a steep
roll-off transition and a wide stopband. A
parametric study of the effects of size and position
sensitivity of the HDGS are investigated. The filter
is measured and compared with simulation results.

II. CONFIGURATION AND
CHARACTERISTICS OF THE
LOWPASS FILTER

The proposed lowpass filter is depicted in Fig.
1, where a meandered 50-Q line is printed on top
of the dielectric layer surface and an HDGS etched
in the ground plane. It is to be noted that in this
design, the center of the HDGS is positioned
exactly beneath the center of the meander line
(L/2, W/2). The meander line parameters are
illustrated in Fig. 1 (a), which are the meander
spacing (/; and /,), the meander line length (L) and
the meander line width (D). The HDGS
parameters are illustrated in the inset of Fig. 1 (b),
which are the slot width (a), the slot gap (g) and
the side lengths (b; and b,). These parameters have
prime influence on the performance of the filter.
Therefore, the meander line and the H-defect
parameters must be carefully chosen in order to
achieve the satisfactory filter performance.

Using Agilent Advanced Design System
(ADS) software, the proposed lowpass filter is
simulated and results are plotted in Fig. 2. The
lowpass filter is designed to operate at a cutoff
frequency 6 GHz. It is worth mentioning that the
area of the HDGS plays a dominant role in
determining the cutoff frequency of the filter. The
pass band ripples are less than 0.5 dB; the flatness
in the pass band is affected by the dimensions of
the slot width (a) and the slot gap (g). The
meander line inhabits slow wave effect causing a
wide stop band with high attenuation level [1, 7].
The stop band of the simulated S,; response
maintains its attenuation level below -20 dB from
6.5 GHz to 10.7 GHz and below -10 dB from 6.25
GHz to 22.1 GHz, demonstrating a wide stop band
as well as high rejection level, which reaches -68
dB at 10 GHz.
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Fig. 1. Geometry of the proposed lowpass filter:
(a) meander line and (b) HDGS.

The substrate is designed using Rogers TMM
101™ with dielectric constant £=9.8 and thickness
h=0.508 mm. The conductor strip has 50 Q
characteristic impedance given by the width
W=0.5 mm. Intensive simulations were conducted
to optimize the filter parameters to achieve a
superior lowpass filter response in terms of flat
pass band, sharp roll-off transition and wide stop
band with high attenuation level. The geometric
dimensions of the meander line as well as the
dimensions of the H-shaped ground defect are
tabulated in Table 1. These dimensions bring the
filter length to 0.39 of the effective electrical
wavelength at the cutoff frequency, which denotes
the compactness of the proposed lowpass filter
size.



Table 1: The design parameters of the proposed
lowpass filter in millimeter

L 11 12 D a bl b2 g
76 | 155 (25 |55 |03 |4 3 0.6

In the design procedure of the proposed filter,
dimensions of the HDGS are first obtained to set
the cutoff frequency at 6 GHz. The meander
spacing (/; and /,) and the meander line width (D)
are then optimized to reach a superior lowpass
filter performance.
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Fig. 2. The response of the proposed lowpass
filter; Sy; (solid line) and S;; (dashed line).

Figure 3 illustrates the performance of the
meander line LPF, compared with the straight line
based filter with one DGS. It is to be observed that
the proposed meander line performs better in all
aspects with a flat pass band, a steep transition
region, a wide stop band and a high attenuation
level in the stop band. The superiority of the
performance of the proposed filter justifies the
replacement of the straight line by meander line. It
is worth noting that the straight line design can
have better filter response if the number of DGS’s
are increased to two or more [19-22, 25], but this
would be at the expense of more filter size.
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Fig. 3. S-parameters simulation comparison
between the proposed lowpass filter (solid line)
and the straight line design (dashed line): (a) Sy;
and (b) S] 1.

III. PARAMETERIC STUDY

The performance of the presented lowpass
filter underwent two parametric studies. First an
investigation is carried out to learn more about
how sensitive the positioning of the H-defect in
the ground plane relative to the meander structure.
This will give a measure of how tolerant the filter
design to any miss-alignment in the positioning of

438



439

the HDGS during fabrication. A second study is
conducted to understand the result of having a
different-sized HDGS on the filter response.

A. Sensitivity study

To verify the role of positioning the HDGS
relative to the meander line, this test is performed.
The study is based on shifting the HDGS position
relative to the meander line, in other words
keeping all parameters fixed except the position of
the HDGS relative to the meander line. The study
results are then compared to the original design.
This study consists of six tests, where in each test
the HDGS is displaced from the original design
position, where the center of the HDGS is
positioned exactly beneath the center of the
meander line (L/2, W/2) by a specified amount in
a specified direction.

Six tests have been carried out by shifting the
HDGS 0.5 mm in the +x-direction, 0.5 mm in the
+y-direction, 1.0 mm in the +x-direction and 1.0
mm in the +y-direction. The simulated S,; of each
test is compared with the original proposed design
as shown in Fig. 4. It is observed that the
attenuation level and the width of the stop band
are affected by the position of the HDGS relative
to the meander line structure. Also, the cutoff
frequency of the filter is shifted to higher values
compared to the proposed operating cutoff
frequency.

In case of any miss-alignment in fabrication, it
can be argued that the filter performance is
satisfactory with shift up to 1.0 mm in the +y-
direction (33.3% of b,), 0.5 mm in the —y-direction
(16.7% of b,), and 0.5 mm in the + or — x-direction
(12.5% of by).

0
-3
-10
)
3
~ 20
m('\l
— Original HGDS
30 ----- 0.5 mm +x shift | |
====0.5 mm -y shift
.......... 0.51’III1’1+yShiﬁ
_40 T T T T T
01 2 3 4 5 6 7 8 9 1011 12

Frequency (GHz)

(a)
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1 2 3 4 5 6 7 8 9101112
Frequency (GHz)
(b)

Fig. 4. Comparison of simulated S,; between the
original proposed low-pass filter design (solid
line) and spatial sensitivity test cases: (a) 0.5-mm
displacements in HGDS designs and (b) 1.0-mm
displacements in HGDS designs.

B. Scaling study

To underline the significance of the size of the
HDGS etched in the ground plane, a scaling study
is carried out. The study is based on re-simulating
the proposed design, keeping all parameters fixed
except for the size of the HDGS. This study
consists of four tests, where in each test the HDGS
is scaled by a specified factor. These four tests are
scaling the H-shaped defect by 0.8, 0.9, 1.1 and
1.2. All simulation responses are compared to the
original proposed design.

C 0 Sl
-10 ,\ [\
g 20 = A /
E : ' lf' ’ ‘\ 4|
s 30/ — Original HGDS |\ L
d 1y il
---- 80% scaled i s
a0H T 90% scaled l{
""""" 110% scaled
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-50 T T T T T
o 1 2 3 4 5 6 7 8 9 10 11 12

Frequency (GHz)

Fig. 5. The §S,; simulations of the original

proposed design (solid line) and all 4 cases of the
scaling study.
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Figure 5 shows the result of the study, where it The manufactured lowpass filter response was

is deduced that the cutoff frequency of the lowpass ~ measured by a vector network analyzer and results
filter is affected by the size of the HDGS. It is  of the measurements are compared with the
realized that the larger the HDGS is, the lower the  simulation predictions as shown in Fig. 7. These
cutoff frequency is and vice versa. It is important ~ measurements show a good agreement with
to mention that the conducted tests did not include  simulation results.

optimizing of the filter parameters for each case; it

was merely scaling of the HDGS. 0 ——
3
IV. EXPERIMENTAL RESULTS -10 L
The lowpass filter presented in this paper is \ AL 7
fabricated, where the meander line structure is 2 20 A ﬁ o
implemented on a Rogers TMM 10i substrate with = {‘\ 7 N\ (‘-,'
dielectric constant €=9.8 and thickness h=0.508 o 30 !
mm. These are the same design parameters used in
all of the simulations in this paper. Figure 6 (a) .
. -40H —— Simulated S
and (b) illustrate photographs of the top layer and 40 muiated Sy
the HDGS layer of the fabricated filter, || Meas}lrerd S:21

3456738910 12 14 16
Frequency (GHz)

(a)

N H

respectively. The miniature size of the meander 0 1
structure is evident as well as the HDGS size.

~

0 r ]

-10

7

- _‘-)‘)

S,, (dB)

— Simulated S11

------ Measured S11

2 2

_40012345678910 12 14 16
Frequency (GHz)

(b)

Fig. 7. S-parameters comparison between the
simulated design (solid line) and the fabricated
filter (dashed line): (a) Sy; and (b) Sy;.

V. CONCLUSION
In this paper, we present a compact superior
lowpass filter comprising a meander line structure
on top of a 0.508-mm Rogers TMM 10i substrate
: o ' and a single H-shaped defect etched in the ground
(b) plane. The effect of the proposed meander line is
compared with the straight line design. The
Fig. 6. Photographs of the measured low-pass  comparison proves the superiority of the proposed
filter: (a) the top layer and (b) the HDGS layer. design in terms of the filter criteria, such as a flat
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response in the pass band, a steep roll-off in the
transition region and a wide stop band with high
attenuation level staying below -10 dB from 6.25
GHz to 22.1 GHz. The operating cutoff frequency
of the lowpass filter at 6 GHz is affected by the
position and size of the HDGS. Two parametric
studies were administered to investigate the effects
of the position sensitivity of the HDGS relative to
the meander line, as well as the size of the HDGS.
The position sensitivity study shows that the
proposed design can tolerate miss-alignment of the
HDGS position up to 1.0 mm in the +y-direction
(33.3% of by), 0.5 mm in the —y-direction (16.7%
of b,) and 0.5 mm in the + or — x-direction (12.5%
of b)). The scaling study presented the general
relationship between the size of the HDGS and the
filter cutoff frequency as inversely proportional.
Scaling of the HDGS also affects the stop band
response, and hence, further optimization is
required to obtain satisfactory results. The
presented lowpass filter design is simulated,
fabricated and measured, where measurements
show a good agreement with simulation results.
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Abstract —  Finite-difference  time-domain
simulations are performed on a 900 MHz band
antenna inside and outside the carbon fiber body
of a solar-powered electric vehicle. Data is
analyzed to determine the optimal antenna
placement for transmission to a receiving antenna
located toward the rear of the solar vehicle.
Modeling data is compared to experimental
results. Computational fluid dynamics are used to
determine acceptability of external antenna
placement. It is found that the ideal antenna
would be inside the vehicle’s body and oriented
vertically, but that the portion of the body
surrounding the antenna must be constructed of a
non-conductive material.

Index Terms — Antenna CFD, FDTD and vehicle
antenna modeling.
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I. INTRODUCTION

Since the first World Solar Challenge in
1987, student groups and others from around the
world have been designing, building and racing
solar-powered electric vehicles. These vehicles,
primarily one-person, three-wheeled vehicles are
designed to travel during the daylight hours for
one to two weeks across 1200 to 2400 miles,
while only charging their batteries from their
solar array. During this race, the solar vehicle is
flanked in front and back by lead and chase
vehicles in order to protect the solar vehicle.

Radio communication, both audio and
telemetry data, is required between these vehicles
to enhance safety and racing strategy. The
telemetry receiving antenna is usually located
behind the solar vehicle in the chase vehicle.

Over the last two decades, radio and cell

1054-4887 © 2014 ACES

444



445

phone communication in passenger vehicles has
been studied by several types of modeling and
experimentation [1]. Applications from modeling
and experimentation include installing miniature
printed magnetic phonic crystal antennas into
vehicular platforms and studying the effects of
signal bounce and attenuation on vehicles in
urban environments [2, 3]. Modeling methods
have included Method of Moments (MoM) [4-8],
Geometric Theory of Diffraction (GTD) [9],
Finite-Integration (FI) [10, 11] and Finite-
Difference Time-Domain (FDTD) [12]. All of
these methods require significant computer
resources to solve and report the field strength or
gain patterns and polarization information of
antenna signals within or around a vehicle. FDTD
is a simple and accurate approach to a differential
numerical solution of Maxwell’s curl equations
[13]. The FDTD method allows simulation of
complex geometric shapes, uses no linear
algebra, is accurate and robust, treats impulsive
or nonlinear behavior naturally, is a systematic
approach to modeling and is becoming
increasingly powerful as computing resources
improve [13].

The FDTD method was first described in
1966 by Yee [14]. This research proposed what is
now known as the Yee cell, a method of gridding
a physical model in order to solve alternately for
the electric and magnetic fields in the modeling
space as the simulation steps through time. This
method is a numerical solution to Maxwell’s curl
equations, which describe the behavior of the
electric and magnetic fields of EM radiation in
one, two, or three dimensions. Until recently,
most three dimensional simulation methods
including FDTD, were too computationally
demanding to simulate large models. However,
advances in personal computing technology have
enabled highly accurate modeling of complicated
structures in three dimensions.

This study uses Remcom’s XF 7.3.0 software
to simulate the electromagnetic fields around the
2012 Oregon State University solar vehicle,
resulting from a 900 MHz band antenna. Antenna
placement is explored. The goal of the
investigation is to determine the optimal antenna
placement for data transfer to the chase vehicle
during the solar vehicle competitions. To
determine effects of antenna location on vehicle
efficiency, all simulations with external antenna
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locations are also analyzed for aerodynamic
effects using computational fluid dynamics.

II. METHODS

FDTD simulations were carried out using
Remcom’s XF 7.3.0 software. A PEC monopole
antenna with a center frequency of 915 MHz was
modeled to represent the antenna of the FLC910E
Ethernet radio from Data-Linc Group. The solar
vehicle body, titanium frame and human driver
were modeled in XF, with the vehicle body
modeled as a thin carbon fiber shell with a
conductivity of 2x10° S/m [15]. The antenna was
fed with a 50 ohm voltage source excited at 915
MHz. Outer boundary conditions were all set to
Perfectly Matched Layer (PML) conditions with
seven absorbing layers. Far field sensors were
used to detect realized gain. Realized gain is the
gain of the antenna reduced by impedance
mismatch losses. This allows for a consistent,
qualitative comparison of system performance
between potential antenna locations. Solidworks
Flow Simulation 2013 was used to perform the
Computational Fluid Dynamics (CFD) for 50
mph air flow. A computational domain that is 80
meters long, 20 meters wide and 6 meters tall was
setup with a velocity opening in the front of the
vehicle, a ground plane with moving air below the
vehicle and environment (1 atmosphere at STP)
pressure openings on the remaining sides of the
car. The vehicle was located 30 meters from the
front of the opening, centered width wise and was
placed 6 inches above ground for ground
clearance.

Experimental results were obtained by
recording signals around the frequencies of
interest (900-912 MHz) for five seconds of data,
using a Terratec T Stick software defined radio.
The software defined radio antenna was oriented
vertically for all vertical antenna positions and
horizontally for all horizontal positions.
Measurements were taken at twelve evenly
spaced locations around the car, fifteen feet from
the center of the vehicle. The vehicle and all
antennas were in the center of a field away from
any other buildings or significant metal objects.
Normalized average power was computed for
each data point by:

P = 10log ([%]2) (1)

where P is the normalized average power at a



particular XY point and antenna position, A is the
amplitude of the FFT under those conditions and
N is the normalization factor, or the average
amplitude of the FFT of all twelve XY points for
the top vertical antenna position.

II1. RESULTS

Six different antenna positions were analyzed
for their gain patterns (see Fig. 1). The “inside
back™ position is the location of the antenna
during the 2012 American Solar Challenge.
“Inside front” is a proposed internal position for
improving gain toward the receiver. The “top”
and “back” positions are proposed external
positions that are likely to improve the gain but
could potentially increase aerodynamic drag.
Both horizontal and vertical orientations are
analyzed at these external locations. Vertically
polarized realized gain plots were analyzed for
each antenna location in the XY, YZ and XZ
planes (Figs. 2, 3 and 4). Special attention was
paid to transmission toward the rear of the
vehicle, as that is the location of the receiving
antenna in the chase vehicle during highway
races. To address concerns of increased
acrodynamic drag due to antenna placement
outside the wvehicle, Computational Fluid
Dynamics (CFD) was performed on the vehicle
with and without external antennas. For EM

Left 270
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safety analysis, SAR data is considered for each
antenna position.

A
Inside g

Back

Inside

Back Front

Fig. 1. Locations of antenna in and on the solar
vehicle body. Positions “inside back” and “inside
front” are inside the body and are both vertical
antennas. Positions “top” and “back” are outside
and are analyzed for both vertical and horizontal
antennas. Colors of the numbers in this figure
correlate to the colors of the lines in Figs. 2, 3 and

Inside Back Right
Inside Front Right
Top (Vertical)

= = = » Top (Horizontal)
Back (Vertical)

- = = - Back (Horizontal)

Fig. 2. XY cut of a theta-polarized realized gain plot for six antenna positions.
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Realized gain was analyzed for antennas
located inside the solar vehicle’s body. “Inside
back” is the antenna placement during the 2012
American Solar Challenge and “inside front” is a
proposed improved antenna location that is closer
to the windshield (see Fig. 1); both modeled in a
vertical orientation. It was found that for both
internal antenna locations, the signal strength
toward the rear of the vehicle was significantly
attenuated when observing both the XY and YZ
realized gain plots, compared to external antenna
locations (see red and blue lines in Figs. 2 and 4,
respectively). In the XZ gain plot the inside back
antenna displays a null at 270 degrees (toward the
right of the vehicle; see Fig. 4), which may
explain some of the communication difficulty

315
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when the car is racing on a track and the receiver
is stationary. Transmission in all directions of the
XY plane is important during track races. The
internal antennas were both found to have
relatively high gains toward the top of the vehicle
(see Figs. 3 and 4).

In an attempt to increase signal strength
toward the rear of the vehicle, vertically-oriented
antennas were modeled at the top of the vehicle
and the center back of the vehicle (see Fig. 1).
These vertical external antennas both showed
significantly increased gain toward the right and
left of the vehicle, with the top antenna being the
strongest transmitter (see the solid green line in
Figs. 2 and 3).

Inside Back Right
Inside Front Right
Top (Vertical)

= = =« Top (Horizontal)
Back (Vertical)

- = =« Back (Horizontal)

)90 Front

Fig. 3. YZ slice of theta-polarized realized gain plot for the six antenna positions.

With the prediction that they would cause
less aerodynamic drag than vertical antennas,
horizontal antennas in these two external
locations were modeled for their signal gain and
aerodynamics. Computational Fluid Dynamics
(CFD) modeling was performed on the bare solar
vehicle body as well as the body with each of the
four externally located antenna positions. It was
found that all antenna positions had negligible
drag impact on the car at 50 mph, as determined
by CFD. Also, as seen in the dotted lines of Fig.
2, the signal gain in the XY direction for a

horizontally polarized antenna is not as strong as
for the vertically polarized antennas, making
horizontal antennas doubly undesirable.

SAR data was analyzed to determine the
energy absorbed by a 147 1b human phantom in
the driver’s seat for each antenna position. All
external antenna locations resulted in no energy
absorbed. The inside front and inside back
positions produced peak absorption of 4 and 2
mW/kg, respectively (both averaging about 2
mW/kg). If the carbon fiber backing on the seat is
removed, the energy absorbed from the antenna
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located in the inside back location increases to a
peak 1 g average SAR of 170 mW/kg.

Right 270

Inside Back Right
Inside Front Right
Top (Vertical)

— = =« Top (Horizontal)
Back (Vertical)

- = =« Back (Horizontal)

s0 Left

Fig. 4. XZ slice of theta-polarized realized gain plot for the six antenna positions.

Experimental results were obtained using a
software-defined radio. To make the modeling
results more comparable to the experimental
results, modeling results were reported for the
polarization that matches the transmitting
antenna orientation; theta polarized data are
reported for vertical antenna positions and phi
results are reported for horizontal antenna
positions (see Fig. 5 (a)). Experimental results
were obtained with the receiving antenna in the
same orientation as the transmitting antenna in or
on the car. As seen with the modeling results,
external vertical antenna positions were by far the
strongest locations, with the overall strongest
transmitting position being the top vertical (see
Fig. 5 (b)). Although we had expected that the
inside antenna positions would be least powerful,
we found that the positions with the lowest
transmission were the inside front and outside
back horizontal. The top horizontal antenna
position performed better than expected. The
location of the antenna during the 2012 American
Solar Challenge, the inside back was found to be
a mediocre position, a stronger performer at all
measured locations in the XY plane than the

inside front, but generally weaker than external
vertical antennas.

IV. DISCUSSION

The telemetry antenna modeled in this study
is required to transmit data between the solar
vehicle and its chase vehicle, which is located
toward the solar vehicle’s rear during cross
country races and anywhere in the XY plane
during track races. Six antenna positions were
studied to assess their signal strength and
aerodynamic drag for purposes of choosing the
best antenna position and orientation for racing
conditions. The optimal antenna position would
be one where the signal strength is high toward
mainly the rear, but also the sides and front of the
vehicle and the aerodynamic drag is not
significantly increased.

It was found that although externally placed,
vertical antennas are most effective at
transmitting signal toward the rear of the vehicle.
The body of the solar vehicle is designed to hold
the solar array, contain the driver and electronics
and have as little aecrodynamic drag as possible.
This is done by minimizing both the frontal cross

448



449

sectional area and low pressure regions on the
back side of any structures in the vehicle. The
antenna modeled here does not appear to
contribute a detectable amount of drag by
Solidworks 2013 Flow Simulation. Experimental
studies have shown that vehicle antennas

Inside Back Right (Theta Polarized)
——— Inside Front Right (Theta Polarized)
——— Top (Vertical, Theta Polarized)
« = =+ Top (Horizontal, Phi Polarized)
Back (Vertical, Theta Polarized)
= = =« Back (Horizontal, Phi Polarized)

270

+n4mmn
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typically produce approximately 1 N of drag
force, which would be approximately 23 W of
power loss [16]. Although this is a significant
amount of drag in solar car racing (23 W of drag
could decrease average speed by 0.5 or 1 mph), it
is not accurately detectable using CFD.

Inside Back Right (Theta Polarized)
Inside Front Right (Theta Polarized)
Top (Vertical, Theta Polarized)

Top (Horizontal, Phi Polarized)
Back (Vertical, Theta Polarized)
Back (Horizontal, Phi Polarized)

225 135

:
a . ‘

180

(b)

Fig. 5. (a) XY slice of realized gain from modeling and (b) normalized average power from experimental

measurements.

Modeling and experimental results suggest
that the proposed internal antenna position,
“internal front,” was not any better for
transmission in the XY plane than was the
original “internal back” position. Experimental
results confirmed that in fact, the “internal front”
position was a worse location for the transmitting
antenna than “internal back.”

Simulations  suggest that  horizontal
positioning of the antenna on the outside of the
vehicle was found to improve neither the
acrodynamics nor the signal transmission in the
XY plane, which is the plane of interest to
receivers at ground level. The signal transmission
of a horizontal antenna is expected to be reduced
in the horizontal direction. The two horizontal
antenna positions modeled did show a higher gain
toward the +z axis (above the vehicle), but this
information is only useful if one were interested
in detecting the signal from the space above the
vehicle. Experimental results in the XY plane
indicate that horizontal orientation of the antenna
in the back of the vehicle is highly discouraged,

while a horizontal antenna on the top of the
vehicle produced higher than expected signal
strength.

Discrepancies  between modeled and
simulated results could come from several
factors. In the simulation the car was modeled in
free space without ground underneath, while
during experiments the car was in a field. The
simulation did not include every component
currently on the car, there are several electronic
and some small mechanical systems that were not
practical to simulate.

SAR data indicate that all antenna locations
are very much below the FCC safety limit of 1600
mW/kg peak 1 g averaged SAR (80 mW/kg
whole body average SAR). The carbon fiber seat
back had a significant effect on energy absorbed
by the driver. Removal of the seat back increased
the peak energy by more than 40x, resulting in an
energy absorption that is about 10% of the FCC
limit. Thus, the internal configuration of the
vehicle could affect the safety of the antenna,
especially if multiple antennas are to be



considered.

It is concluded that two of the proposed
antenna positions will satisfy both of the design
constraints of increased XY transmission and low
aerodynamic drag, compared to the original
placement used in the 2012 American Solar
Challenge. Future improvements of the vehicle
would include incorporating a vertical antenna
inside the body of the vehicle, but in an area that
is free of conductive carbon fiber. Other solutions
to explore are antennas incorporated into the
composite structure of the car’s body surrounded
by non-conductive materials. The simulation and
modeling data are found to be in enough
agreement to help the designers engineer better
communications in future revisions of the
vehicle.

ACKNOWLEDGEMENT
Special thanks to Remcom, Inc. for their
support of the Oregon State University Solar
Vehicle Team and their assistance with this

paper.

REFERENCES

[1] Y. Yamagucki, T. Abe, and T. Sekigucki, “Radio
wave propagation loss in the VHF to microwave
region due to vehicles in tunnels,” [EEE
Transactions on Electromagnetic Compatibility,
vol. 31, pp. 87-91, 1989.

[2] E. Irci, K. Sertel, and J. L. Volakis, “Miniature
printed magnetic photonic crystal antennas
embedded into vehicular platforms,” Applied
Computational Electromagnetics Society
Journal, vol. 26, pp. 109-114, February 2011.

[31 Y. H Wang, X. Xing, and Y. Zhang,
“Characterization of packet-level measurements
for vehicular wireless networks,” Applied
Computational Electromagnetics Society
Journal, vol. 27, pp. 532-540, June 2012.

[4] E. K. Walton, R. Abou-Jaoude, and M. E. Pekar,
“Annular slot windshield antenna,” [EEE
Transactions on Vehicular Technology, vol. 47,
pp. 766-773, 1998.

[5] R. Abou-Jaoude and E. K. Walton, “Numerical
modeling of on-glass conformal automobile
antennas,” IEEE Transactions on Antennas and
Propagation, vol. 46, pp. 845-852, 1998.

HAN, FREEMAN, HAN, ET.AL.: FINITE-DIFFERENCE TIME-DOMAIN MODELING OF ULTRA-HIGH FREQUENCY ANTENNAS

[6] H. Nagatomo, Y. Yamada, K. Tabira, T. Itagaki,
and S. Yuminaga, “Radiation from multiple
reflected waves emitted by a cabin antenna in a
car,” leice Transactions on Fundamentals of
Electronics Communications and Computer
Sciences, vol. E8SA, pp. 1585-1593, July 2002.

[7] S. Horiuchi, K. Yamada, S. Tanaka, Y. Yamada,
and N. Michishita, “Comparisons of simulated
and measured electric field distributions in a cabin
of a simplified scale car model,” Ieice
Transactions on Communications, vol. E90B, pp.
2408-2415, September 2007.

[8] J. C. Batchelor, R. J. Langley, and H. Endo, “On-
glass mobile antenna performance modelling,”
lee  Proceedings-Microwaves Antennas and
Propagation, vol. 148, pp. 233-238, August 2001.

[9] K. Nishikawa and Y. Asano, “Vertical radiation-
patterns of trunk mount antennas for mobile
radio-communications,” leice Transactions on
Communications Electronics Information and
Systems, vol. 74, pp. 3227-3232, October 1991.

[10]L. Low, R. Langley, and J. Batchelor, “Modelling
and performance of conformal automotive
antennas,” let Microwaves Antennas &
Propagation, vol. 1, pp. 973-979, October 2007.

[11]R. Ehmann, B. Wagner, and T. Weiland, “Farfield
calculations for car antennas at different
locations,” IEEE Transactions on Magnetics, vol.
33, pp. 1508-1511, 1997.

[12]Y. Tarusawa, S. Nishiki, and T. Nojima, “Fine
positioning  three-dimensional  electric-field
measurements in automotive environments,” /eee
Transactions on Vehicular Technology, vol. 56,
pp- 1295-1306, May 2007.

[13]A. Taflove and S. C. Hagness, “Computational
electrodynamics: the finite-difference time-
domain method,” 3rd ed., Artech House, Inc.,
Norwood, MA, 2005.

[14]K.S. Yee, “Numerical solution of initial boundary
value problems involving Maxwell’s equations in
isotropic media,” [EEE Trans. Antennas
Propagat., vol. 14, pp. 302-307, 1966.

[15]V. Safarova and J. Gregr, “Electrical conductivity
measurement of fibers and yarns,” 7th
International Conference-TEXSCI, 2010.

[16]F. Alam, H. Chowdhury, H. Moria, and S.
Watkins, “Effects of vehicle add-ons on
aerodynamic performance,” In Proceedings of the
13th Asian Congress of Fluid Mechanics, Dhaka,
Bangladesh, 2010.

450



451

Katherine Han is currently a
Ph.D. student in the School of
Chemical, Biological, and
Environmental Engineering at
Oregon State University. She is a
co-founder of the OSU Solar
Vehicle Team and has served as

¥ < Graduate Student President in her
department. Han is currently the Lab Manager for the
Oregon Process Innovation Center.

Paul Freeman is a senior in
Computer Science at Oregon
State University. His education
emphasizes cognitive science,
artificial intelligence, computer
ethics and goal-directed
computation. He is a member of
American Mensa, the Upsilon Pi
Epsilon honor society for Computing and Information
Disciplines and the OSU Solar Vehicle Team. He has
worked as a software engineering intern for Intel and
Garmin AT. While attending classes, Freeman works
as a Teaching Assistant for freshman level computer
science students. In addition to his computer science
background, Freeman earned an Associates of Applied
Arts in Graphic Design at Portland Community
College.

Hai-Yue Han received his Ph.D.
in Electrical Engineering at
Oregon State University. He is a
co-founder of the Oregon State
University Solar Vehicle Team
and has built three solar powered
cars at OSU. He currently works

‘ &8 as the lead balance of systems
engineer at Inspired Light.

ACES JOURNAL, Vol. 29, No. 6, JUNE 2014

Jacob Hamar is currently a
junior of Mechanical
Engineering at Oregon State
University. He is working as a
Controls Engineer at Daimler
Trucking North America and is
co-captain of the Oregon State
University Solar Vehicle Team.
Hamar’s interests include water desalination,
aerospace and energy technology.

James F. Stack, Jr. received his
B.S. degree in Electrical
Engineering from the
Pennsylvania State University in
2001 and his M.E. degree in
Systems Engineering from the
Pennsylvania State University in
2010. He has worked for
Remcom, Inc. since 2000, where he currently manages
the Applications Engineering Department. His
research interests include high performance
computing (SSE/AVX vectorization, GPGPU, MPI
and threading) and using optimization techniques to
achieve novel RF structures.



ACES JOURNAL, Vol. 29, No. 6, JUNE 2014

Ultra-Wideband Antenna with Variable Notch Band Function by
Defected Ground Structure and Shorting Pin

Mohammad Akbari ', Reza Movahedinia 2, and Abdelrazik Sebak >

"Young Researchers and Elite Club
Islamic Azad University, Central Tehran Branch, Tehran, Iran

? Electrical and Computer Department
Concordia University, Quebec H3G 1MS8, Canada

akbari.telecom@gmail.com

Abstract — In this paper, a simple miniaturized
printed antenna for ultra-wideband applications
with variable band-notch function is proposed.
The presented antenna consists of a square
radiating patch and a ground plane with inverted
T-shaped slot, which increases the bandwidth of
2.3-11 GHz. Frequency band-stop performance is
created by two techniques: Defected Ground
Structure (DGS) and shorting pins. The designed
antenna has a small size of 17x21x1 mm’, while
showing the band rejection performance in the
frequency bands of 3.2 to 3.8 and 5.1 to 5.85 GHz,
respectively.

Index Terms — antenna, DGS (Defected Ground
Structure), notch band and shorting pin.

I. INTRODUCTION

Commercial Ultra-Wideband (UWB) systems
require compact, cheap antennas with omni-
directional radiation patterns and extended
bandwidth [1]. It is a renowned fact that monopole
antennas present really appealing physical
features, such as simple structure, small size and
low cost. Due to all these fascinating
characteristics, planar monopoles are quite
appealing to be used in emerging UWB
applications and growing research activity is being
focused on them. In UWB communication
systems, one of major subjects is the design of a
small antenna while providing wideband
characteristic over the total operating frequency
band. Consequently, a big number of microstrip

Submitted On: June 10, 2013
Accepted On: July 14, 2014

antennas with various structure have been
experimentally characterized [2-6]. The frequency
range for UWB systems between 3.1 and 10.6
GHz will cause interference to the existing
wireless communication systems; as an example
the Wireless Local Area Network (WLAN) for
IEEE 802.11a operating in 5.15-5.35 GHz and
5.725-5.825 GHz bands, so the UWB antenna with
a band-stop performance is needed. To create
frequency band-notch function, modified planar
monopoles have recently been proposed [7-15]. In
[7], novel shape of the slot (folded trapezoid) is
used to obtain the appropriated band notched
characteristics.  Single and multiple half-
wavelength U-shaped slots are embedded in the
radiation patch, to generate single and multiple
band-notched [8] functions. In [9], a band-notch
function is achieved by using a T-shaped coupled-
parasitic element in the ground plane. In this
paper, a novel band-notched printed monopole
antenna is proposed. The notched bands covering
the 3.2 to 3.8 and 5.1 to 5.85 GHz, is provided by
using two techniques: Defected Ground Structure
(DGS) and shorting pins. Also, by inserting an
inverted T-shaped slot on the ground plane, wider
impedance bandwidth can be obtained. Measured
and simulated results of the constructed
miniaturized prototype are presented and
discussed.

II. ANTENNA DESIGN
The square monopole antenna is exhibited in
Fig. 1, which is printed on a 1 mm thick FR4

1054-4887 © 2014 ACES
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substrate with relative permittivity of 4.4. The
width WT of the microstrip feedline is fixed at 1.9
mm. The basic antenna structure consists of a
square patch, a feedline and a ground plane. The
square patch has a width Wp. As illustrated in Fig.
1, the patch is connected to a feed line of width Wf
and length Lf. On the other side of the substrate, a
conducting ground plane of width Wsub and
length Lgnd is placed. The proposed antenna is
connected to a 50-Q SMA connector for signal
transmission. The ground plane with an inverted T
shape is playing an important role in the
broadband characteristics of this antenna, because
they can adjust the electromagnetic coupling
effects between the patch and the ground plane
and improves its impedance bandwidth without
any cost of size or expense [2]. To obtain two
notched bands, two different techniques has been
used, the former DGS (Defected Ground
Structure) and the latter shorting pin, that will be
more examined below.

Side View Top Layer
q ——Wp——>

Bottom Layer

g =4.4
=<

Fig. 1. Geometry of proposed antenna: Wsub=17,
Lsub=21, Lp=12, Wp=10, W{=1.9, L{=8, Wg=8,
Lg=4.5, d=1, L1=3, L2=13, L3=3.5, L4=1.5,
L5=11.5, L6=1.25, L7=1.5, L8=1.5, L9=1, L10=5,
S=0.5, h=1 and er=4.4.

III. ANTENNA PERFORMANCE AND
DISCUSSION
The performance analysis of the proposed
antenna is carried out in both frequency and time-
domain.

A. Frequency-domain analysis
In this part, the square monopole antenna with
different design parameters were constructed and

ACES JOURNAL, Vol. 29, No. 6, JUNE 2014

the numerical and experimental results of the input
impedance and radiation characteristics are
presented and discussed. The parameters of this
proposed antenna are studied by changing one
parameter at a time and fixing the others. The
simulated results are obtained using the Ansoft
simulation software high-frequency structure
simulator [16]. Figure 2 depicts the structure of the
different square antennas. As illustrated in Fig. 3,
bandwidth is increased dramatically and the third
resonance has been excited by cutting an inverted
T-shaped notch on the ground. The upper
frequency limit of the bandwidth is affected by
using the pair of L-shaped arms on the back in a
way that the L-shaped arms causes to create a
resonance at 11 GHz, that extends the bandwidth.
However, the main purpose for using a pair of L-
shape arms was to obtain a notch.

| (

(a) (b) (C]

Fig. 2. (a) The ordinary square antenna, (b) the
antenna with an inverted T-shape notch on the
ground plane and (c) the antenna with a pair of L-
shaped arms on the back (DGS technique).
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Fig. 3. Simulated return loss characteristics for the
various square monopole antenna structures, as
shown in Fig. 2.



In this work, through new technique of DGS
and by a pair of L-shape arms, a band-stop
performance at frequency 5.5 GHz is produced
that has an acceptable bandwidth. The central
frequency of notch can easily be shifted by some
key parameters, like L1. Figure 4 exhibits the
different structures of the antenna showing major
elements of generating a stop-band, namely a pair
of L-shaped arms and shorting pin. Figure 5
demonstrates the Voltage Standing Wave Ratio
(VSWR) for the three cases shown in Fig. 4. It is
quite apparent that the pair of L-shaped arms has
effect on notched band at center frequency 5.5
GHz, while shorting pin produces a stop band at
center frequency 3.5 GHz, to filter WLAN and
WiMAX bands, respectively.

]
sy

()

)

Fig. 4. (a) The square antenna with an inverted T-
shaped slot, (b) the square antenna with a pair of
L-shaped arms and (c) proposed antenna.

8

---------- Antenna shown in Fig. 4(a)

— — — Antenna shown in Fig. 4(b)

Antenna shown in Fig. 4 (c) [ |
(Proposed Antenna)

Frequency (GHz)

Fig. 5. Simulated VSWR characteristics for
antennas shown in Fig. 4.
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Meanwhile, it is found out that both notches
are autonomous; i.e., they have no effect on each
other. As illustrated in Fig. 6, parameter L5 has a
considerable influence on frequency shifting.
Increasing the length of LS5 results in decreasing
the center frequency, while the rejection
magnitude is nearly constant. A best value L5 for
covering 5.15 to 5.825 GHz band, corresponds to
11.5 mm. In this study, to generate the band-stop
performance on WiMAX band with center
frequency 3.5 GHz, we used an arm with length
L1+L2 that has been connected to a shorting pin.
The simulated VSWR curves with different values
of L1 are plotted in Fig. 7. As shown in Fig. 7,
when L1 increases from 1 to 7 mm, the center
frequency of the notched band is fallen from 3.8 to
2.8 GHz. Therefore, the optimized L1 is 3 mm.
From these results, we can conclude that the notch
frequencies are controllable by changing L1 and
L5. To understand the behavior of the proposed
antenna, Fig. 8 shows simulated current
distributions on the radiating patch and a pair of L-
shape arms on the back. It can be observed from
Fig. 8 (a), that the current is concentrated on the
arms and patch using an arm ended up with
shorting pin. It can be noticed that the current
direction on the patch is opposed (180 degree
phase difference) with the current on arm. On the
other hand, Fig. 8 (b) depicts the current
distribution at 3.5 GHz.

............. L5=7.5mm
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6 r - 15=11.5mm
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1
1
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Frequency (GHz)

Fig. 6. Simulated VSWR characteristics of the
antenna with a pair of L-shaped arms with
different values of LS.
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Fig. 7. Simulated VSWR characteristics of the
antenna with an arm ended up shorting pin with
different values of L1.
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Fig. 8. Simulated surface current distributions on
radiating patch: (a) on L-shaped arm ended up
shorting pin at 5.5 GHz (bottom view) and (b) on a
pair of L-shaped arms at 3.5 GHz (top view).

It is clear that most of the current is seen on
the pair of L-shaped arms, with the current
directions on the arms are in opposite direction
with the current on the patch. The proposed
antenna with optimal design, as shown in Fig. 9,
was fabricated and tested in the Antenna
Measurement Laboratory at Iran
Telecommunication Research Center. Figure 10
exhibits the measured and simulated VSWR
characteristics of the proposed antenna. The
fabricated antenna has the frequency band of 2.3
to over 11 GHz. The designed antenna has a small
size of 21x17 mm?® while showing the band
rejection performance in the frequency bands of
3.2 to 3.8 and 5.1 to 5.85 GHz, respectively. The
measured and simulated VSWR by both software
HFSS [16] and CST [17], are shown in Fig. 10. As
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shown in Fig. 10, there exists a discrepancy
between measured data and the simulated results,
and this could be due to the effect of the SMA
port.

9+ f .. — . —HFSS i
: Measured

w &~ o
T

- 0~

2 3 4 5 6 7 8 9 10 1" 12
Frequency (GHz)

Fig. 10. Measured and simulated VSWR

characteristics for the antenna.

Figure 11 illustrates the measured maximum
gain of the proposed antenna with and without
stop band. A sharp decrease of maximum gain in
the notched frequencies band at 3.5 and 5.5 GHz is
shown. For other frequencies outside the notched
frequency band, the antenna gain with the slot is
similar to those without it. Figure 12 shows the
measured radiation patterns including the co-
polarization and cross-polarization in the H-plane
(x-z plane) and E-plane (y-z plane). It can be seen
that the radiation patterns in x-z plane are nearly
omni-directional for the two frequencies, while
radiation pattern in y-z plane are approximately
directional.
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Fig. 11. Measured gain of the antenna with and
without stop bands.
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Fig. 12. Measured radiation patterns of the antenna
at: (a) 4 and (b) 8 GHz.

B. Time-domain analysis

Computation of the dispersion that happens
when the antenna radiates a pulse signal is an
important issue in UWB systems. The transmit
transfer functions of the antennas were utilized to
calculate the radiated pulse in various directions
when a reference signal was used at the antenna
input. The signal should present an UWB
spectrum masking the antenna bandwidth and
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specially the FCC mask (3.1 up to 10.6 GHz). A
pulse of Gaussian seventh derivative is shown in
Fig. 13 that is an acceptable approximation to a

FCC mask compliant pulse. This pulse is
represented in the time domain by:
42
G(t) = A.exp (2—;2), (D)
46 _ ! -t
60 =G = D" i () 6O, @

where for n=7,

H,(t) = 128t7 — 1344t° + 3360t3 — 1680t.  (3)

Both signal and spectrum are depicted in Fig.
13. The pulse bandwidth fits very well into the
desired mask. Fortunately, after drawing various
Gaussian pulses from the first to eighth derivative,
it was found that the best pulse to cover the FCC
mask is the seventh derivative. Furthermore, with
a few tolerance, the sixth and eighth derivative can
be acceptable. The correlation between the
transmitted (TX) and received (RX) signals in
telecommunications systems is evaluated using the
fidelity factor (4):

+o0
+f;w5(t)r(i;)dt ' (4)
\/f_oos(t)z- [ r(t)2dt
In which, S(t) and r(t) are the TX and RX signals,
respectively. For impulse radio in UWB
communications, it is needful to have a high
degree of correlation between the TX and RX
signals to avoid losing the modulated information.
Although, for most other telecommunication
systems, the fidelity parameter is not that relevant.
In order to evaluate the pulse transmission
characteristics of the antenna without notch, two
configurations (side-by-side and face-to-face
orientations) were chosen. The transmitting and
receiving antennas were placed in a d=25 cm
distance from each other [18]. As shown in Figs.
14, the received pulses in each of the two
orientations are broadened, a relatively good
similarity exists between the RX and TX pulses.
Using (4), the fidelity factor for the face-to-face
and side-by-side configurations was earned equal
to 0.95 and 0.96, respectively. These values for the
fidelity factor demonstrate which the antenna
imposes negligible effects on the transmitted
pulses. The pulse transmission results are obtained
using CST [17].

F = max,
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IV. CONCLUSION

In this paper, a novel microstrip antenna with
extended bandwidth capability for UWB
applications was presented. In this design, the
proposed antenna can operate from 2.3 to 11 GHz
with  VSWR<2 and displays a good omni-
directional radiation pattern, even at higher
frequencies. The designed antenna has a small size
of 17x21 mm’, while showing a band rejection
performance in the frequency bands of 3.2 to 3.8
and 5.1 to 5.85 GHz, respectively. Good return
loss and radiation pattern characteristics are
obtained in the frequency band of interest.
Simulated and experimental results exhibits that
the antenna could be a good candidate for UWB
application.
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Abstract — Since the Compact Microstrip
Antennas (CMAs) with various shapes are
crucial for mobile communication, they take
much attention in present days and studies
related to analysis and design on them have been
increasing day by day. In this work, simple
approaches based on Artificial Neural Network
(ANN) and Adaptive Neuro-Fuzzy Inference
System (ANFIS) for computing the resonant
frequency of L-shaped CMAs operating at UHF
band have been presented. In order to train and
test the ANN and ANFIS models, 192 LCMASs
having different physical dimensions and
relative dielectric constants were simulated by
electromagnetic simulation software named
IE3D™, which is based on Method of Moment
(MoM). 172 of LCMAs were employed for
training, while the remainders were utilized for
testing the models. Average Percentage Errors
(APEs) for training were obtained as 0.345%
and 0.090% for ANN and ANFIS models,
respectively. The constructed models were then
tested over the test data and APEs values were
achieved as 0.537% for ANN and 0.454% for
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ANFIS. Afterwards, the accuracy and validity of
ANN and ANFIS models proposed in this work
were verified on measurement data of the
fabricated LCMAs. The results indicate that
ANN and ANFIS can be successfully used to
predict the resonant frequency of LCMAs
without necessitating any other sophisticated
calculations.

Index Terms — Adaptive Neuro-Fuzzy
Inference System (ANFIS), Artificial Neural
Network (ANN), compact microstrip antenna, L-
shaped compact microstrip antenna, resonant
frequency.

I. INTRODUCTION

The Microstrip Antennas (MAs) [1-3],
thanks to their attractive features, such as low
profile, light weight, easy fabrication and
conformability to mounting hosts have been
rapidly increasing for applications of wireless
communication systems; for instance, 2G/3G
mobile services, marine or land vehicle
navigations (GPS), wireless LANs access and

1054-4887 © 2014 ACES
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remote sensor with monitoring systems. These
applications usually require small antennas in
order to meet the miniaturization of mobile
units. The size of conventional MAs having
rectangular, triangular and circular patch shapes,
has become large for mobile terminals. Thus,
size reduction is becoming major design
considerations. Compact MAs (CMAs) are
called for a miniaturized version of MAs. For
constructing CMAs, various approaches such as
method of loading slots on the patch or ground
plane, shorting pins and using high permittivity
substrate layer have been employed [2]. Several
CMA configurations obtained by using the
method of slots loading on the patch, such as C
shape by [4], E shape by [5], H shape by [6] and
L shape by [7] have been proposed in recent
years.

In analysis of the conventional MA, the
techniques such as cavity model [8] and
transmission line model [9] can be used. These
techniques may not be used for CMAs because
of their irregular shapes. In general, simulation
and experimental studies are successfully carried
out for the analysis and design of CMAs.
Electromagnetic simulation tools employing the
computational electromagnetics, such as Finite
Difference Time Domain (FDTD) method [10]
and Method of Moment (MoM) [11] to solve the
complicated Maxwell equations are utilized.
However, designing procedure may be
complicated and highly time consuming by
using these tools.

The latest advancements in wireless
communication technology have led to an
increase in the usage of CMAs with various
shapes; therefore, simple approaches should be
utilized to analyze their performances. The
resonant frequency is of crucial importance in
the CMA design, since these antennas inherently
suffer from narrow bandwidth. In the literature,
several approaches based on approximate
formulas have been proposed for determining
the resonant frequency of CMAs with arrow, C,
E, H, L and rectangular ring shapes [12-16]. In
these formulas, the resonant frequency is
calculated by using the resonant length
equations together with the edge extension
dimension and effective relative dielectric
constant expressions derived for the rectangular
MA. In general, the formulation methods lead to
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confusion  because
calculations.

This paper attempt to predict the resonant
frequency of L shaped CMAs (LCMAs) by
using Artificial Neural Network (ANN) [17] and
Adaptive  Neuro-Fuzzy Inference System
(ANFIS) [18], to take the advantage of the fast
computation of the ANN and ANFIS with a
simple manner. For achieving this goal, 192 of
LCMAs having various parameters, such as
antenna dimensions and dielectric constants
were simulated by the packaged software named
IE3D™ (version 14), depended on the MoM.
172 of LCMAs were used for the training phase
and the remainders were utilized for the testing
phase of the models. The accuracy and validity
of the models were also tested and verified on
two experimental data.

The ANN attempted to model poorly
understood problems by employing a
mathematical model based on brain’s structure.
The brain consists of billions of densely
interconnected neurons. The premise behind
ANN models is that mimicking the brain’s
structure of many highly connected processing
elements will enable computers to tackle tasks
they have not as of yet performed well [17]. The
ANFIS is a very powerful approach for
constructing complex and nonlinear relationship
between a set of input and output data sets and it
combines the advantages of the expert
knowledge of the Fuzzy Inference Systems
(FISs) and the learning capability of ANNs [19].
Optimization of these linguistically expressions
in FIS are made by a network and this provides
the learning ability with addition to data
processing ability of the ANFIS. The ANN and
ANFIS have ability to learn, generalization, the
smaller information requirement, fast real-time
operation and ease of implementation without
needing any expert knowledge [20]. Even if
training phase takes a few minutes, the test
phase takes only a few microseconds. A distinct
advantage of both ANN and ANFIS, is that they
bypass the repeated use of complex formulations
or processes for a new case given to it after
proper training. Because of these attractive
features, the ANN and ANFIS have often been
used to solve problems related to
electromagnetics, microwave and different
engineering areas [21-33].

of many successive



II. MODELING OF THE ANN AND
ANFIS FOR LCMAs

A.LCMA

As shown in Fig. 1, a LCMA has a slot
having d dimensions on one corner of a
rectangular patch (LxW) on the substrate of
height # having relative dielectric constant e,
overall on the ground plane. Slot loading on the
rectangular MA results in a decrease of resonant
frequency; thus, size reduction for the antenna
has been achieved effectively.

h

-
Ground
> plane

- Substrate

* Probe feed
&

L]

Fig. 1. Geometry of LCMA.
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B. Simulations

In order to determine the resonant
frequencies of 192 LCMAs having different
dimensions and various substrate dielectric
constants, which are tabulated in Table 1,
simulations have been performed with the use of
IE3D™, The antennas operate over the
frequency range 0.78-3.23 GHz corresponding
to UHF band.

In the simulations, maximum frequency and
cell/wavelength rate were assumed as 4 GHz and
40, respectively. A 50 ohm probe feed was
applied. Optimization module in IE3D™ based
on genetic algorithm [34] was utilized to define
the feed point for [S11] < — 10 dB objective
function, resulting in the best return loss value.

Table 1: Physical and electrical parameters of simulated LCMAs
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Patch Dimensions (mm)
Number of Simulations L w K d h &
64 30 25 10, 15, 20, 25 4,8,12,16 1.57 2.33,4.5,6.15,9.8
64 40 30 20, 25, 30, 35 5,10, 15,20 2.50 2.33,4.5,6.15,9.8
64 50 35 30, 35, 40, 45 6,12,18,24 3.17 2.33,4.5,6.15,9.8

C. Training of the ANN and ANFIS

The ANN and ANFIS have been
individually applied to predict the resonant
frequency values of LCMAs. 172 of LCMAs are
employed for training, while 20 of LCMAs are
used for testing the ANN and ANFIS models.
As shown in Fig. 2, the physical and electrical
parameters (L, W, d, s, h and ¢,) of the simulated
antennas were given as inputs and their
respective resonant frequency values of IE3D™
were given as outputs, for training the ANN and
ANFIS models.

As shown in Fig. 3, the ANN model based
on Multilayer Perceptron (MLP) [17] consisting
of 1 hidden layer with 3 neurons, was
constructed in this work. “Tangent sigmoid”
function was used for input and hidden layers,
while “purelin” function was utilized for output
layers. The Levenberg—Marquardt (LM)

algorithm [35] was used in the ANN model as
training algorithm, since it is capable of fast
learning and good convergence. The number of
epochs, minimum gradient descent, momentum
parameter (u), u increment, u decrement,
maximum g and seed value were used for
training as 250, 107°, 0.0001, 4, 0.1, 1010,
1446455104, respectively.

L —»
—> IE3D
W —»
d —»
[ Sz
) 4 ANN/ANFIS  —f vy aners
& —p

Fig. 2. Training of the ANN and ANFIS.
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Fig. 3. ANN model.

For the ANFIS network, the hybrid-learning
algorithm [18] combining the Least-Squares
Method (LSM) and the Backpropagation (BP)
[36] algorithm was wused. This algorithm
converges faster, since it reduces the dimension
of the search space of the BP algorithm [37].
The ANFIS network designed in this work was
shown in Fig. 4. The number of Membership
Functions (MFs) for the input values and output
value was selected 22. The number of epochs,
range of influence, squash factor, accept ratio
and reject ratio used for training were selected
as: 100, 0.5, 1.25 0.5 and 0.15, respectively. The
MFs used for input values were selected as
Gaussian and for the output values was selected
as linear functions. The numbers of nodes, linear
parameters,  nonlinear  parameters, total
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parameters, training data pairs and fuzzy rules
are: 317, 154, 264, 418, 172 and 22,
respectively.

The training results of the ANN and ANFIS
models together with the results of IE3D™ were
given in Fig. 5. The method illustrated in Fig. 6
was used for calculating Average Percentage
Errors (APEs) and APE values were obtained as
0.345% and 0.090% for the ANN and ANFIS,
respectively.

Input:
n%s

( Parameters Target 1
A

Input
MFs

Rules
Output
MFs
Output
‘f{"\/[-'fﬁ‘

Fig. 4. ANFIS network.

Resonant Frequency (GHz)

20 40 60

100 120 140 160

Antenna Number

Fig. 5. Comparative results of the simulation, ANN and ANFIS models for training phase.
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L —»
IE3D
W —>
d —»
ﬁl{.?l)
s —»
ANN /ANFIS

> ANN/ANFIS

Fig. 6. APE calculation of the ANN and ANFIS.

D. Testing of the ANN and ANFIS

20 of simulated LCMAs representing the
whole solution space were utilized to test the
performance of the trained ANN and ANFIS
models. The simulated and predicted resonant

ﬁl"3l) fr; m_ff.\n\- NETS
: ap —Javoes s 1 0
> [T > APE

Total Number of Antennas

frequency values and calculated APEs with the
instruction of Fig. 6, are given in Table 2. APEs
were obtained respectively, as 0.537% and
0.454% for the ANN and ANFIS over 20
LCMA:s.

Table 2: Resonant frequencies determined by the ANN and ANFIS for test phase

Patch Dimensions (mm) Resonant Frequencies (GHz) Percentage Errors (%)
L w s d h & Simulated ANN ANFIS ANN ANFIS
30 | 25 15 8 1.57 2.33 2.969 2.959 2.959 0.337 0.337
30 | 25 | 25 4 1.57 2.33 3.128 3.125 3.137 0.096 0.288
30 | 25 | 25 12 1.57 2.33 2.640 2.650 2.640 0.379 0.000
30 | 25 10 | 16 1.57 4.50 2.200 2.216 2.204 0.727 0.182
30 | 25 10 4 1.57 6.15 2.013 2.031 2.020 0.894 0.348
30 | 25 | 20 | 16 1.57 6.15 1.563 1.556 1.564 0.448 0.064
30 | 25 | 20 | 16 1.57 9.80 1.244 1.246 1.261 0.161 1.367
40 | 30 | 25 5 2.50 2.33 2.359 2.345 2.361 0.593 0.085
40 | 30 | 30 | 20 | 2.50 2.33 1.844 1.837 1.816 0.380 1.518
40 | 30 | 25 5 2.50 4.50 1.713 1.716 1.725 0.175 0.701
40 | 30 | 35 10 | 2.50 4.50 1.650 1.647 1.648 0.182 0.121
40 | 30 | 20 | 10 | 2.50 6.15 1.432 1.423 1.429 0.628 0.209
40 | 30 | 30 | 20 | 2.50 6.15 1.183 1.189 1.190 0.507 0.592
40 | 30 | 20 | 15 | 2.50 9.80 1.090 1.093 1.101 0.275 1.009
50 | 35 | 30 6 3.17 2.33 1.904 1.944 1.925 2.101 1.103
50 | 35 | 35 18 | 3.17 2.33 1.635 1.618 1.634 1.040 0.061
50 | 35 | 35 6 3.17 4.50 1.380 1.376 1.378 0.290 0.145
50 | 35 | 40 | 12 | 3.17 4.50 1.303 1.305 1.303 0.153 0.000
50 | 35 | 35 12 | 3.17 6.15 1.114 1.110 1.119 0.359 0.449
50 | 35 | 45 | 24 | 3.17 6.15 0.983 0.993 0.978 1.017 0.509
APE 0.537 0.454

Further to investigate the robustness of the
proposed ANN and ANFIS models over
measurement data rather than simulation data, a
LCMA was also fabricated by using material of
Rogers™ RT/duroid 5870. The resonant
frequency value of the antenna was measured by
Agilent E5071B ENA series RF network
analyzer. Figure 7 illustrates the simulated and
measured return loss curves of the LCMA.

Notice that the measurement result may include
discrepancies because of material production,
geometry  etching and feed connector
misalignment in the fabrication process. The
measured, simulated and calculated resonant
frequency results of the antennas are tabulated in
Table 3. Table 3 also contains the measurement
results reported by Chen (2000).
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Fig. 7. Return loss (s1;) graph of the fabricated LCMA.

Table 3: Results of the simulation, measurement, ANN and ANFIS models

Patch Dimensions (mm) Resonant Frequencies (GHz) Percentage Errors (%)
L w K d h & Measured | ANN | ANFIS ANN ANFIS
LCMA * 30 | 25 | 10 | 8 |1.57]2.33 3.130 3.121 3.135 0.542 0.096
LCMA[7]| 50 | 45 | 22 | 20 | 8 | 1.07 2.680 2.738 2.765 0.436 0.545

*Fabricated in this work by using Rogers™ RT/duroid 5870 with tand=0.0012

The simulated radiation patterns for the
fabricated LCMA operating at 3.138 GHz are
given in Fig. 8 (a) for x—z plane (¢ =0) and in
Fig. 8 (b) for y-z plane (¢ = 90"). It is seen that
the radiation patterns have good performance

and approach  omni-directional radiation
characteristic.
30
300 60
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180
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/
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Fig. 8. The simulated radiation pattern of
fabricated antenna at 3.138 GHz: (a) for x-z
plane and (b) for y-z plane.

The simulated gain plot of the proposed
antenna is given in Fig. 9. The peak gain occurs
over the resonant frequency of 3.16 GHz



with the radiation efficiency exceeding 80%.
The gain varies over the 3 dBi for the 3.07-3.24
GHz band. This good radiation efficiency is due
to the use of the dielectric material with low
tangent loss.

Gain (dBi)
[8%] -y

29 3.0 3.1 3.2 3.3 3.4 3.5
Frequency (GHz)

Fig. 9. The simulated gain graph of the
fabricated antenna.

From Fig. 5 given for the training phase, the
computation results of the ANN and ANFIS well
fit to the simulation results of the IE3D™". Test
phase results for 20 LCMAs given in Table 2,
show that there is a well conformity between the
simulated and computed resonant frequencies, in
general. In fact, these results are enough to
verify the proposed models. However, the
experimental data given in Table 3 was also
employed to investigate the validity of the
models. The very good agreement between the
measured values and our computed resonant
frequency values supports the validity of the
models. These all comparatively results point
out that proposed ANN and ANFIS models can
be successfully employed to estimate the
resonant frequency of the LCMAs operating at
UHF band. It is worth noting, that better results
may be obtained from the ANN and ANFIS
either by choosing different training and test
data sets from the ones used in this work, or by
supplying more input data set values for
training.

IT1I. CONCLUSION
In this study, the ANN and the ANFIS
models have been proposed to predict the
resonant frequencies of LCMAs. The resonant
frequency values were obtained by simulating
192 LCMAs with various antenna dimensions

KAYABASI, ET.AL.: ANN AND ANFIS TO PREDICT THE RESONANT FREQUENCY OF L-SHAPED MICROSTRIP ANTENNAS

and dielectric constant. It was shown that the
computed results by the ANN and ANFIS
models trained by means of simulation data are
in very good agreement with simulated ones.
Accuracy and validity of the proposed ANN and
ANFIS models was further tested and verified
on two experimental results, of which one was
fabricated in this work and the other was
reported elsewhere. Thus, the proposed models
of ANN and ANFIS can successfully compute
the resonant frequency of LCMA operating at
UHF band. A major advantage of the ANN and
ANFIS computation is that after once
accomplished training, no need again any
training for each new needs of calculation, since
the ANN and ANFIS completely pass the
repeated use of complex iterative processes for
new cases. The proposed method is not limited
to the resonant frequency computation of
LCMAs. This method can easily be applied to
other antenna and microwave circuit problems.
Accurate, fast, and reliable models can be
developed from measured/simulated antenna
data. Once developed, these models can be used
in place of computationally intensive numerical
models to speed up antenna design.
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Abstract — In this article, we have investigated the
influence of the hand on the Specific Absorption
Rate (SAR) in the head for single and dual-
antenna mobile terminals. The SAR in the head
has been evaluated via Finite Difference Time
Domain (FDTD) numerical computations. In the
numerical models, the user has been represented
not only by using the Specific Anthropometric
Mannequin (SAM) head phantom, but also by
including a hand phantom. Two types of hand
grips (soft and firm) have been used to investigate
the impact of the hand on the SAR. Moreover, the
influence of the index finger position on the SAR
has been investigated by using hand models with
different locations of the index finger. At low
band, the SAR evaluation in the head without
including the hand phantom overestimates the
actual value, with the hand phantom presents
independently on the type, location and number of
antennas. The highest overestimation of 50% has
been observed for the mobile terminal with bottom
positioned Folded J Antenna (FJA). At the high
band and when considering the dual-antenna
mobile terminals, the hand increases the SAR in
the head by up to 40% compared to the respective
calculated values without a hand phantom.
Further, the SAR evaluation when the firm hand
grip is used can be considered as a worst case
estimation, because higher SAR values in the head
have been obtained compared to when using the
soft phantom.

Index Terms — Hand phantom, near fields and
specific absorption rate.

I. INTRODUCTION
The effect of the electromagnetic radiation
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from the mobile phone towards the user, has been
evaluated through the SAR in the head [1].
However, in the estimation procedure, a hand
phantom is not included due to the lack of detailed
knowledge on the hand grips up until recently. In a
recent study [2], two hand grip models have been
identified when the mobile phone is used in talk
mode. The SAR is related to the Near Fields (NF)
in vicinity of the antenna. Some fundamental
results have been outlined in [3]. In [4], the first
antenna solution with a reduced SAR in the head
has been proposed. The use of a parasitic element
connected to the ground plane to manipulate the
Near Fields (NF) and consequently the SAR, has
been proposed in [5]. In [6], when the SAM
phantom has been wused, a dual-antenna
configuration has been found to have higher SAR
in the head than the respective one when single
antenna is used.

In this article, we have investigated different
antenna configurations having one or two
antennas. The types of the antennas have been
chosen in a way to represent the most common
types used in the mobile phones nowadays. In our
study, we have considered four antenna
configurations with one antenna and four with two
antennas; combining FJA, Planar Inverted F
Antenna (PIFA) and Folded Inverted Conformal
Antenna (FICA), fitting into a typical candy bar
mobile phone. The two main issues, which have
been addressed and investigated in the current
work, were the contribution of the hand on the
SAR value in the head for both single and dual-
antenna mobile terminals and the influence of the
index finger position on the SAR in the head for
both general hand grips in use. A useful
conclusion for the future SAR evaluation by using

1054-4887 © 2014 ACES
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an appropriate hand grip has been given.

I1. ANTENNA DESIGNS AND USER
PHANTOM MODELS
The information for the mobile terminals
under investigation is summarized in Table 1.

Table 1: Mobile terminals’ antennas used in the

investigation

Type Location Notation
FJA Top H1

FJA Bottom H2
PIFA Top H3

PIFA Bottom H4
PIFA-PIFA Bottom H5
PIFA-PIFA Top H6
PIFA-PIFA Top and Bottom | H7
FICA-FICA Top and Bottom HS8

H1 to H4 are mobile terminals with single
antenna, while H5 to H8 are with two antennas.
The single antennas have been designed to cover
the 900 MHz (low) and 1800 MHz (high) GSM
bands. The dual-antenna configurations have
covered the LTE (746-796) MHz (low) and (1920
-2170) MHz (high) frequency bands. In order to
obtain maximum bandwidth, the trivial position of
the planar antennas is the one coinciding with the
edges of the ground plane. The dimension of the
mobile handset is 40 mm x 100 mm x 10 mm
(width x length x thickness). The ground plane and
the metallic antenna elements have been modelled
as a Perfect Electric Conductor (PEC). All mobile
terminals in our analysis have been designed
including a battery, which is made of PEC and it
may have an important significance on the SAR in
the head. Other parts available in the real phones,
such as a phone case, are made of dielectric
material with low relative permittivity and
therefore will not influence drastically the SAR
results. Thus, they will not be included in the
mobile phone models. A parallel in-house FDTD
code [7] developed at Antennas, Propagation and
Radio-Networking (APNET) group at Aalborg
University, has been used for the investigation.
For the termination of the simulation space, the
perfectly matched layer absorbing boundaries [8]
were used. The profiles of the antenna
configurations are shown in Fig. 1.
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Two hand grips have been identified when the
mobile phone is used in talk mode in [2]. Both are
shown in Fig. 2. In the case of soft grip style, there
is a significant gap between the hand palm and the
mobile phone, as opposed to the firm grip where
the hand holds the phone tightly. The hand
phantoms have been originally created using the
3D software POSER and then converted to “wrl”
type of files. Lastly, they have been processed via
MATLAB, in order to create the hand phantoms as
external objects in our in-house FDTD code. The
dimensions of the hands were scaled according to
the study in [9] and their electromagnetic
properties were chosen according to the
investigation in [10]. As a head phantom, we have
used the SAM phantom head which has been
standardized for SAR evaluation [1]. According to
the latter, the mobile phone is placed in “right tilt
position” with respect to the SAM head phantom.
The hand models with different location of the
index finger are shown in Fig. 3.

(a) (b)

Fig. 2. (a) Firm and (b) soft hand phantoms.
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(d) (e) ®

Fig. 3. Firm hand phantom with the index finger
positioned on: (a) “initial,” (b) “right” and (c)
“left;” and soft hand having the index finger
located on: (d) “initial,” (e) “right” and (f) “left”.

II1I. RESULTS AND DISCUSSION
The SAR is defined via the equation:

ol
p

where ¢ is the conductivity of the tissue where the
computation is made, E is the total electric field
within the tissue and p is the sample density.

The SAR values averaged in 1 g for all mobile
terminals under investigation are shown in Fig. 4.
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Fig. 4. SAR averaged in 1 g for: (a) low band and
(b) high band, for initial location of the index
finger.

At low band, the presence of the hand leads to
decrease of the SAR in the head independently on
the type, location and number of antennas. In this
aspect, according to [1], the current evaluation of
the SAR without a hand phantom seems to
overestimate the realistic value (when the hand
phantom is present). This overestimation can be
assumed to be the worst case and therefore the
evaluation of the SAR in the head without using a
hand phantom can be considered as an acceptable
solution. The highest overestimation has been
observed in the case of H2 and it is approximately
50%. Comparing the obtained results for HI and
H2, we can easily see that the hand model
equalizes the SAR values in the head for both
types of mobile phones, as opposed to when it is
not present. The PIFA single-antenna mobile
terminals have lower SAR values compared to the
ones having FJA. The mobile terminal H4 having
the radiating element on the bottom of the ground
plane has the lowest SAR values.

Following equation (1), the SAR is dependent
on the electric field within the head phantom.
There is a strict relationship between the electric
field and the frequency for a given antenna under
consideration. The lower the frequency is, the
higher the electric field is. The low band of the
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LTE technology is lower than the low band of the
GSM. The high band of the GSM is lower than the
high band of the LTE. Due to these reasons we
would expect that at the low band intrinsically, the
SAR in the head when the mobile terminal has
more than one antenna would be slightly higher
than the one with one antenna. H5 and H6 consist
of two PIFA on one side of the ground plane.
However, in the case of HS5, which has two PIFA
on the bottom of the ground plane, the SAR in the
head is comparatively low. The latter can be
explained by lowering of the total peak electric
field, because the fields provided by both antennas
are out of phase. As expected, when the radiating
elements are located on the top side (H6), the SAR
in the head is higher than in the case when the
elements are on the bottom (H5). However, when
the radiating elements are bottom and top located
as it is the case of H7 and H8, the SAR in the head
has high values. The same trend observed for H1
and H2 is valid for the influence of the hand model
on the SAR in the head, when H7 and HS are used.
The hand seems to make the computed SAR
values in the head very close to each other for H7
and HS.

However, at the high band, the hand phantom
seems to be an importance for SAR evaluation.
For all dual-antenna mobile terminals, the
averaged increase in the SAR in the head when the
hand is included, is more than 25% compared to
the respective case without the hand included.
Moreover, the SAR in the head when the firm grip
style is used is almost always higher (always for
all  dual-antenna  configurations) than the
respective case with a soft grip phantom. The
differences in the SAR in the head when the hand
is present or not, are much higher for the case of
dual-antenna mobile terminals than for the single-
antenna mobile terminals.

In the next four figures, the SAR values in the
head have been calculated for hand phantoms
having different locations of the index finger. Soft
and firm hand grips having different locations of
the index finger (see Fig. 3) needs to be
investigated, because the variation of the SAR
values can be used to define a generalized hand
model for correct and realistic evaluation of the
SAR in the head.
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Fig. 5. SAR averaged in 1 g in the case of: (a) H1
and (b) H2, for different positions of the index
finger.

The hand may influence the SAR in the head
significantly depending on the hand grip in use. In
the case of HI at both frequency bands, when
moving the index finger in y direction (see Fig. 1),
the SAR in the head does not change significantly.
The same trend has been observed when using H2
at low band. However, in the case of H2 at high
band, when the index finger is on the “top” or
“bottom” position, the SAR in the head gets

BONEV, FRANEK, PEDERSEN: IMPACT OF THE HAND ON THE SPECIFIC ABSORPTION RATE IN THE HEAD

reduced by up to 60%, compared to the one when
the index finger is in “initial” position. When the
index finger is placed on the “right” or “left”
position, the SAR in the head may get decreased
drastically, as it is the case of H2 at high band.
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Fig. 6. SAR averaged in 1 g in the case of: (a) H3
and (b) H4, for different positions of the index
finger.

As it is seen from the SAR results, when using
the firm hand phantom in the SAR estimation, the
computed SAR values in the head are higher
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compared to the respective cases with a soft hand
phantom. However, the opposite trend has been
observed for H3, being a single-antenna mobile
terminal having a top positioned PIFA. Further, at
the high band, the SAR values in the head when
the index finger is positioned on “left” or on
“right,” positions are lower than the one obtained
for the hand phantoms with initial position of the
index finger. For example, when the index finger
is positioned on “left,” the SAR in the head is
almost two times lower than the one for the case of
the initial location of the index finger.

An important general conclusion for the
influence of the index finger position on the SAR
in the head, can be drawn in the case of single-
antenna mobile terminals. The SAR in the head is
dependent on whether the index finger is
positioned in the region of high electric fields,
considering the electric near field antenna pattern
in free space. All investigated single-antenna
mobile terminals have simplified electric near field
pattern in free space. Therefore, when the index
finger is positioned in the region of high electric
fields, which is the case of the “initial” position of
the index finger, the computed SAR in the head is
high. When the index finger gets moved further
from the region with the high electric fields, the
SAR values get decreased. The same trend is not
supposed to be observed in the case of the dual-
antenna terminals, because of the more
complicated total electric near field pattern in free
space due to the presence of two antennas and the
necessity of addition of their electric near fields.
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Fig. 7. SAR averaged in 1 g in the case of: (a) H5
and (b) H6, for different positions of the index
finger.

In the case of HS5, both PIFA are located on
the bottom of the mobile phone. As we would
expect, because the index finger is located far
from the radiating elements, the variation of the
SAR values in the head due to the index finger
position is negligible. However, for top positions
of the PIFA (H6), the lowest SAR values in the
head have been observed for case when the hand
grips with index finger in “left” position is used. In
general, the SAR values in the head when H6 is
used are higher than the respective ones when with
HS5.
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Fig. 8. SAR averaged in 1 g in the case of: (a) H7
and (b) HS8, for different positions of the index
finger.

The last two antenna configurations are dual,
having top and bottom locations of the radiating
elements (H7 and HS). In general, the SAR in the
head in the case of H7 and H8 is higher than when
H5 and H6 are used. Moreover, when the hand
phantoms with the index finger on “right” or “left”
position is used, the SAR in the head experiences
lower values than the ones with the hand model
with the initial location of the index finger. In that
aspect, the dependence of the SAR in the head on
the index finger position is similar to the trend
obtained for the case of single-antenna mobile
terminal; i.e., the SAR in the head experiences
reduction when the index finger is positioned on
“right” or “left”.

In general, the SAR in the head when the firm
hand has been used is almost in all cases higher
than the respective one with the soft hand in use.
Therefore, the antenna exposure to the user
considering firm hand in the modelling can be
assumed to be the worst case scenario and
therefore it should be preferred for SAR
evaluation.

IV. CONCLUSION
Two basic hand grips have been used to
investigate the influence of the hand on the SAR
in the head when using single and dual-antenna
mobile terminals. Moreover, hand phantoms with
different positions of the index finger for each
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hand grip have been modelled and included in the
investigation. At low band, the way of SAR
evaluation in the head without the presence of the
hand overestimates the realistic value (when the
hand phantom is included); i.e., the hand decreases
the SAR in the head independently on the type,
location and number of antennas. The highest
overestimation has been observed for H2 as it
reaches 50%. In the case of dual-antenna mobile
terminals and at high band, we have shown that
the hand increases the SAR in the head compared
to the respective calculated values without a hand
phantom. Namely, the increase of the SAR in the
head is up to 40% (25% on average) compared to
the case without a hand phantom.

Generally, the firm hand grip has been proved
to be the hand grip which secures the highest SAR
values and therefore it can be considered as a
worst case evaluation. Therefore, a test hand
phantom similar to the firm grip presented in the
current work has to be used to evaluate the SAR in
the head for the upcoming LTE technology using
more than one antenna in the mobile terminal.
Further, the index finger of the hand grip in use
should be positioned in a position closed to the
“initial” investigated in the current work.
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Abstract — The focusing of electromagnetic waves
from a quartic inhomogeneous chiro-slab is
examined, using Maslov’s method. Analytic field
expressions are derived for the transmission
coefficients at the interfaces and numerical
computations are made to determine the field
behavior around the caustic point of the chiro-slab.
The effects of chirality parameter, permittivity and
permeability on the intensity of the field around
caustic point of the chiro-slab are also discussed.
The results obtained through this method are
shown to be in good agreement with those
obtained from Huygens Kirchhoff’s integral.

Index Terms — Caustic, chiral, Hamilton,
intensity and Maslov’s method.
I. INTRODUCTION
The discovery of chiral media and

metamaterials during the last century has brought
together the scientists and researchers from areas
as diverse as physics, chemistry and biology [1].
This media offered a range of new millimeter,
microwave and optical devices, in the area of
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electromagnetic and optics. For example, a chiral
slab with negative refractive index has been shown
to act as a perfect lens having sub-wavelength for
circularly polarized waves [2-4]. Many other
applications of the chiral metamaterials include
but not limited to waveguides, antennas,
polarization rotators and cloaking surfaces [5-14].
Two distinct properties of chiral media are the
optical activity and circular dichroism. The
irregular molecule arrangement enable the chiral
material to rotate the plane of polarization of
incident wave by an amount proportional to the
width of the medium transverse relative to the
wavelength of the wave. Moreover, the attenuation
of the right-hand and left-hand circularly polarized
wave is shown to be strongly affected by the
chirality parameter of the medium [15,16]. Chiral
scatterers are quite different from their dielectric
or conducting counterparts, in that, the former
produce both the co-polarized and cross-polarized
scattered fields. The circular dichroism property of
chiral media on the other hand, gives rise to
different absorptivity of the right and left-
circularly polarized waves inside a chiral medium.

1054-4887 © 2014 ACES
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In electromagnetics, to study the scattering
and propagation, different numerical and
analytical methods are available. Asymptotic Ray
Theory (ART) is a simple and powerful tool for
the evaluation of high frequency fields [17-19]. It
is widely used to provide and explain the behavior
of electromagnetic fields in both homogeneous
and inhomogeneous media, but the field in
caustics and shadow boundary has to be treated as
a separate problem because ART shows
singularities at these points. Kirchhoff integral is
usually employed to calculate the fields at these
points. There is a more convenient method based
on Maslov’s theory. Maslov’s asymptotic theory is
based on an idea that combines both the simplicity
of ART and generality of Fourier transform. This
method has been used by many authors [20-22] to
find out the field behavior in the focal region of
different geometries.

In this paper, we have treated a quartic
inhomogeneous chiro slab to study the behavior of
electromagnetic waves around caustic point using
Maslov’s method. We are extending our previous
work from focusing of dielectric inhomogeneous
slab and quadratic inhomogeneous slab composed
of chiral medium to inhomogeneous chiral
uniform thickness slab with quartic dependent
permittivity on one transversal Cartesian
coordinate using this technique [16,20]. We have
determined the transmission coefficient of
clectromagnetic waves by an inhomogeneous
quartic chiro slab for normal incident analytically.
The numerical computations have been made to
study the behavior of transmitted electromagnetic
field from a quartic inhomogeneous slab
composed of chiral medium.

II. FORMULATION

Consider an inhomogeneous chiral planar slab
of uniform thickness d and placed in a dielectric
medium as shown in Fig. 1. The dielectric medium
is described by the constitutive parameters (i4,€1),
whereas chiral medium filling the slab is described
by the constitutive parameters (u,&,y). It is
assumed that inhomogeneity chiral medium slab is
incorporated through permittivity parameter of the
chiral medium. It is also assumed that distribution
of permittivity is described by a fourth order
polynomial equation (hereafter termed as quartic

distribution) as given below[20]:
e(x) = e,[1 - bx? —c(x?)?], (1
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where ¢, is permittivity of corresponding
homogeneous material, parameters b and c are
associated with focal length of the chiro slab.
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Fig. 1. Quartic inhomogeneous chiral slab.

The electromagnetic field in the chiral
medium filling the slab region is described by [2-
4]

D = ¢E + jyB, 2)
H=jyE + B, 3)

where € and p are the permittivity permeability of
chiral medium and y is the chirality parameter,
which describes electromagnetic coupling. Two
wave numbers h; and h, for eigenwaves

propagating inside the chiral medium are:
K

1= Ty 4)
k
hy = )

with k = w./p€g. A set up of Cartesian

coordinate system with unit vectors a,, a, and

a, are introduced here to explain the problem of

transmission through quartic inhomogeneous chiro

slab. In the region z < 0, the incident plane
electromagnetic wave is written as [16]:

E; = Eia, e™i?, (6)

H, =ni'E.a, e’e. (7)

The unknown reflected electromagnetic fields can

be written as:

E, = E,a, e~iZ, (®)

H, = -ni'E,a, e”*iz, )

The four electromagnetic waves are propagating

inside the inhomogeneous chiro slab (0 < z <

d), two propagating towards interface located at

z = d and the other two waves are propagating

towards the interface z = 0, as shown in Fig. 1.

The expressions for electromagnetic waves



propagating towards the interface z = d are
represented as:

E{. = Efi(ay +iay)e™? + Efy(a, —

ia,) eh2?, (10)
H{, = —iZ7'Ef(a, + ia,)e™? +
iZ7Ef, (a, — iay,) eh2?, (11)

The electromagnetic fields of the two waves
propagating towards the interface z = 0 are
represented as:

Hy. = iZ7'Efi(a, — ia,)e M7 —

iZ7'Ef, (ay + ia,) e7h2?, (12)
E,,= —Ej (ax. —ia,)e Mz —
Ey(ay +iay) em 2z, 13)

where Eg;, Eg,, Egy and Eg, are the amplitudes
of the unknown coefficients. Z is wave impedance

in the region z = d, the transmitted

electromagnetic field in terms of unknown
coefficient is written as:

Ey; = E;a et (14)

Hy = Ul_lEtayeiktza (15)

where k; =k;. In above equations, unknown

coefficients can be determined using the boundary

conditions. The boundary conditions for the

electromagnetic fields at interfaces z = 0
and z = d are [4,15]:

(E;+E,) xa,=(Ef +E;)Xa,, (16)

(Hi+H.)Xa,=(H{+H)Xa,, (17)

(Ef +E;)xa, =E;Xa,, (18)

(Hf+H;)xa,=H,; %X a,, (19)

application of above boundary conditions yield the

following equations:

Eqy + Eqz — Eq1 — Eqz — Er = Ej, (20)

Egy —Egp + Eqy —Eqz = 0, (21)

Egy — Eg, — Eqy + Egy = 0, (22)

9Egy + gEg, + gEoy + gEg, + Er = E;,  (23)

E(-)I-leihld + E(-)I-Zeihzd _ Eo_le_ihld _ Eo—ze—ihzd _

Epethid =, (24)
0, (25)
Eg-leihld _ E(—)I-Zeihzd _ Eo—le—ihld + Eél-ze—ihzd —
0, (26)
9gEg ™ + gEgyet2® + gEq e M +

gEfe 2 — [, etkid = (27)

By solving set of equations (20-27), we obtain
reflection and transmission coefficients. We
consider transmission at the rear face of chiro slab,
so transmission coefficient at this interface is
given by [4]:
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2 eld(h1—ky) 4 pid(ha—k;)
E, = E; —=

{G-g? [arg/a-pr—edturip:  (28)

where g = \/(ul/cl)yz + (EMl/M€1)-

A. Solution of Hamilton’s equations

The solution of Hamilton’s equations for the
inhomogeneous medium described by equation (1)
are given as [20]:

x = &[(1+ v)cos3y] \
Z =p,T
Py = —BE[(1 + v)siny — 3vsin3y] ,(29)

pzz\/g_pxz J

where 7 is the parameter along the ray length and
' '2 2 ’ ’
V=Cb4eé . b =Abandc = kc.

The Cartesian coordinates of refraction point at the
rear face (§,n;) and the components of

associated wave vector are given by:

& = &[(1 + v)cosy, —vecos3y, |
GG=d

Pxo = —BE[(1 + v)sinyy — 3vsin3y, |
Pzo = \/50(1 - bzfz + Cb4f4) - (30)
PzoT1 = d, ¥, = By

J
where T, is the arc length of the ray for 0 < z < d.
In above equations (&,n) are the Cartesian
coordinates of refraction point of front face of the
chiro slab. The coordinate of the ray after passing
through the slab, there is z > d, are given by[18]:
X=8§+pa T
Z2=0+paT
Px1 = —BEI(1 + v)simp, — 3vsin3y, |,

Pz =+/1— B2 &2 [(1 + v)sinmp; — 3vsin3y; |2 .

B. Focused field at caustic point
The geometrical optics solution is given by
[20]:

1

Ei(x,2) = Eqc[J(1)] 2exp[—jk(y, + 7)], (31)
where J(7) is Jacobean and vy, is the value of
initial phase difference between front and rear
faces of the chiro slab, which is given by [20]:

e (1Y B
Y, = EC( > )rl " sin2) v, .

Geometrical optics field contains singularity at the
focal point. Our interest is to find the uniform field
expression valid in focal region using Maslov’s
method. The uniform expression which is valid in
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the focal region is given by [20,21]:

1
k ,o 1 d(px1,2)] 2
E(r) = Ef_ooEOt O] ;z(;t) ]
exp[—ik v, (px1,2)|dpy1 (32)
Quantities in the square brackets and phase
function y, (pxy,2) are obtained by the procedure
given in [20] and variable of integration are
changed from wave vector domain to the ray
domain. The field intensity expression in
component form may be expressed as:

k d _i
E, = /E Jo VSEge Hvilbande  (33)

k ,d —i
E, = [5-Jo TVSEce *¥ilParde (34)

The amplitude and phase function in simplified
form can be written as:

S=S5,5,
S, = prde* dé =S5+ B(9vsin3y, — (1 + 3v)siny,),
ZO
Sz = BPS&" S4+ (1 +3v)cosy, —3vcos3y,,
Zo

= (2c§ -1- V) cosy, —9vcos3y,,
S, = ((2¢b%” — 1= v) siny, — 3vsin3y, ).
_ d(hz—hy)
I'= tan (—2 )
The phase function is given as:
Wl(pleZ) - \Vl + Y(Z - d) - ECVbzé \Voa

sin 4y,

Vo = i
8 =yt eccb‘*é v, + BE (9 cosy, +3),
31, + —sin2 4
\|/2 ! +16[351n y, + B51n Vi

\|/'3 =vcos3y, siny, —3vsin3y, cosvy,,

Y = \/1 — B2e2(9siny, — 6v siny, sin3y,)’,
9= (1+2v) siny,.

III. HUYGENS KIRCHHOFF’S
INTEGRAL

To check the accuracy of the results obtained
in the Caustic region of quartic inhomogeneous
chiro slab, we compare the computational results
obtained by Kirchhoff’s approximation. Using
Green’s theorem, we may show that transmitted
field from quartic inhomogeneous chiro-slab is
obtained by [16]:

B62) = [} o e 0 Dag, 6s)

where T =p,(x — &) +p,(z—d) and Ey is
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defined in above section 4.
The field intensity expression in component form
may be expressed as:

d Et el
me ktbdf’ (36)
27l fd Et r _lk(bdfa (37)
O =y, + ﬁ £2 sin, cos¢1 + Bré siny, +
(z—d) 1= pZ&2sinZyp, —=. (38)

IV. RESULTS AND DISCUSSIONS

In this paper, we have solved equations (34),
(35), (37) and (38) numerically to study the
focusing behavior of quartic inhomogeneous chiro
slab. The effect of chirality y, permittivity & and
permeability p on transmitted fields are observed
by varying these parameters. The thickness of the
slab is taken as d = 0.7 , wave number is assumed
as k = 1000, b = 0.3,c = 0.1 and # = 0.3 in this
work. To check accuracy of our high frequency
field expressions, we compare the results obtained
using Maslov’s method (solid line) and Huygens-
Kirchhoff’s integral (dashed line), which are in
good agreement. These results are shown in Fig. 2.

1.0 ¥
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0.8 : '
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0.0 0.5 1.0 15

Fig. 2. Comparison of normalized field intensity of
chiro slab around focal point along the z-axis
using Maslov’s method (solid line) and Huygens-
Kirchhoff’s integral (dashed line).

Figures 3 and 4 represent the comparison of
responses for the case of normalized field intensity
distribution around the focal region along the z-
axis and x-axis, respectively, with the variation of
chirality parameters. These comparisons show that
the field intensity shifts to a smaller value as we
decrease the chirality and vice versa. Figures 5 and



6 represent the comparison of normalized field
intensity distribution around the focal region along
the z-axis and x-axis, respectively, with the
variation of permittivity. These comparisons show
that the field intensity shifts to a smaller value as
we increase the permittivity and vice versa.
Figures 7 and 8 represent the comparison of
normalized field intensity distribution around the
focal region along the =z-axis and x-axis,
respectively, with the variation of permeability of
chiral medium. These comparisons show that the
field intensity shifts to a smaller value as we
decrease the permeability and vice versa. A slab of
such chiral medium may be used as a perfect lens,
which provide sub wavelength resolution for
circularly polarized waves.
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Fig. 3. Comparison of normalized intensity of slab
around focal point along z-axis with w.r.t. values
of chirality parameter.
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Fig. 4. Comparison of normalized intensity of slab
around focal point along x-axis with w.r.t. values
of chirality parameter.
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Fig. 5. Comparison of normalized intensity of slab
around focal point along z-axis with w.r.t. values
of permittivity.
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Fig. 6. Comparison of normalized intensity of slab
around focal point along x-axis with w.r.t. values
of permittivity.
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Fig. 7. Comparison of normalized intensity of slab
around focal point along z-axis with w.r.t. values
of permeability.
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Fig. 8. Comparison of normalized intensity of slab
around focal point along x-axis with w.r.t. values
of permeability.

V. CONCLUSION

In this study, transmission of electromagnetic
waves from a quartic inhomogeneous chiro slab is
analyzed. We have used Maslov’s method to
calculate the field expressions for refracted field
from the quartic inhomogeneous chiro slab. The
effects of slab’s parameters, i.e., chirality,
permittivity and permeability on the amplitude of
transmitted field in caustic region are shown and
discussed. From the plots, we have observed that
the field intensity in the caustic region of a quartic
inhomogeneous  chiral slab decreases by
decreasing the chirality parameter. The results
presented here will be helpful for potential
applications in novel waveguide devices such as
directional couplers, cloaking and polarization
transformer.
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Abstract — This paper presents a study on a class
of algorithms based on Uniform Theory of
Diffraction (UTD) for multiple diffractions.
Within this context Slope UTD with Convex Hull
(S-UTD-CH) model based on Slope UTD and
Fresnel zone concept was reviewed. S-UTD-CH
model can be used for fast and more accurate field
prediction for multiple diffractions in transition
zone. An extensive simulation results for
comparison of UTD based algorithms with respect
to the computation time and accuracy was
provided. Furthermore, the study shows how
relative permittivity constant, conductivity and
inner angle of wedge and polarization type affect
the relative path loss.

Index Terms — Convex hull, Fresnel zone,
material properties, multiple wedge diffraction,
radio propagation, slope diffraction and Uniform
Theory of Diffraction (UTD).

I. INTRODUCTION

In order to construct more reliable and
efficient digital communication networks and
broadcasting systems, accurate and time efficient
theoretical models being capable of generating
field predictions are necessary. Along with the
literature, many models have been proposed to
meet required demand of accuracy. Propagation
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models have traditionally treated irregularities in
the terrain as knife edge, wedge or cylinder for
UHF. For example, while mountains and hills can
be modeled as wedge, buildings can be modeled as
knife-edge.

Multiple diffraction problems have widely
been investigated for a long time; UTD based and
numerical solutions have been proposed to predict
the field strength in the urban, rural, suburban and
indoor environments. In asymptotic high-
frequency electromagnetic wave propagation
methods, the total electric field at a receiving point
is the sum of the field associated with all the rays
that reach this point. These reached rays can be
direct, reflected, refracted or diffracted rays [1, 2].

Although, previously proposed UTD method
by [3] is time efficient method, it fails to predict
the field strength accurately when, even if one
obstacle is placed in the transition zone of the
frontal obstacle. UTD method is high frequency
asymptotic method used in electromagnetic wave
propagation [4]. A more accurate solution is called
S-UTD, has been proposed by [5, 6] by including
slope diffraction terms to predict the field strength
accurately. In S-UTD method, it is claimed that
the phase continuity should be ensured in
calculating the distance parameters appearing in
the amplitude and the slope diffraction
coefficients. S-UTD method gives acceptable

1054-4887 © 2014 ACES
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results when compared with [7]. Vogler’s method
is based on numerical solution of Fresnel-like
integrals and it is known to be ultimate in
accuracy. However, S-UTD method still exhibits
an error when number of diffraction increases.
Although, S-UTD method has shown to deal with
multiple transition diffraction problems, its
validity has been reported to be limited in the
number of diffractions. It is reported in various
studies [8-10] that after a total of 10 diffractions,
S-UTD method loses the accuracy, causing
unreliable and inefficient digital communication
networks and broadcasting systems.

Relative path loss is a measure of the average
RF attenuation experienced by a transmitted signal
when it arrives at the receiver, after traversing a
path of several wavelengths [11]. In other words,
relative path loss is a path loss divided by free
space loss. In order to overcome the path loss
problem, a UTD based method called as the Slope
UTD with Convex Hull (S-UTD-CH) is proposed
in [9, 10]. S-UTD-CH method combines S-UTD
and Convex Hull methods. Convex hull method
reduces the diffracting wedges and then Slope
UTD algorithm runs. By reducing wedge number,
computation time is reduced. UTD based solutions
are known with small computation time in urban
radio propagation modeling, with respect to
numerical methods. There is a trade-off between
computation time and accuracy. Methods having
higher accuracy require large computation time as
in numerical methods [7, 12-15]. These methods
seem to be infeasible in many cases. In this paper,
the UTD based model proposed in [9, 10] is
reviewed. The simulation results for comparison
of UTD solutions are presented and discussed.
Hard polarization is considered in simulations.
Accuracy of predicted relative path loss and
computation time is compared in UTD models.
Moreover, how material properties like wedge
angle, conductivity and relative permittivity
constant of wedge affects the path loss is analyzed.

II. SLOPE UTD WITH CONVEX HULL
METHOD

S-UTD-CH method combines S-UTD and
Convex Hull methods. Convex hull method uses
the Fresnel zone concept [16]. Fresnel zone
concept is not new and has widely been used in
UTD based radio propagation modeling in
urban/suburban, rural and indoor applications.

ACES JOURNAL, Vol. 29, No. 6, JUNE 2014

Fresnel zones are ellipsoid of revolution about the
direct line from a transmitter to a receiving end,
with the transmitter and receiving ends serving as
foci of the ellipse, as shown in Fig. 1.

YFn

Tx Rx

Fig. 1. Fresnel zone configuration.

In this figure, wg, is radius of Fresnel zone at a
given distance given by:

e, = |2 (M
where 4 is wavelength of the incoming wave. s
and d is distance from transmitter and receiver.
Fresnel zone radius is the maximum at the
midpoint between the transmitter and receiver.
Although, the obstacles which are placed outside
the first Fresnel zone may introduce reflected,
diffracted or scattered contributions to the total
field strength, they cause only a small distortion in
the original wave and can mostly be ignored [9,
10].

In order to reduce the computation complexity
of diffraction problem, convex hull model is
introduced [16]. By means of convex hull model,
unsuccessive diffracting obstacles are excluded
from the scenery. Convex hull is described as a
polygon formed by some selected wedges between
the transmitter and receiver positions [12].

S-UTD-CH based on Fresnel zone concept
along with S-UTD, provides an improvement to S-
UTD implementation both for computation time
and accuracy when the number of the diffracting
obstacles is greater than 10. S-UTD-CH model
compared numerical model proposed in [13] and
relatively small computation time obtained [9, 17].
The detailed sequence of S-UTD-CH algorithm is
given in reference [9-10].

According to this sequence for a given height
distribution, the main Fresnel zone is constructed
between the transmitter and the receiver and the
obstacles outside the main Fresnel Zone are
eliminated. Following, the secondary Fresnel



zones are constructed between the transmitter and
the highest obstacle and then the highest obstacle
and the receiver. The obstacles outside these
secondary Fresnel zones are eliminated. The
process is repeated successively for smaller
Fresnel zone to be constructed under the
secondary Fresnel zones until no obstacles are
remained for elimination. In this way, the convex
hull is constructed by the obstacles remained as a
results of the elimination process. From the
theoretical point of view, the diffraction from the
obstacle placed outside the first Fresnel zone does
not contribute much to the received field and can
be ignored for most cases. After forming the
convex hull, 2D ray tracing algorithm is run to
find all the rays originated from the transmitter to
the receiver point. Finally, S-UTD algorithm runs
for calculating the total field at the receiver. For
the wedge case, the process is illustrated in Fig. 2.

Secondary

.
Tx \Eliminate/d

wedges

Fig. 2. Construction of the convex hull.

The motivation for the above approach of
eliminating less important obstacles, which are
outside of the Fresnel zones, is to reduce both
computation time and make a compromise
between computation time and error when the
number of diffractions is large.

When the wedges outside Fresnel zone can be
determined and eliminated before running slope
UTD, the computation time can be substantially
reduced with minimum error. Eliminating one
obstacle approximately decreases the
computational time by one-fifth and the lesser
obstacles are in the Fresnel zone, means lesser
computational time.

I1I. COMPARISON OF MODELS
In order to investigate the ray theoretical
methods, simulation results are compared in this

TABAKCIOGLU, AYBERKIN, CANSIZ: COMPARISON AND ANALYZING OF PROPAGATION MODELS

section. Computer configuration is as followed.
Processor is Intel (R) Core (TM) 2 Quad CPU
Q8300 2.5 GHz and RAM is 3GB. Within this
context, to compare the UTD, S-UTD and S-UTD-
CH methods, following test case is considered for
GSM  with hard polarization. The transmitter
height is taken as 60 m, the operational frequency
as 900 MHz and receiver height changes between
0 and 120 m. There is 25 km between transmitting
and receiving antennas. There are 4 hills as
wedges with 30° inner angle. At 6, 12, 16 and 22
km there are four wedges of 65, 70, 65 and 30 m
heights, respectively. Relative permittivity of
constant of the hills is taken as 15 and
conductivity of the hills as 0.0012 S/m. Relative
path losses of the three methods for the considered
terrain profile are given in Fig. 3.

—UTD
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-10]| == s-UTD-CH

-, ~
-

- /
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=
———“/

-30

Relative Path Loss (dB)

_400 20 40 60 80 100 120
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Fig. 3. Comparison of the results for hard
polarization.

This figure illustrates relative path losses of
the methods for given scenario. Solid line presents
UTD method. Dotted and dashed lines show S-
UTD and S-UTD-CH methods. As can be seen
from Fig. 3, S-UTD and S-UTD-CH gives almost
same results. However, UTD model gives
relatively higher error, resulted from wedges that
are in the transition zone of the previous wedges.
As illustrated in Fig. 3, there is 5 dB errors in
prediction of field strength. Table 1 shows the
computation time for the ray theoretical methods.
As can be seen from Table 1, UTD is the fastest
method with lower accuracy (5 dB error). S-UTD-
CH model is a faster method than S-UTD method,
with almost the same accuracy.

Table 1: Computation time for the simulation
UTD (s) S-UTD (s) S-UTD-CH (s)
8.3 73.7 59.4
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Material properties like conductivity and
relative permittivity constant and inner angle of
wedges, affect the relative path loss at the receiver.
To wvalidate this fact, a simple test case is
considered. In the considered case, the inner angle
of wedge is 160° with a height of 50 m, placed at 5
km of a propagation path of 10 km, at an
operational frequency of 100 MHz. The
transmitter height is 50 m, while the receiver
height changes from -100 to 200 m. Figure 4
shows the analysis of the relative permittivity
constant of the wedge with varying cases. As can
be seen from this figure, relative path loss
decreases with increasing of relative permittivity
constant.

-34.8
-35

350/ e

-35.4

-35.6

-35.8

-36

Relative path loss (dB)

-36.2
-36.4

-36.60
94 96 98 100 102 104 106
Receiver height (m)

Fig. 4. Analysis of the relative permittivity
constant of the wedge.

Figure 5 shows the effect of inner angle of the
wedge on relative path loss. As it is illustrated in
the figure, relative path loss decreases with
increasing the inner angle. When the inner angle
tends to zero, it gives the same results with the
knife-edge case.
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Fig. 5. Analysis of the inner angle of the wedge.
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In addition, the conductivity of wedge is
another parameter affecting the relative path loss
at the receiver, as in Fig. 6. Relative path loss
increases with decreasing of conductivity, as
shown in this figure. Although, all parameters
seem to have minor effect on the relative path loss,
these effects tend to be important for total relative
path loss in multiple diffraction case.
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Fig. 6. Analysis of the conductivity of the wedge.

IV. CONCLUSION

In this paper, UTD based methods are
reviewed. Study indicates that the Slope UTD
contribution is shown in the transition zone
diffraction. S-UTD has larger computation time
with higher accuracy, while UTD has small
computation time with lower accuracy for
multiple-diffraction in transition zone. There is a
tradeoff between the accuracy and the computation
time, or the accuracy and the implementation
complexity of methods. Moreover, an improved S-
UTD method for multiple wedge diffraction is
reviewed (called as S-UTD-CH). It is shown that
S-UTD-CH that uses a selection algorithm of
diffracting wedges based on Fresnel zone concept
would be used for transition zone diffraction. S-
UTD-CH provides not only very low computation
time but also very accurate results for multiple
transition zone diffractions, due to that after 10
diffractions S-UTD loses accuracy. Furthermore,
increasing of relative permittivity constant,
conductivity and inner angle of wedge, decreases
the relative path loss at the receiver.

As a conclusion, S-UTD-CH model can be
used for radio planning tools, due to the fact that
they have relatively small computation time with
high accuracy.



ACKNOWLEDGMENT
This work partially supported by Bayburt
University Scientific Research Support Unit under
grant 2013-1/14.

REFERENCES

[1] F. S. Adana, O. G. Blanco, I. G. Diego, J. P.
Arriaga, and M. F. Catedra, “Propagation model
based on ray tracing for the design of personal
communication systems in indoor environments,”
IEEE Transactions on Vehicular Tech., vol. 49, no.
6, pp. 2105-2112, 2000.

[2] F. Weinmann, “UTD shooting-and-bouncing
extension to a PO/PTD ray tracing algorithm,”
ACES Journal, vol. 24, no. 3, pp. 281-293, 20009.

[3] R. G. Kouyoumjian and P. H. Pathak, “Uniform
geometrical theory of diffraction for an edge in a
perfectly conducting surface,” Proc. IEEE, vol. 62,
pp. 1448-1461, 1974.

[4] O. Ozgun and L. Sevgi, “Comparative study of
analytical and numerical techniques in modeling
electromagnetic scattering from single and double
knife-edge in 2D ground wave propagation
problems,” ACES Journal, vol. 27, no. 5, pp. 376-
388,2012.

[5] K. Rizk, R. Valenzuela, D. Chizhik, and F.
Gardiol, “Application of the slope diffraction
method for wurban microwave propagation
prediction,” IEEE Vehicular Tech. Conf., vol. 2,
pp. 1150-1155, 1998.

[6] C. Tzaras and S. R. Saunders, “An improved
heuristic UTD solution for multiple-edge transition
zone diffraction,” IEEE Trans. Antennas Prop.,
vol. 49, no. 12, pp. 1678-1682, 2001.

[7] L. Vogler, “An attenuation function for multiple
knife-edge diffraction,” Radio Science, vol. 17, pp.
1541-1546, 1982.

[8] A. Kara, E. Yazgan, and H. L. Bertoni, “Limit and
application range of slope diffraction for wireless
communication,” /[EEE Trans. Antennas and Prop.,
vol. 51, no. 9, 2005.

[9] M. B. Tabakcioglu and A. Kara, “Comparison of
improved slope UTD method with UTD based
methods and physical optic solution for multiple
building diffractions,” Electromagnetics, vol. 29,
no. 4, pp. 303-320, 2009.

[10]M. B. Tabakcioglu and A. Kara, “Improvements on
slope  diffraction  for multiple  wedges,”
Electromagnetics, vol. 30, no. 3, pp. 285-296,
2010.

[11]T. K. Sarkar, “A survey of various propagation
models for mobile communication,” I[EEE
Antennas and Propagation Magazine, vol. 45, no.
3, pp- 51-82, 2003.

[12]H. K. Chung and H. L. Bertoni, “Application of

TABAKCIOGLU, AYBERKIN, CANSIZ: COMPARISON AND ANALYZING OF PROPAGATION MODELS

isolated diffraction edge method for urban
microwave path loss prediction,” Antennas and
Propagation Symposium, pp. 205-209, 2003.

[13]1H. K. Chung and H. L. Bertoni, “Range-dependent
path-loss model in residential areas for the VHF
and UHF bands,” IEEE Transaction on Antennas
and Propagation, vol. 50, no. 1, pp. 1-11, 2002.

[14]J. Walfisch and H. L. Bertoni, “A theoretical model
of UHF propagation in urban environments,” /EEE
Transaction on Antennas and Propagation, vol. 36,
no. 12, pp. 1788-1796, 1988.

[15TH. H. Xia and H. L. Bertoni, “A theoretical model
of UHF propagation in urban environments,
diffraction of cylindrical and plane waves by an
array of absorbing half-screens,” IEEE Transaction
on Antennas and Propagation, vol. 40, no. 2, pp.
170-177, 1992.

[16]0. M. Bucci, “The experimental validation of a
technique to find the convex hull of scattering
systems from field data,” [EEE Antennas and
Propagation Symposium, pp. 539-542, 2003.

[17]M. B. Tabakcioglu and A. Kara, “Discussions of
various UTD and PO solutions for multiple-edge
diffractions in urban radio propagation modeling,”
Electromagnetic ~ Wave  Scattering  Workshop,
section 11, pp. 1-6, 2008.

Mehmet Baris Tabakcioglu was
born in 1981. He obtained his B.S.
degree from Middle East Technical
University in the department of
Physics in 2005. Then he obtained
his M.S. degree from Atilim
University in the department of
Electrical and Electronics
Engineering in 2009. He then obtained his Ph.D. degree
from Ataturk University in the department of Electrical
and Electronics Engineering in 2013. His research area
is electromagnetic wave propagation, diffraction and
reflection. He is currently working at Bayburt
University.

Doruk Ayberkin was born in
1981. He obtained his B.S. degree
from Gazi University in the
department of Physics in 2005.
Then he obtained his M.S. degree
from Ahmet Yesevi University in
the department of Computer
Engineering in 2012. His research
area is electromagnetic wave propagation, diffraction
and reflection and computer programming. He is
currently working at Bayburt University.

490



491

Ahmet Cansiz is currently
working in  the  Electrical
Engineering Department at Istanbul
Technical University, Turkey. He
obtained his Ph.D. degree from the
Illinois Institute of Technology,
USA, in 1999. He has a wide
experience in thermodynamics of
the cryogenics systems regarding the superconductivity
applications; superconducting levitation,
superconducting bearing system and Superconducting
MagLev. His research area also focuses on
interdisciplinary subjects, such as heat transfer
phenomena in heat exchangers and integration of
renewable energy with smart grids. He has more than
30 journal publications in the subject of
electromagnetics, electromechanics, thermodynamics
and energy related topics.

ACES JOURNAL, Vol. 29, No. 6, JUNE 2014



ACES JOURNAL, Vol. 29, No. 6, JUNE 2014

Low Profile Dual Band-Notched Slot Antenna with Modified
Ground Plane for UWB Systems

Nasser Ojaroudi !, Noradin Ghadimi !, and Yasser Ojaroudi 2

"Young Researchers and Elite Club
Islamic Azad University, Ardabil Branch, Ardabil, Iran
noradin.ghadimi@gmail.com

%Y oung Researchers and Elite Club
Islamic Azad University, Germi Branch, Germi, Iran

Abstract — In this paper, a new compact
microstrip-fed slot antenna with dual band-notched
performance  for  Ultra-Wideband  (UWB)
communications is presented. In the proposed
structure, by using an inverted U-shaped
conductor-backed plane, a new resonance at 12.5
GHz is excited and hence much wider impedance
bandwidth can be produced. In order to generate a
single band-notched function, we use an inverted
T-shaped strip protruded inside the rectangular
slot, with this structure first rejection band around
of 3.3-4.2 GHz can be achieved. By inserting a pair
of C-shaped slots in the ground plane, dual band-
notched function can be produced. The measured
results reveal that the presented dual band-notched
slot antenna offers a wide bandwidth from 2.62
GHz to 13.81 GHz, with two notched bands
covering all the 5.2/5.8 GHz WLAN, 3.5/5.5 GHz
WiMAX and 4-GHz C bands. The proposed
antenna has a small size. Simulated and
experimental results obtained for this antenna show
that it exhibits good radiation behavior within the
UWRB frequency range.

Index Terms — C-shaped slot, dual band-notched
performance, inverted U-shaped conductor-backed
plane, protruded T-shaped strip and UWB slot
antenna.

I. INTRODUCTION
Ultra-Wideband (UWB)  systems  and
applications developed rapidly in recent years. It
has plenty of advantages, such as simple structure,
small size and low cost due to having received
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increased attention; especially microstrip antenna,
it’s extremely attractive to be used in emerging
UWRB applications and growing research activity is
being focused on them. Consequently, a number of
planar microstrip antennas with  different
geometries have been experimentally
characterized [1-4]. The frequency range for UWB
systems between 3.1 GHz to 10.6 GHz will cause
interference to the existing  wireless
communication systems, such as, the Wireless
Local Area Network (WLAN) for IEEE 802.11a
operating in 5.15-5.35 GHz and 5.725-5.825 GHz
bands and WiMAX (3.3-3.6 GHz and C-band 3.7-
4.2 GHz); therefore, the UWB antennas with
single and dual band-stop performance are
required [5-9].

In the proposed structure, based on
Electromagnetic Coupling Theory (ECT), by
adding an inverted U-shaped conductor-backed in
the substrate backside, additional coupling
between the bottom edge of the radiating stub and
the ground plane is introduced and the antenna
impedance bandwidth is improved; which
achieves a multi resonance performance. Also,
single and dual band-strop properties are generated
by using a T-shaped strip and a pair of C-shaped
slots in the ground plane. Good VSWR and
radiation pattern characteristics are obtained in the
frequency band of interest.

II. MICROSTRIP ANTENNA DESIGN
The presented small slot antenna fed by a 50-

€2 microstrip line is shown in Fig. 1, which is
printed on an FR4 substrate of thickness of 0.8

1054-4887 © 2014 ACES
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mm, permittivity of 4.4, and loss tangent of 0.018.
The basic slot antenna structure consists of a
square radiating stub, a feed line and a ground
plane. The proposed antenna is connected to a 50-
(2 SMA connector for signal transmission. The
radiating stub is connected to a feed line with the
width of Wy and the length of Ly as shown in Fig.
1. On the other side of the substrate, a conducting
ground plane of width Wi, and length Lg.u is
placed. The width W, of the microstrip feed-line is
fixed at 1.5 mm. The proposed antenna is
connected to a 50-ohm SMA connector for signal
transmission. The simulated results are obtained
using the Ansoft simulation software High-
Frequency Structure Simulator (HFSS) [10].

% Ground
Connector (a)

(FR4)

Fig. 1. Geometry of the proposed slot antenna; (a)
side view, (b) top layer and (c) bottom layer.

Table 1: The final dimensions of the antenna

Param. | mm | Param. | mm | Param. | mm
Wi 20 Ly, 20 W/- 1.5
L, 4 w 7 L., | 6
W 8 Ly 5 W
Ly, 4 W, 15.5 L, 0.5
W 6.25 L, 0.5 W, 6.75
Wi, 1 Ly 11 W, 17
L. 13 W 6.5 L, 12
We 7.5 L., 0.5 d 1
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In this work, we start by choosing the aperture
length Ls. We have a lot of flexibility in choosing
this parameter. The length of the aperture mostly
affects the antenna bandwidth. As Ls decreases, so
does the antenna BW and vice versa. In the next
step, we have to determine the aperture width Ws.
The aperture width is approximate, whereas the
slot wavelength depends on a number of
parameters, such as the slot width as well as the
thickness and dielectric constant of the substrate
on which the slot is fabricated. Then to choose the
width of the radiating patch W. This parameter is
approximate, whereas the guided wavelength is
the microstrip line [3]. The last and final step in
the design is to choose the length of the resonator
and the band-stop filter elements. In this design,
the optimized length Lresonance 18 set to resonate at
0.25Asesonance, Where Liresonance= 0.5 (Wp1+Lp1). Also
the optimized length Lnoeh is set to band-stop
resonate at 0.5hnoich, Where Lnoehi=0.5 (Wri+Wr2)
+ Lrt+Lt1, and Luotens=Lc21t0.5 Wc1+0.25 Le. Anoteht
and  Anocn2 corresponds to first band-notched
frequency (3.9 GHz) and second band-notched
frequency (5.5 GHz), respectively.

In this study, to design a novel antenna, the
modified inverted U-shaped strip is placed inside
rectangular slot in the ground plane. Regarding
ECT, by adding a modified conductor-backed
plane in the substrate backside, additional
coupling is introduced between the bottom edge of
the radiating stub and the ground plane and the
antenna impedance bandwidth is improved
without any cost of size or expense. Moreover,
these structures change the inductance and
capacitance of the input impedance, which in turn
leads to change the bandwidth [4-6]. Therefore, by
adding an inverted U-shaped parasitic structure in
the ground plane, much enhanced impedance
bandwidth may be achieved.

In addition, to create a desired dual frequency
band-stop characteristic, a T-shaped strip with a
pair of C-shaped slots are used in the ground
plane. At the notched frequencies, the current
flows are more dominant around the T-shaped and
C-shaped structures and they are oppositely
directed between the embedded structures and the
radiating stub. As a result, the desired high
attenuation near the notched frequency can be
produced [10-12]. Final values of the presented
antenna design parameters are specified in Table.
1.



ITII. RESULTS AND DISCUSSIONS

The presented microstrip-fed slot antenna
were constructed and studied to demonstrate the
effect of the proposed dual band-notched function
and bandwidth enhancement technique. The
simulated and experimental results of the input
impedance and radiation characteristics are
presented and discussed.

Figure 2 shows the structure of the various
antennas used for simulation studies. VSWR
characteristics for ordinary slot antenna (Fig. 2
(a)), with an inverted U-shaped conductor-backed
plane in the ground plane (Fig. 2(b)), with inverted
U-shaped conductor-backed plane and T-shaped
strip (Fig. 2(c)) and the proposed antenna structure
(Fig. 2 (d)), are compared in Fig. 3.

(a) (b)

(©) (d)

Fig. 2. (a) basic structure (ordinary slot antenna),
(b) antenna with an inverted U-shaped conductor-
backed plane, (c) antenna with inverted U-shaped
conductor-backed plane and protruded T-shaped
strip and (d) the proposed antenna.

As shown in Fig. 3, in the proposed antenna
configuration, the ordinary slot antenna can
provide the fundamental and next higher resonant
radiation band at 4 GHz and 8 GHz, respectively.
As illustrated in Fig. 3, the inverted U-shaped
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conductor-backed plane is playing an important
role in the broadband characteristics and in
determining the sensitivity of impedance matching
of this antenna [4].

=== 0rdinary Slot Antenna

_ .. Ordinary Antenna with an Inverted
U-Shaped Conductor-Backed Plane

— . Antenna with Inverted U-Shaped
Conductor-Backed Plane and T-Shaped Strip

—— The Proposed Antenna Structure 7

L
2 4 6

8
Freq [GHz]

Fig. 3. Simulated VSWR characteristics for the
various structures shown in Fig. 2.

It is found that by inserting the inverted U-
shaped conductor-backed plane at the ground
plane, additional resonance (third resonance at
12.5 GHz) is excited and hence much wider
impedance bandwidth with multi resonance
characteristics can be produced; especially at the
higher band [11-12]. As shown in Fig. 3, in order
to generate single band-notched characteristics
(3.9 GHz), we use an inverted T-shaped strip
protruded inside rectangular slot. By inserting a
pair of C-shaped slots in the ground plane, dual
band-notched function is achieved covering all the
5.2/5.8 GHz WLAN, 3.5/5.5 GHz WiMAX and 4-
GHz C bands.

In order to understand the phenomenon behind
this additional resonance performance, the
simulated current distributions on the ground plane
for the presented antenna are presented in Fig. 4.
As shown in Fig. 4 (a), at the third resonance
frequency, the current flows are more dominant
around of the inverted U-shaped conductor-backed
plane at third resonance frequency (12.5 GHz).
Figure 4 (b) presents the simulated current
distributions on the ground plane at the first
notched frequency (3.9 GHz). As shown in Fig. 4
(b), at the first notched frequency the current flows
are more dominant around of the inverted T-
shaped strip. Another important design parameter
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of this structure is use of the pair of C-shaped
slots.

8.3316e+002
714231002
5.9529e+002
476361002
3.5742e+002
1.3849e+002
1.1956e+002

6.2335¢- 001

Jsurf [A_per m|

TN TR A Y N

Ll TEEE R EE bk b bhd da AT

Fig. 4. Simulated current distributions for the
proposed antenna on the ground plane; (a) at the
new resonance frequency (12.5 GHz), (b) at first
notched frequency (3.8 GHz) and (c) at second
notched frequency (5.5 GHz).

Figure 4 (c) presents the simulated current
distributions on the ground plane for the proposed
antenna at the second notched frequency (5.5

ACES JOURNAL, Vol. 29, No. 6, JUNE 2014

GHz). It can be observed in Fig. 4 (c), that the
current concentrated on the edges of the interior
and exterior of the C-shaped slots. Therefore, the
antenna impedance changes at this frequency due
to the notch band properties of this slot [13].

The proposed microstrip monopole antenna
with final design as shown in Fig. 5, was built and
tested and the VSWR characteristic was measured
using a network analyzer in an anechoic chamber.
The radiation patterns have been measured inside
an anechoic chamber using a double-ridged horn
antenna as a reference antenna placed at a distance
of 2 m. Also, a two-antenna technique using a
spectrum analyzer and a double-ridged horn
antenna as a reference antenna placed at a distance
of 2 m, is used to measure the radiation gain in the
z axis direction (x-z plane).

T
=== Measured
7 —— Simulated| |
i
1
1
Ly
1
1
1
1
4 5 _',
= |
2 4
&
4 Top View Bottom View
1
i
1
1
\
T -v
1 1 L L 1
2 4 6 10 12 14

8
Freq [GHz]

Fig. 5. Measured and simulated VSWR for the
proposed antenna.

Figure 5 shows the measured and simulated
VSWR characteristics of the proposed antenna.
The fabricated antenna has the frequency band
from 2.62 GHz to 13.81 GHz, with two rejection
bands around 3.32-4.28 GHz and 5.13-6.08 GHz.

Figure 6 depicts the measured and simulated
radiation patterns of the proposed antenna,
including the co-polarization and cross-
polarization in the H-plane (x-z plane) and E-plane
(y-z plane). It can be seen that the quasi-
omnidirectional radiation pattern can be observed
on x-z plane over the whole UWB frequency
range; especially at the low frequencies. The
radiation pattern on the y-z plane displays a typical
figure-of-eight, similar to that of a conventional



dipole antenna. It should be noticed that the
radiation patterns in E-plane become imbalanced
as frequency increases, due to the increasing
effects of the cross polarization. The patterns
indicate at higher frequencies and more ripples can
be observed in both E and H-planes, owing to the
generation of higher-order modes. [14-16].

270

(a) X-z plane

y-z plane (c) x-z plane
Simulated :::g:-’.;]s];].lpol — co-pol

Measured e crﬂss-po]

Fig. 6. Measured and simulated radiation patterns
of the proposed antenna; (a) 4.5 GHz, (b) 7.5 GHz
and (c) 10 GHz.

The simulated and measured input impedance
characteristics of the proposed antenna are shown
in Fig. 7. As seen, in the notched frequencies, the
imaginary component curve shows parallel
resonances and the real component presents high
resistance characteristics. As a result of impedance
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curve of proposed antenna, it is suggested that the
input impedance of the notched antenna is
equivalent to the input impedance R, of the un-
notched reference ordinary antenna, connected
with two parallel LC-resonant circuits in series.

Also, the conceptual circuit model of the
antenna is shown in Fig. 8. When the proposed
antenna is operating at the two desired notched
frequencies, the two corresponding LC resonant
circuits mentioned above will be syntonic, which
leads to the input impedance to be opened.
Therefore, proposed band-notched UWB antenna
presents high impedance characteristics at notched
frequencies.

— (Simulated)
== (Measured)

Impedance [GHz]

. e (Simulated)
501 Imaginary ___ (Measured) i

3 4 5 6 8 9 10 11

7
Freq [GHz]

Fig. 7. Measured and simulated input impedance
characteristics of the proposed antenna.

Notch_2

Input Impedance

Fig. 8. Conceptual circuit model for proposed
antenna.

In addition, measured and simulated input
impedance characteristics of the proposed antenna
on a Smith chart are shown in Fig. 9.
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Smith Chart
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Fig. 9. Measured and simulated input impedance
on a Smith chart of the proposed antenna.
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Fig. 10. Measured and simulated maximum gain
for the proposed antenna in comparison with
ordinary structure.

Measured maximum gain of the proposed
antenna was shown in Fig. 10. As illustrated, two
sharp decreases of maximum gain in the notched
frequency bands at 3.9 GHz and 5.5 GHz is shown
in Fig. 10. For other frequencies outside the
notched frequency band, the antenna gain with the
filters is improved in comparison with ordinary
structure. As seen, the proposed antenna has
sufficient and acceptable gain levels in the
operation bands [17].
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IV. CONCLUSION

In this paper, a novel planar slot antenna
(PMA) with single and dual band-notched
characteristics for various UWB applications has
been proposed. The proposed antenna consists of a
square radiating stub and a modified ground plane
with an inverted U-shaped conductor-backed
plane, two C-shaped sots and an inverted T-shaped
strip. Fabricated antenna can operate from 2.62
GHz to 13.81 GHz with two rejection bands
around 3.32-4.28 GHz and 5.12-6.07 GHz. The
proposed antenna has a simple configuration and
is easy to fabricate. Experimental results show that
the proposed antenna could be a good candidate
for UWB applications.
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Abstract — Dielectric lens antennas fabricated
with a dense dielectric material, allow good power
transfer efficiency through the lens and enable
fabrication of low-cost and compact-size lens
antennas. On the contrary, using dense dielectric
material causes strong multiple internal reflection
behavior inside the lens antenna. These multiple
reflections deteriorate not only return loss but also
the radiation characteristics. However, the
undesirable effects of strong internal reflections
can be reduced considerably using one or more
dielectric Matching Layers (MLs) coated at the top
of the antenna. In this paper, a novel optimization-
based ML design procedure for dielectric lens
antennas is proposed. In order to demonstrate
effectiveness of the method, the optimization
procedure is applied to two different dielectric lens
antennas; a narrow band lens antenna and an
Ultra-Wideband (UWB) lens antenna. The
simulation results verify that MLs designed by the
proposed optimization procedure prevent strong
internal reflections successfully for both narrow-
band and UWB applications.

Index Terms — Air-gap, dielectric lens antennas,
matching layer, optimization, and UWB antennas.

I. INTRODUCTION

Dielectric lens antennas are widely used in
millimeter-wave and sub-millimeter-wave
applications, due to the fact that these antennas
have high directivity, polarization purity and
simple structure for fabrication [1-5]. Dielectric
lens antennas are inexpensive solutions for beam
steering applications with their capability of being
integrated to millimeter and sub-millimeter planar
feeding structures [6-7]. Mentioned characteristics
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make dielectric lens antennas a good candidate
also for passive imaging systems and active
automotive cruise control radars [8-10]. In these
applications, relative permittivity of the Iens
material should be chosen carefully, since
materials having low or high dielectric contrast
with free space, have distinctive effects on the
radiation characteristics of the antenna.

Low-permittivity (e, <3), low-loss materials

are affordable solutions for dielectric lenses,
which can be easily manufactured with standard
tools. On the other hand, high-permittivity
materials yield a more exact geometrical
approximation to an elliptical lens and achieve a
wider multiple-beam coverage range [11].
Typically, when the relative permittivity of the
selected lens material is higher than three,
considerable amounts of internal reflections occur
at the dielectric-air interface [12-13]. The amount
of internal reflections due to the dielectric contrast
with free space, increase dramatically with the
increment of dielectric contrast. For example,
transmitted power ratios from dielectric-air
interface are 0.96, 0.82, 0.76 and 0.54 for the
materials Teflon (&,=2.25), Macor (&, =6),

(¢, =8.5) (&, =1D),
respectively. These ratios are calculated for a flat

and infinite interface, which is illuminated by a
normal incident plane wave.

Alumina and Silicon

These internal reflections disrupt not only
return loss but also the radiation characteristics of
the antenna. In literature, the effects of internal
reflections on radiation properties and input
impedance of integrated lens antennas, are
investigated in details [12-14]. If these reflections
can be eliminated significantly, using high
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permittivity lens material will present many
benefits, such as effective power transfer through
the lens and consequently low SLL and high
directivity for the antenna designer.

Most common ways of reducing the internal
reflections are using corrugations [15] or ML(s)
made of homogeneous dielectric materials on the
lens surface [16-17]. In [18], influences of
dielectric matching layers on the radiation
characteristics are investigated and concluded that
choosing an appropriate ML improves the
frequency stability of the main beam, reduces the
average SLL and enhances the gain of the lens
antenna.

However, when the MLs are designed using
standard 4./4 matching rules, where 4, is the

wavelength in dielectric at the operating
frequency, there are some points that are not
considered:

i) Relative permittivity values of the materials
calculated using standard A./4 matching rules

probably does not exist. Although, this is not a
negation in theory, in practical applications
materials  having  approximate relative
permittivity values to calculated values has to
be used and this will result in unexpected
radiation characteristics.

ii) More importantly, if quarter wavelength MLs
are designed, these MLs will be useful only at
the corresponding operating frequency.

In this work, an optimization-based matching
layer design procedure for broadband dielectric
lens antennas is introduced. The lens structure and
matching layers are modelled as a cascaded
transmission line and maximum amount of power
transfer is aimed from feed to the air. With this
purpose, the relative permittivity values of the
materials and the thicknesses of the MLs are
optimized using Genetic Algorithms (GA). The
details of the optimization process are described in
section II. To demonstrate the effectiveness of the
proposed design method, the method is applied to
two different dielectric lens antennas from
literature. The first one was designed for active or
passive automotive radar applications operating at
77 GHz frequency, where the second one is a
leaky-wave dielectric lens antenna operating in
ultra-wide frequency band (4-12 GHz). The
geometrical descriptions of both antennas are
given in section III together with their feeding
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structure. The radiation characteristics of the lens
antennas with and without MLs are demonstrated
in section IV. The radiation patterns of the
antennas are simulated by the CST commercial
tool [19]. The key roles of using an optimization
based ML design in UWB applications are also
discussed.

When MLs are coated to the surface of a lens
antenna, a thin parasitic air gap remains between
the dielectric materials. Nevertheless, to the best
of my knowledge the influence of remaining air
gap between the dielectric materials has never
been studied. In the fourth section, the effects of
air gaps on internal reflections are also exhibited.
The considerations on the results are given in the
last section.

I1. OPTIMIZATION METHODOLOGY

Although, using high permittivity dielectric
materials for lens antennas has many advantages,
it causes strong internal reflections inside the lens.
These reflections have to be reduced considerably
to form the expected radiation characteristics.
Common way to eliminate the negative effects of
internal reflections is to place one or more
dielectric matching layers at the top of the
antenna. Determination of the relative permittivity
and physical dimensions of the coating materials is
crucial to obtain expected contribution of the MLs
on the radiation.

Rather than using standard A./4 matching

rules where MLs operate effectively only at a
single frequency, in this work, a novel
optimization-based ML design procedure valid for
broadband applications as well is proposed. This is
achieved by composing a transmission line model
for dielectric lens antennas having cascaded MLs.
This concept is introduced with Fig. 1. In Fig. 1
(a), an extended hemispherical lens antenna
having multiple MLs is shown. In Fig. 1 (b), the
corresponding transmission line model for this
configuration is demonstrated.

Feeding Point

(a)
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Fig. 1. The dielectric lens antenna having multiple
MLs: (a) geometrical representation and (b)
cascaded transmission line model.

Using the cascaded transmission line model,
the general reflection coefficient from the interface
of the lens antenna and MLs can be formulated as
follows:

|Zin - Zdielectric
r= 0 O p=12,...N, (1)
Zinn + Zdielectric

where, Z,......=7Zo,/+&. . Here, N is the number

of matching layers and Z,, is the input impedance

of the related ML. Besides, €. represents the
relative permittivity of the lens material, where €
and g, are permittivity and permeability of free

space, respectively. Input impedance of each
transmission line given in (1) can be formulated as
follows:

Z. +jZ tanf3 [
Z, =7 JZy 120 Bl n=12,..N. (2)

! ! Zn +jZin,H1 tananln ’

Here, Z, is the characteristic impedance of the
related transmission line, where, S, and [ are the

phase constant and length of the corresponding
transmission line, respectively. When equations
(1) and (2) are investigated, it is clear that the
design parameters which can be used to minimize
the internal reflections from the interface of lens
material-MLs are relative permittivity of MLs,
EpsEpy & (n=1,2,...N) and length of the
I,0..1,, (n=1,2,...N). To
maximize the power transmission from lens to

open air for a cascaded system as given in Fig. 1,
the following fitness function is proposed:

T
Fitness = er . 3)

S=1
In (3), f,and f, are lowest and highest operating
frequencies of the dielectric lens antenna,
respectively. By using this fitness function, the
reflection coefficient from the lens material to

r, 2

transmission lines,
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MLs can be minimized for both narrow and broad
operating frequencies.

III. ANTENNA CONFIGURATIONS AND
FEEDING DETAILS

Two extended hemispherical lens antennas are
utilized to demonstrate the effectiveness of the
proposed optimization procedure. The extended
hemispherical lenses are most popular dielectric
lens antennas, since their geometry yields a more
exact geometrical approximation to an elliptical
lens, resulting with a wider multiple-beam
coverage range and high gain. The first antenna
chosen for the implementation of optimization
procedure was designed for automotive radar
applications operating at 77 GHz frequency [18].
The primary source of the antenna is an aperture
coupled microstrip patch printed on a RT/Duroid
5880 substrate (& =2.23). The cross section

view of the antenna is given in Fig. 2 (a) and the
general structure of an aperture coupled microstrip
patch is given in Fig. 2 (b). Here, the feed is
redesigned to radiate into a dense dielectric
material (¢, =9),R. =6mm and L=234mm with

r,subs

the following dimensions: L,,.;,=0.6mm and
W = 0.26mm .

Pﬁub

5

r_subisirate
—_—

Er subsiraie

(a)

Fig. 2. Geometry of the primary feed: (a) cross
section view and (b) bottom view.

The second dielectric lens antenna structure
selected to implement is an UWB leaky lens
antenna (R, =46.87mm, L=14.06mm) [20]. A
dense dielectric (&.=9.8) is chosen as the lens
material to achieve high gain and high front-to-
back ratio. The cross section and bottom views of
the structure are given in Fig. 3 (a) and (b),
respectively. The feed has been designed to



operate in 4-12 GHz frequency band with the
following design parameters:
W, =0.5mm, L, =38mm,h,, =0.36um,

hy = 476mm,h =937 um, w, = 0.26mm, &

L, Strip =

3.

hgp¢ € ysrip o Slot hI Lh
A, ' B
pm mi;\msrrip
(2) (b)

Fig. 3. Geometry of the UWB lens antenna
operating between 4-12 GHz: (a) cross section
view and (b) bottom view.

IV. APPLICATION EXAMPLES
In this section, the optimization procedure
described in section 2 is applied to the mentioned
dielectric lens antennas. Dense dielectric materials
£,=9 and ¢,=9.8 are chosen as lens core for

narrow band and UWB antennas, respectively. As
given before, more than 25% of the power will be
reflected from the dielectric-air interface if the
permittivity of the material is higher than 9
(&.29). Thus, in this section, appropriate MLs
will be designed for both antennas to reduce the
internal reflections significantly, to enlarge the
operating frequency band and also to improve the
radiation characteristics. The genetic algorithm is
utilized for the optimization.

A. Narrow-band application
Although, MLs designed by A./4 matching

rules will be useful for a narrow band antenna, the
relative permittivity values of the materials
determined will not be realistic for practical
applications. Namely, if a single, double or triple
MLs are aimed to be designed for a narrow band
lens antenna (&,=9) using standard A4,./4
matching rules, the relative permittivity and the
thickness values of matching materials will be as
given in Table 1.
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Table 1: Relative permittivity and thicknesses of
quarter wavelength MLs

Single ML Double MLs Triple MLs
430 h =049 & =52,k =045mm
& =3,h =0.59mm b= 7'3 = &, =3,h, =0.59mm

&, =2.08,h, =0.Tlmm

& =1.73,h, =0.78mm

These relative permittivity values correspond
to some unavailable materials. For practical
applications, the material with the calculated
relative permittivity should be commercially
available. Thus, in this work, to apply the
optimization  procedure, some commercial
materials from Rogers Company are chosen as the
ML materials. These are RO4003 (&, =3.55) for a

single layer, RT5880 (&,=22) and RO3206
(&,=6.15) for double and RT5880,

RO4003, RO3206 for triple layers. These
materials are lossy and the dissipation factors of
the  materials are  approximately  0.002
(tan5=0.002). The thicknesses of these MLs are
optimized using the given cascaded transmission
line model. This is accomplished by modifying the
fitness function given by (3) according to
considered lens structure and then applying the
definitions (1) and (2) into (3).

Optimized thickness values of each MLs are
given in Table 2 together with the relative
permittivity values. The optimized thickness
values that minimize the internal reflections are
exhibited in Table 2.

layers

Table 2: Relative permittivity and thickness values
of optimized MLs

Single ML Double MLs Triple MLs
) § =615,k =0.87Tmm
£, =3.55,h =2.59mm ‘i‘ iilfhh“ jolzgz:: &, =3.55,h, =0.28mm
o &,=22,h,=036mm

In case of high dielectric contrast,
considerable amount of power will be reflected
from dielectric-air interface. This situation is
demonstrated in Fig. 4. Return loss (S,,) is

approximately around -8 dB at 77 GHz frequency.
When MLs determined by optimization procedure
are placed to the top of the antenna, the return loss
values are suppressed to lower than -10 dB within
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the band of 74-80 GHz. This is also achieved by
decreasing the dielectric contrast between the lens
core and the outer layer; thus, consequently,
minimizing the total internal reflection situations
inside the lens. According to Fig. 4, adding MLs
also enlarges the operating frequency band of the
lens antenna.

511 (dB)

e
&

&
-]

reer Without ML

...
&
I S Al

-40
74 75 76 mn 78 79 80

Frequency (GHz)

Fig. 4. Return loss variation of the narrow band
lens antenna for with and without MLs cases.

The influence of the number of MLs upon the
radiation characteristics of the antenna is
represented in Fig. 5, in both E and H planes at 77
GHz. The co-polarization components of the
antenna in E-plane are given in Fig. 5 (a), where
components in H-plane are highlighted in Fig. 5
(b). For without ML case, the SLL is at least 3 dB
higher than the other three cases in E-plane and
Half Power Beam Width (HPBW) of the radiation
pattern is quiet wider than the radiation patterns of
the other cases. In Fig. 5 (b), although the SLL in
two MLs case is high as without ML case, the
HPBW of the pattern is considerably narrower
when the antenna is coated by two MLs.
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Fig. 5. Influence of MLs on the radiation patterns
at 77 GHz in: (a) E-plane and (b) H-plane.

B. Ultra-wide band application

The second dielectric lens antenna type
utilized to perform the proposed optimization
procedure is the UWB leaky lens antenna
operating between 4-12 GHz frequencies. The lens
core is chosen as a high dielectric material
(&.,=9.8) and the same dielectric material set

(RT5880, RO4003, RO3206) is utilized for MLs.
When 1,/4 matching rules are used to calculate

the thickness of matching layers for a wide band
antenna, A inside the material is accepted at the
center frequency. In UWB applications, the
wavelengths at the lowest or highest frequencies
differ significantly with the wavelength at the
center frequency. Thus, MLs designed by 4./4

matching rules will not be applicable for UWB
applications, especially for very broadband quasi-
optical receivers [21].

The fitness function structure given in (3) is
utilized to optimize the thickness values of each
case and the results are given together with the
relative permittivity values of each material in
Table 3.

Table 3: Relative permittivity and thickness values
of optimized MLs

Single ML Double MLs Triple MLs
& =6.15,1, =3mm
. . £ =6.15,h =3.14mm e
§=3.55,h =3.9Tmm £ <22 b <153mm g,=3.35,h,=4.11mm
2TERRT L g 220k =281mm




The return loss variation of UWB feed with
respect to frequency, is given in Fig. 6. When the
lens core is not coated by MLs, the return loss
value has some pick points higher than -8 dB
between 5-6 GHz and 6-7 GHz frequencies.
Although, the level of these picks is reduced by
using a single ML or double MLs, the return loss
is still higher than -10 dB between 5-6 GHz
frequencies. When triple MLs are employed to the
top of the lens core, the return loss value is
reduced to lower than -10 dB levels in the
operating frequency range.

$11 (dB)

Frequency (GHz)

Fig. 6. The return loss variation of the UWB lens
antenna for with and without MLs.

With the aim of representing the influence of
the number of MLs on the radiation
characteristics, far-field radiation paterns are given
in both E and H-planes at the center operating
frequency (8 GHz) in Fig. 7. According to Fig. 7,
in both planes the HPBWs of without ML case and
using three MLs case, are narrower than the other
two cases. Besides, when three MLs are employed,
the SLL is suppressed significantly in H-plane. As
a result, covering the lens core with three MLs
result in by far the best radiation characteristics
among all cases for this UWB application.
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Fig. 7. Influence of MLs on the UWB dielectric
lens antenna patterns at 8 GHz in: (a) E-plane and
(b) H-plane.
C. Effects of air-gaps on the radiation
characteristics

Adding one or more MLs made of
homogeneous dielectric materials on the lens
surface is a widely used technique for reducing the
internal reflections inside the lens [17]. However,
the parasitic air-gap that remains between
dielectric materials during the fabrication process
is considered as the weakness of this technique. To
the best of my knowledge, the influence of
parasitic air gaps between the dielectric materials
on the radiation characteristics of dielectric lenses
has never been studied in the perspective of UWB
operation. Thus, CST simulations for UWB leaky
wave antenna with three ML case are repeated by
considering three different amounts of air-gaps
between dielectric materials of the antenna. Three
cases with 0.1, 0.2 and 0.5 mm thicknesses are
considered. Although, the amounts chosen as air-
gaps are quite high for today’s fabrication
technology, thick air-gaps are preferred to clarify
all possible negative effects of air-gaps on the
radiation characteristics. The return loss variation
of the UWB antenna with three different
thicknesses of air-gaps is given in Fig. 8. When
the air-gaps between layers are chosen as 0.1 mm,
the return loss of the antenna overlaps with the
ideal case (no parasitic air-gap). The §,, variation

for 0.2 mm air gaps is almost same as the S,

variation for 0.1 mm air-gaps case. The return loss
variation is at reasonable levels for 0.5 mm
thickness of air-gaps as well, except 2 dB
increment at 5 GHz and 1 dB increment at 5.5
GHz frequencies.
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Fig. 8. The return loss variation of UWB lens
antenna with three-MLs for with and without air-

gaps.

The influence of air-gaps on the radiation
patterns of the lens antenna having three-MLs are
exhibited in both E and H-planes at 8§ GHz
frequency. The radiation patterns in E-plane are
given in Fig. 9 (a), where H-plane are given in Fig.
9 (b).
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Fig. 9. Influence of air-gaps on the radiation
patterns at 8 GHz frequency in: (a) E-plane and (b)
H-plane.
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Main and side lobes of the radiation patterns
of the antenna in E-plane are not affected
considerably with 0.1 mm and 0.2 mm thickness
air-gaps between layers, as highlighted in Fig. 9
(a). While the HPBW of the antenna is also
conserved with 0.5 mm air-gaps, only the level of
second side lobe, which is still in acceptable
ranges is increased about 10 dB. Similar
comments can be made for the influence of 0.1
mm and 0.2 mm air gap thicknesses on the
radiation characteristics in H-plane. As given in
Fig. 9 (b), only the level of the outer side lobe is
increased a few dB when 0.5 mm parasitic air-
gaps remain between dielectric materials. It should
also be added that 0.5 mm air-gap thickness is
equal to 1/6 of the lowest ML thickness (see
Table 2) in the triple MLs case. For higher
frequency applications, 0.5 mm air-gaps will be
thick as MLs (see Table 2) and probably will have
significant effects on the radiation patterns of the
antenna.

V. CONCLUSION

An optimization based matching layer design
procedure for broadband dielectric lens antennas is
introduced. The lens structure and matching layers
are modelled as a cascaded transmission line and
maximum amount of power transfer is achieved
from feed to the air, by considerably reducing the
internal reflections from dielectric-air interface. It
has been exhibited that the dielectric lens antenna
coated by the MLs designed by proposed method
has crucial advantages, namely:

i) For practical applications the material with the
calculated relative permittivity should be
commercially available. Thanks to proposed
method, commercial materials can be chosen
as ML materials in the optimization procedure.

ii) More importantly, when the MLs designed by
the proposed method will be useful for ultra-
wide band applications as well. It should be
also  emphasized that the radiation
characteristics of the dielectric lens antenna,
such as directivity, SLL and front-to-back
ratio are improved with the optimized MLs in
both narrow and wide frequency bands.

These MLs can be fabricated using standard
computer aided manufacturing process and the
extra cost due to the fabrication of the coating
remains acceptable [18]. When the lens surface is



coated by MLs, a thin parasitic air gap remains
between the dielectric materials. The effects of
parasitic air gaps on the radiation characteristics of
an UWB antenna are investigated for different air-
gap thicknesses. It can be concluded that return
loss and radiation characteristics of the antenna are
conserved even for 0.5 mm air-gaps, which is
quite high for today’s fabrication technology.
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Abstract — A novel compact triple-band Printed
Slot Antenna (PSA) fed by CPW is presented in
this paper. By attaching a crescent-shaped strip to
the extremity of the CPW fed-line of a
conventional CPW-fed circle slot antenna, a lower
resonant mode is excited. Then, with an annular
strip located between the circle slot and the
crescent-shaped strip, an additional resonant mode
and better impedance matching is achieved.
Besides, a rectangular shorting stub is loaded at
the appropriate position of the annular strip to
obtain more resonant modes. By adopting such
remodeling technology, the aperture utilization
efficiency is greatly improved, and thus, multi-
functional integration in a compact size can be
realized. The designed PSA, featuring of a small
size of 23x30 mm, operates over the frequency
ranges 2.33-2.7 GHz, 3.3-3.8 GHz and 4.83-6.26
GHz, with good omni-directional radiation
patterns and rather stable antenna gains, is suitable
for both WLAN and WiMAX applications.

Index Terms— Compact, PSA, remodeling
technology, triple-band and WLAN/WiMAX
applications.

I. INTRODUCTION
With the rapid development of personal
portable wireless communications, the demand for
the design of an antenna with triple or multiband
operation has increased; since such an antenna is
vital for integrating more than one communication

Submitted On: February 22, 2014
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standards in a single compact system [1-10].
However, there are many challenges in designing a
multiband antenna and the main one is how to
create multi-resonating paths in a limited antenna
aperture. Therefore, many efforts have been made
and many multiband techniques are emerged.
Generally, cutting slots on the metal radiator of
antenna and loading parasitic strips are the two
most typically used methods to create multi-
resonating paths [11-13]. Certainly, multi-band
characteristics are obtained in those works above.
Nevertheless, all of them are suffering lower
aperture utilization efficiency since each resonant
mode requires for an unshareable slot or strip.

In addition, the PSA in merit of wider
bandwidth, superior impedance matching, lower
radiation loss and lower dispersion compared with
the normal microstrip patch antenna, has become a
rather promising candidate for kinds of multi-band
applications. Particularly, the CPW-fed PSA even
exhibits simpler structure and easier integration
with active devices and MMIC devices [14-15].

In this paper, a novel compact CPW-fed PSA
with triple bands using remodeling technology is
presented. For a conventional CPW-fed circle slot
antenna, there is only a single fundamental mode
near 7 GHz. By attaching a crescent-shaped strip
to the extremity of the CPW fed-line and adding
an annular strip in the circle slot, two resonating
paths (3.45/5.15 GHz) are created. Furthermore,
two extra resonant modes (2.46/5.8 GHz) are
obtained by simply loading a rectangular shorting

1054-4887 © 2014 ACES
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stub at the appropriate position of the annular strip.

Accordingly, the size of the PSA is significantly
reduced and the aperture utilization efficiency is
greatly improved. Details of this antenna are
presented and the measured results are given to
demonstrate its performances.

II. ANTENNA DESIGN

Figure 1 shows the geometry of the proposed
triple bands PSA, which is fabricated on a FR4
substrate of thickness 1.6 mm and permittivity 4.5.
The proposed antenna is based on a simple circle
slot antenna excited by a 50-Q CPW fed-line with
width w,=3 mm. By connecting a crescent-shaped
strip to the end of the CPW fed-line, the
fundamental mode was shifted to a lower band. In
order to create anther resonating paths, an annular
strip is located between the circle slot and the
crescent-shaped strip. Moreover, the rectangular
shorting stub at the right side of the annular strip is
designed to excite more resonant modes (2.46
GHz, particularly) and achieve better impedance
matching across the operating frequency bands, as
well as impedance bandwidth. Introducing such
remodeling technology, which is an effective way
to control the current resonant paths and short the
resonant length of need, contributes to a smaller
antenna size compared with the traditional one.
The optimal antenna dimensions are as follows:
L=30 mm, W=23 mm, w,=3.6 mm, d=5.0 mm,
r1=10.8 mm, r2=9 mm, r3=8.6 mm, r4=6 mm,
r5=6 mm.

Fig. 1. Geometry of the proposed triple-band PSA.

III. RESULATS AND DISCUSSION
In order to investigate the operation
mechanism of the proposed antenna, crescent-

ACES JOURNAL, Vol. 29, No. 6, JUNE 2014

shaped strip, annular strip and rectangular shorting
stub are successively employed to a conventional
CPW-fed circle slot antenna (antenna a), while
preserving the same parameters and named
antenna b, ¢ and d, correspondingly. The simulated
reflection coefficients of these antennas are shown
in Fig. 2. Obliviously, the single fundamental
mode of antenna « is decreased from 7 GHz to 3.1
GHz when it comes to the antenna b, since the
equivalent electric length is greatly lengthened by
the crescent-shaped strip. An extra resonant
frequency at 5.1 GHz is observed for antenna ¢
because of the annular strip introduced. Moreover,
it can be seen that the original operating band of
antenna b centered at 3.1 GHz is shifted to the
exactly 3.5 GHz WiMAX band, while bettering
the impedance matching across the band. With the
help of the rectangular shorting stub, the antenna
even exhibits two more resonant modes at 2.46
GHz and 5.8 GHz, compared with antenna c.
Specially, among these resonances the highest two
resonant modes (5.15 GHz/5.8 GHz) are close
enough to fuse together, and thus, result in a very

wide impedance bandwidth (4.83-6.16 GHz,
24.2%).
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Fig. 2. The S11 curves for relevant antennas.

From the above, we can find that the
rectangular shorting stub has played a rather
important role in designing the proposed triple-
band antenna; thus, further study is carried out
base on the current distribution. For the case of the
optimal design without the rectangular shorting
stub, the current distributes along almost the whole
annular slot corresponding to 1.5 wavelengths of
the 5.1 GHz, as shown in Fig. 3 (a); which is bad



to the miniaturization of antenna. Considering the
fact that the design with shorting pin can reduce
the antenna size -effectively, the rectangular
shorting stub is loaded at the right (or left) side of
the annular strip, where the strongest current
distribution exists and shorted to the ground plane.
As a result, the original resonance path is divided
into two and the left one is shorted by 1/3, while
resonating at the same frequency, as shown in Fig.
3 (b). Moreover, in Fig. 4 (a), we can find that the
right one also excites another half wavelength
resonance at 5.8 GHz. In addition, it is worthy to
see from Fig. 4 (b), that not only one wavelength
resonance of 5.15 GHz is generated, but also the
1/2 wavelength resonance at 2.46 GHz is obtained
by the left part of the annular slot. Accordingly, by
adopting such remodeling technology, the aperture
utilization efficiency is greatly improved, and thus,
the overall antenna size is miniaturized. In Fig. 4
(c), current is mainly concentrated along the
bottom edge of the crescent-shaped strip and the
inner side of the annular strip, the total resonance
length of the created path is 1/2 wavelength; which
means the second working band is mostly
determined by the two parts mentioned above.
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Fig. 3. The current distribution without and with
the rectangular shorting stub: (a) at 5.1 GHz and
(b) at 5.15 GHz.
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(c) At 3.45 GHz

Fig. 4. The current distribution at different
frequencies: (a) at 5.8 GHz, (b) at 2.46 GHz and (c)
at 3.45 GHz.

From the analysis of the current distribution at
each resonant frequency, the parameter sweep is
adopted to further investigate the influences of the
relevant geometry to the corresponding resonant
frequency bands.

Figure 5 demonstrates the effects of the
rectangular shorting stub to the impedance
matching condition. With the angle a (the angle
between the center axis of the stub and the positive
direction of the x-axis) increasing from 15 degrees,
21 degrees to 25 degrees gradually, the current
path of the left (right) annular slot is shorted
(Iengthened); which results in the first and third
resonant frequency shift right, while the fourth one
shift left. At the same time, the second band
almost stands still.
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Fig. 5. Simulated S11 for various angle a.

Moreover, the -10 dB reflection coefficient for
various outer radius of the annular strip 7, are also
plotted in Fig. 6. It can be noted that the parameter
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r; has great impact on the first and third working
bands. With r, decreasing from 9.2 mm to 8.8 mm,
the centre frequency of the first operating band
varies from 2.34 GHz to 2.6 GHz, correspondingly;
since the related resonant current path is shorted.
Similarly, the third operating band shifts right.
Particularly, the electromagnetic coupling effect
between the annular slots is sensitive to the width
of the annular slot. The wider of the width, the
weaker the coupling strength is, which results in
the worse impedance matching. However, the
annular slot width should not be too narrow, since
the over coupling will deteriorate the
performances of the working band as well. Finally,
the optimized value for 7, is chosen to be 9 mm
considering the fabrication accuracy.
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Fig. 6. Simulated S11 for various length r,.

Figure 7 shows the reflection coefficient for
different values of r4. It can be found that the
second resonant mode shifts from around 3.45
GHz to 3.24 GHz, corresponding to the outer
radius r4 of the crescent-shaped strip from 6 to 6.2
mm. That is due to the fact that the resonant length
of the second resonant mode is lengthened with
the r4 increasing gradually. Similarly, with b
increasing from 5.9 mm to 6.1 mm, the second
operating band shifts left as well, shown in Fig. 8.
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Fig. 7. Simulated S11 for different values of r4.
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Fig. 8. Simulated S11 for different values of b.

The simulated and measured S11 of the
proposed triple-band PSA is shown in Fig. 9; the
results of the simulation reveals excellent
agreement with that of the measurement. It can be
observed that the designed antenna has triple
operating bands covering the frequency ranges
2.33-2.7 GHz, 3.3-3.8 GHz and 4.83-6.26 GHz,
corresponding to an impedance bandwidth of
14.7%, 14.1% and 25.8%, with respect to the
appropriate resonant frequency, respectively.
Apparently, the above obtained bandwidths with



good impedance characteristic can simultaneously
cover both the 2.4/5.2/5.8 GHz WLAN and
2.6/3.5/5.5 GHz WiMAX bands.
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Fig. 9. The measured and simulated S11 of the
proposed antenna.

Figure 10 (a) and (b) show the E-plane and H-
plane radiation patterns of the proposed antenna at
2.46 GHz, 3.45 GHz and 5.15 GHz, respectively.
It can be seen that the proposed antenna exhibits a
fairly good omni-directional radiation pattern in
the H-plane and a dipole-like radiation pattern in
the E-plane. In the lower band (2.46 GHz), the
resonant mode is excited by adding the rectangular
shorting stub to force the current to mainly
distribute along the left part of the annular slot, but
considerable current is also excited in the right
part of the annular slot. So a more distorted H-
plane pattern is observed, compared with the
higher bands.
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(d) Antenna efficiency
Fig. 10. The radiation patterns and antenna gains

of the proposed antenna: (a) E-plane, (b) H-plane,
(c) antenna gains and (d) antenna efficiency.

The average antenna gains are about 3.75 dBi,
3.28 dBi and 4 dBi for the triple operating bands,

ACES JOURNAL, Vol. 29, No. 6, JUNE 2014

respectively. Particularly, the gains across the
entire operating bands keep rather stable, which is
critical to designing a well performed personal
portable wireless

shown in Fig.

communication
10 (c). Besides, the antenna

system, as

efficiency is also discussed in Fig. 10 (d). It can be
seen that the antenna efficiency is around 80% in
the higher two operation bands. In the lower band,
the antenna efficiency is decreased to about 53%,
since the antenna size is rather compact for 2.4
GHz band. Finally, a comparison in size and
performance with the previous reported designs is
also presented, to give a better view of the

proposed antenna, shown in Table 1.

Table 1: Antenna performance comparisons

Size Bandwidth | Max Gain | Antenna
(mm) GHz (dBi)
2.33-2.7,
30*23 | 3.3-3.8, 4.36 This paper
4.83-6.26
48*35 i;;:éi‘ 4 Reference [11]
0.86-0.98,
50%35 | 1.7-2.5, 3.74 Reference [13]
4.72-6.61
IV. CONCLUSION

A novel compact CPW-fed PSA for a triple-
frequency operation has been presented. The
crescent-shaped strip, annular strip and rectangular
shorting stub introduced successfully created the
multi-resonating paths in a simple circle slot
antenna. With the use of remodeling technology,
compact antenna size, higher aperture utilization
efficiency and the wider impedance bandwidth are
achieved. Furthermore, well covering all the
and WiMAX operating bands, the
proposed triple bands antenna also shows quite
suitable radiation performances and stable antenna
gains, which make it a very good candidate for

WLAN

various

kinds

communications applications.

of personal portable wireless
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