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Design of a CPW-fed Circularly Polarized Antenna with Asymmetrical Ground
Discussion and
Design of a Single-layer Planar Inverted-F Antenna with Dual-band Operation

and Designing type discussion

Student: Chieh-Lun Pan Advisor: Dr. Lin-Kun Wu

Institute of Communication Engineering
College of Electrical and Computer Engineering

National Chiao Tung University

Abstract

This paper composed by two research topics. One is the effects of asymmetrical
ground on CPW-fed wideband circularly polarized antenna for application of the GPS
band and another is the effects of different antenna type on the design of single layer
miniaturized dual-band planar inverted-F antenna

For the first topic, we choose the CPW-fed for the structure of the circularly
polarized antenna due to the advantage that having wider axial ratio bandwidth than
microstrip-fed. We generate the circularly polarized feature which means that there are
two orthogonal resonant modes with equal amplitude and 90° phase difference by
using an L-shape strip connecting on the ground of CPW structure coupling to the
striate main radiator. By truncating two angles on the opposite position of the ground
the axial ratio bandwidth can be broaden obviously so that the application of the
proposed antenna can include two bands (L1 and L3) of the GPS application. The high

radiation efficiency above 90 % both for two operating band makes the RHCP gain on
i



the +z axial higher than 4 dB. In this paper we will illustrate the different axial ratio
feature caused by different kind of asymmetrical ground by using the 3D full wave
simulator (HFSS) and the measured research result will also be shown.

In another topic, we will discuss and investigate a better antenna type for
designing a single layer miniaturized dual-band PIFA. We use a patch antenna and a
monopole antenna for the two PIFA designing bases with a restriction that we don’t
have additional space for an air layer. After comprehensive comparing the monopole
based PIFA is chosen due to its high radiation efficiency above 88 %. We will show
and compare the two simulated antenna design by the HESS, furthermore the

monopole based PIFA will be fabricated and measured.
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CHAPTER 1 : Introduction

1.1 Introduction of Wideband CPW-fed Circularly Polarized Antenna

In the modern development of communications, many introductions of high speed
communication technologies show that reducing the loss caused by the misalignment between
antennas is very important. Therefore, circularly polarized (CP) antennas become more and
more popular for communication systems which are sensitive to the variations of weather and
atmosphere such as radar tracking, satellite communication, navigation and radio frequency
identification (RFID) due to its better mobility and flexibility of orientation angle and
reduction of multipath reflections for transmitting and receiving.

The way of generating circular polarization is exciting two near-degenerated orthogonal
resonated modes-with-equal amplitude and 90° phase difference. Several technigues that are
usually used to design CP antennas are embedding L-shape grounded strips or slots [1, 2],
using asymmetrical ground or feeding [3-5], and embedding circular-shape strips or plates and
some design even use spiral [6-9]. Furthermore a special design is making a strip on the
ground of CPW structure orthogonal to the main radiator [10-13]. To achieve the wider axial
ratio bandwidth, a coplanar waveguide (CPW) feeding is chosen rather than a microstrip
feeding which is usually used for many single-fed CP antennas [14].

Circular polarization is commonly adopted in global positioning system (GPS) and
other satellite communications; in general the major GPS receivers only operate at L1 band
(1575.42 MHz) with right hand circular polarization. However, for more applications such as
military using and nuclear detonation detection, some CP antennas for GPS are designed

covering L1, L2 (1227 MHz) and L3 (1381 MHz) band.



1.2 Introduction of Single Layer Dual-band Planar Inverted-F Antenna

It has become more and more popular even a requirement to design multiband antennas
for the current personal wireless communications that are required to support so many
different communication standards and services around the world. To satisfy these modern
communication devices, the antennas should be able to operate at as many frequency bands as
possible with acceptable return loss and other radiation performances. Besides the multiband
performances, the antennas installed in portable handheld wireless communication devices
should have the feature of compact, low-profile, tough, light weight, and easily
manufacturing.

The planar inverted-F antenna (PIFA) is a very appropriate candidate for portable
wireless devices because of its .compactness and the features stated above. Recently, several
multi-frequency antennas arising from the PIFA have been presented. For triple or more
frequency operation, there are many methods can realize this performance. Some designs [15,
16] are realized using parasitic elements for exciting more resonant bands. Some designs
[17-20] use embedded slots in the radiating element or the ground to generate some additional
bands which are around the main resonant frequency for increasing number of band or
enhancing the bandwidth of the main resonant frequency. Furthermore, there are some
designs [21] can achieve triple operating bands using only twe shorting pins and one feeding.
However these designs of the reference are all using thick air substrate between the radiator
and the ground so that the volume of these antennas is too huge for using an internal antenna
of modern portable communication devices.

The antenna design is always determined by the dimension of the PCB (Printed Circuit
Board), which is limited by the size of the handset or wireless device [22]. The antenna height
is especially an important limitation so it should be small enough to satisfy the size of new
generation, ultra-slim cellular phones, as the result we have to set this kind of size restriction

to our research specification when it comes to having no more space for an air substrate.
2



The proposed miniaturized dual-band PIFA was fabricated on a FR4 board of single
substrate with the industrial required size (40 mm x 100 mm), and it can be used for the

application of GSM900 (880-960 MHz) and DCS1800 (1710-1880 MHz).




CHAPTER 2 : Design of a CPW-fed Circularly Polarized
Antenna with Asymmetrical Ground Discussion

In this chapter, a wideband CP antenna with coplanar waveguide (CPW) feeding
operating on GPS band (1381 and 1575 MHz) is presented here. We use the feeding way of
CPW network, because of the wider axial ratio bandwidth compared to the performance of
microstrip feeding. The proposed antenna has the features of low cost and easily
manufacturing due to the single layer of CPW structure so that it is suitable to current GPS
and satellite communication devices. The used simulator is 3D full-wave EM solver, Ansoft
HFSS, and we will show simulated and measured result of this design. The discussion of
effects caused by changing the shape of asymmetrical ground will be processed by

simulations.

2.1 Basic Theory
In this section, we will introduce some essential theories which are always used for
designing circularly polarized antennas as references from “Antenna Theory analysis and

design” Third Edition authored by Constantine A. Balanis. [23]

2.1.1 Theory of Polarization

Polarization of a radiated wave is defined as “that property of an electromagnetic wave
describing the time-varying direction and relative magnitude of the electric-field vector;
specifically, the figure traced as a function of time by the extremity of the vector at a fixed
location in space, and the sense in which it is traced, as observed along the direction of
propagation.” Polarization then is the curve traced by the end point of the arrow (vector)
representing the instantaneous electric field. The field must be observed along the direction of

propagation. A typical trace as a function of time is shown in Fig. 2.1 (a) and (b). If the vector
4



that describes the electric field at a point in space as a function of time is always directed
along a line, the field is said to be linearly polarized. In general, however, the figure that the
electric field traces is an ellipse, and the field is said to be elliptically polarized. Linear and
circular polarizations are special cases of elliptical, and they can be obtained when the ellipse

becomes a straight line or a circle, respectively.

(a) Rotation of wave



-~

Major axis Minor axis

(b) Polarization ellipse
Figure 2.1 (a) Rotation of a plane electromagnetic wave and (b) its polarization ellipse at z =

0 as a function of time.

The instantaneous field of a plane wave, traveling in the negative z direction, can be

written as
E(z; 1) = XEx(z; t) + YE,(z; 1) 1)

The instantaneous components are related to their complex counterparts by

EX(Z, t) . Re[EX—ej(OJt+kZ)] — Re[EXOei(OJt+kZ+(pX )]

= Eyo COS(@; + K, + y) )
E,(z; t) = Re[E, @] = Re[E,e "]
= Ey, cos(o; + k; + @) 3)

where E,, and Ey, are, respectively, the maximum magnitudes of the x and y components.



(A) Linear Polarization
For the wave to have linear polarization, the time-phase difference between the two
components must be
Ap=¢,—ox=nm,n=0,1,2,3,... (4)
(B) Circular Polarization
Circular polarization can be achieved only when the magnitudes of the two components are
the same and the time-phase difference between them is odd multiples of n/2. That is,
lExl = |Ey |_’Exo = EyO (5)
A=, — 0x= i(%+2n)n,n20,l,2,... (6)
Positive for left hand CP and negative for right hand CP. If the direction of wave propagation
is reversed (+z direction), the phases for LHCP and RHCP rotation must be interchanged.
(C) Elliptical Polarization
Elliptical polarization can be attained only when the time-phase difference between
the two.components is odd multiples of 7/2 and their magnitudes are not the same or when the
time-phase difference between the two components is not equal to multiples of /2

(irrespective of their magnitudes). That is,

[Exl # |Ey[=Exw # Ey ()
AQ=@y= 0x= i(%+2n)n,n20,1,2,... (8)

or
A(p:(py—(pxiigﬂ,nzo,l,Z,... (9)

For elliptical polarization, the curve traced at a given position as a function of time is, in
general, a tilted ellipse, as shown in Fig 2.1(b). The ratio of the major axis to the minor axis is

referred to as the axial ratio (AR), and it is equal to

major axis 0OA
AR= — = —

: —=—,1<AR< (10)
minor axis OB

7



In conclusions,
(A) Linear polarization: (AR — o)
Single-axial or bi-axial with in phase or 180°out of phase
(B) Elliptical Polarization:(AR = 0 dB)
Bi-axial with quadrature phase

(C) Circular Polarization: (AR = 0 dB)

Bi-axial with identical magnitude

dB could be used.

In this work, we define ation of axial ratio sma



2.2 The Effects of Asymmetrical Ground on Performances of the CP Antenna

In this section, a wideband circularly polarized monopole antenna with a CPW-fed is
proposed. The L-shape strip which connecting with the ground etched by a circle mainly
contributes the feature of right-hand circular polarization (RHCP). Additionally by adding the
pair of unequal truncates on opposite position of the ground, the bandwidth of axial ratio can
be broaden. Fig. 2.7 shows the configuration of the proposed antenna. The antenna is
fabricated on an FR4 substrate of 1.6 mm thickness with a dielectric constant of 4.4 and a loss
tangent of 0.02. The 10 dB return loss impedance bandwidths are 9.6 %( 1.16-1.28 GHz) and
19.5 %( 1.34-1.64 GHz), and the 3 dB axial-ratio bandwidth is 28.69 %( 1.36-1.82 GHz).
Moreover, we will investigate many cases of the prototype with different asymmetrical
ground by using 3D full wave simulator, HFSS. Finally, experimental results will show the

proposed antenna having good return loss and circular polarization characteristics.

2.2.1 The Structure for a Prototype of CP Antenna for GPS Application

The geometry of a circularly polarized antenna was shown as Fig. 2.2. It consists of a
straight-line radiator, a coplanar rectangular ground with a circle etching in. The radius of the
circle etching in the ground is r, and the straight radiator of width Ws and length L with the
gap of feed line, Wy. The length of vertical strip, L, and the length of horizontal strip, Ly
compose the L-shape strip which is applied to generate resonator for exciting two orthogonal
modes with equal amplitude and 90° phase difference. The antenna is fabricated on an FR4
substrate of size 70 mm x 70 mm with a dielectric constant of 4.4 and a loss tangent of 0.02.
The thickness of the substrate is 1.6 mm. The width of feeding line is W;=5 mm and Wg=0.5
mm for a CPW input impedance of 50 Ohm. The optimized parameters of the prototype for

circularly polarized antenna are listed in Table 2.1



Figure 2.2 Geometry of the CP prototy ¢ N /= nd the gap of

S

o |
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2.2.2 Discussion of Structure Parameters
This section will discuss the variations to the return loss and axial ratio, when the length
and position of L-shape strip was changed, and the axial ratio of the prototype will be

optimized closing to the application L3, L4 (1381 MHz, 1379.9 MHz) of GPS band.

I. Changing the position of L-shape strip

Because the circularly polarized characteristic is mainly created by L-shape strip, the
position of L-shape strip is very important for creating the performance at target frequency.
We can decide the position by observing the magnitude of surface current on the structure
without the L-shape strip. Fig. 2.3 shows the distribution of the surface current at 1381 MHz,
and it is obvious that the magnitude of surface current is strong just on right and left edge of
the etched circle. Fig. 2.4 (a) & (b) reveals the variations of return loss and axial ratio when
the position of L-shape strip move toward the feed (down forward). It is obvious that the
impedance matching getting worse when L-shape strip moving down. However the axial ratio
getting better and closing to the target frequency, since the coupling between the monopole

and L-shape strip becomes strong.

IsurflA_per_ml

4, 2915e+8E81
. 2, 7974%e+BE01
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Figure 2.3 The distribution of surface current on the ground and the monopole at 1381 MHz.
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Figure 2.4 The variation when L-shape strip moving down (a) S11 and (b) axial ratio.
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I1. Changing the length of L, and L,

We already know that the coupling between L-shape strip and the monopole is a
critical point when we want to control the performance of impedance matching and axial
ratio. The distance between these two elements, Ly and the vertical length of L-shape, L,
should be discussed and optimized.

From Fig. 2.5 (a) & (b) we can know that impedance matching become worse as Ly,
increasing. The coupling is becoming strong due to the distance between L-shape strip and
the monopole. Furthermore if we want to have a good axial ratio performance, the value of
L, should be controlled in a range between 15~17 mm for having an proper coupling. On
the other hand, the variation of S11 and axial ratio as L, changing is shown in Fig. 2.6 (a) &
(b). It can be observed that when the length of vertical strip increases, the return loss
become better, and the axial ratio becomes leaving the target frequency and getting worse.
The L, can also contribute an effect to S11 and axial ratio, because the quantity of coupling
is also depending on the current density on the vertical strip.

In order to maintain both good return loss and axial ratio, the position of L-shape strip,
and the values of Ly, L, must be traded off. The structure of prototype for fine-tuned edition

is shown in Fig. 2.2, and values of parameters are listed in Table 2.1.
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Figure 2.5 The variation as Ly, changing (a) S11 and (b) axial ratio.
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Figure 2.6 The variation as L, changing (a) S11 and (b) axial ratio.
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2.2.3 The Effects of Different Asymmetrical Ground

The concept of cutting a pair of truncates on the ground is come up with from the
textbook; a circularly polarized patch antenna can be create by cutting off a pair of angles on
opposite corners. In this section we are curious about whether cutting truncates on the corner
of rectangular ground can improve the performance of axial ratio or not. The lengths of two
unequal-size isosceles truncates cut on two opposite corners of the rectangular ground are L,
and L;, and they enhance the axial ratio bandwidth for covering triple GPS applications.
Moreover, changing the magnitude of the length of upper and lower isosceles truncates
unequally can control the position and bandwidth of the axial ratio. The geometry of proposed
antenna is shown in Fig. 2.7, and values of parameters are listed in Table 2.2.

Several kinds of asymmetrical ground will be investigated in following parts, and the

variation of parameters will also be discussed.

—>

Figure 2.7 The geometry of proposed antenna.

Parameters S r Ls Ly Ly Wy Wh, L, L,

Value(mm) 70 26 39.5 20 16.5 1 2 30 20

Table 2.2 Value of parameters for the proposed antenna.
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I. Truncating only one angle on upper right of the ground

Some former investigations has indicated that asymmetrical ground of CPW structure
can provide wide axial ratio bandwidth. For our case it is obvious that the bandwidth of axial
ratio was greatly broaden in Fig. 2.8 (b) when the level of truncating (L,) increasing.
Although the return loss is spoilt in Fig. 2.8 (a), it still can cover L1, L3 and L4 band of GPS
as the value of Lu becomes 30mm, and it is noted that truncating the corner will cause the

mode splitting.

L;=30mm only

..... Ly=20mm only
= s+ = Ly=10mm only

— == without cutting

‘40 T | T | T | T | I
1 1.2 1.4 1.6 1.8 2
frequency(GHz)
(@)
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Figure 2.8 The variation as L, changing (a) S11 and (b) axial ratio.

I1. Truncating a lower left angle additionally

We already discover that cutting one angle of the ground can make axial ratio
bandwidth wider; however we are still curious about if axial ratio can be improved lower as
the ground become more asymmetrical. Fig. 2.9 (a) & (b) shows that cutting the other angle
off on the opposite position additionally indeed make axial ratio lower than having only upper
right truncating, furthermore it causes few effects to the return loss for the target frequency

bands.
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frequency(GHz)
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Figure 2.9 The variation as L, changing (a) S11 and (b) axial ratio.
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I11. Truncating the third angle on upper left side of the ground
After adding the second truncating the antenna has been designed for the application of

GPS on L1, L3 and L4 (1575, 1381 and 1379 MHz) band successfully. In order to conform

whether there is a better case can be created by other kind of asymmetrical ground or not, we

still discuss the case of the ground with the third truncating on the upper left side. Fig. 2.10 (a)
& (b) depicts the performance of the antenna varying as the level of the truncating on upper

left side increasing. It is clear that the axial ratio gets worse very severely as soon as the third

truncating is added. The return loss at L1 band (1575 MHz) of GPS is also spoiled when the

cutting level becomes too much.

S11(dB)

— 30mm-side cutting
----- 20mm-side cutting
= « == 10mm-side cutting
— == Without the third cut
‘40 | T |' T | T | T
1 1.2 1.4 1.6 1.8 2
frequency(GHz)

(a)
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547 . R4
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2 ] - W
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] A T
N
0 '| T I T I T
1.2 1.4 1.6 1.8 2
frequency(GHz)
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Figure 2.10 The variation of adding the third cutting on upper left side of the ground (a) S11

and (b) axial ratio.

In order to let the axial ratio be lowest at the target frequencies (1575, 1381 and 1379
MHz), L, and L; must be tuned. The fine-tuned edition of proposed antenna is shown in Fig.
2.7, and the value of parameters is depicted in Table 2.2. Fig. 2.11 (a) & (b) shows the
distribution of electric field with phase O degree and 90 degree on the +z axial surface of
radiation box at L1 band (1575 MHZz). It is obvious that these two electric-field directions of

phase 0 and phase 90 degree are orthogonal; furthermore it is right hand circular polarization

(RHCP).
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(b)

Figure 2.11 The distribution of electric field on the +z axial

surface of proposed antenna at

1575 MHz (a) source phase 0° and (b) source phase 90°.
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2.3 Simulation and Measured Result

The simulation and the measured result of the return loss are shown in the Fig. 2.12
(@), and the result of axial ratio is shown in the Fig. 2.12 (b). The 10dB impedance matching
bandwidth of the operating frequency is about 15.8 % (1.4-1.64 GHz). Due to the frequency
shifting the L3 band (1381 MHz) can’t reach the level of 10 dB impedance matching but it
is still in accordance with the commercial specification of 6 dB return loss below. The
bandwidth of 3 dB axial ratio is 28.4 % (1.42-1.89 GHz) and the axial ratio at 1381 MHz
and 1575 MHz are 10.35 dB and 1.58 dB respectively. Although the frequency shifting let
the proposed axial ratio can’t include the L3 band of GPS application, the most major using,
L1 band of GPS application; is in the specification.

The radiated power above the antenna at the position of +z axis calculated by the
simulator, HFSS, is shown in Fig. 2.13 and the measured radiation patterns of RHCP and
LHCP. on the cut of YZ plane at 1381 MHz and 1575 MHz are shown in Fig. 2.14 (a) & (b).
The RHCP gain on the direction of +z axis is about 3.9 dBi at 1381 MHz and 4.6 dBi at
1575 MHz; additionally the LHCP gain on the direction of —z axis is about -1.9 dBi at 1381
MHz and 2.6 dBi at 1575 MHz. Finally the photograph of the realistic fabricated antenna is

shown in Fig.2.15.
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Figure 2.12 The simulation and the measurement result of the (a) return loss and (b) axial

ratio.
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Figure 2.13 The simulated radiated power at +z axis above the antenna
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(b)
Figure 2.14 The measurement result of RHCP and LHCP radiation pattern on yz cut at (a)

1381 MHz and (b) 1575 MHz.

Figure 2.15 The photograph of the fabricated antenna.
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2.4 Conclusion

A CPW-fed wideband circularly polarized antenna for the application on L3 and L1
(1381 MHz and 1575 MHz) of GPS band is proposed. The feature of circular polarization is
created by an L-shape strip connecting on the inner edge of the CPW ground and is
enhanced by using an investigated asymmetrical ground. Thanks to the asymmetrical
ground the application of the proposed antenna can be promoted. The realized bandwidth of
return loss and axial ratio are 15.8 % (1.4-1.64 GHz) and 28.4 % (1.42-1.89 GHz)
respectively. The RHCP gain on the +z axial for the L3 and L1 of GPS band is 3.9 dBi and
4.6 dBi and the radiated power is above 90 % both for the two operating bands. The
proposed antenna. is suitable for the modern portable communication devices and satellite

satellitic systems due to its advantages of broadband, low cost and easy manufacturing.
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CHAPTER 3 : Design of a Single-layer Planar Inverted-F
Antenna with Dual-band Operation and Designing type

discussion

In recent time requires for small size and simple geometry antennas especially for
compact mobile phone and portable devices are developed fast. As the result internal antennas
are very popular choices compared to the conventional external antennas. When using the
concept of microstrip patch antennas, the patch element size should be reduced as the size of
ground planeis restricted by the modern communicating devices.

The planar inverted-F antenna (PIFA) have become the most attractive candidate for
mobile handsets due to its desirable advantages such as high efficiency multi-frequency
operating, moderate bandwidth, low profile, low cost and lower power absorption for user
compared with conventional external antennas.

In Chapter 3 we will design a dual-band PIFA which was fabricated on a FR4 board of
single substrate with the industrial required size (40 mm x 100 mm), and we will investigate
the miniaturized PIFA by using two basic antenna types for the PIFA structure in order to get a
trade-off between the operating bandwidth, antenna efficiency and the antenna size. The
proposed antenna can be used for the application of GSM900 (880-960 MHz), DCS1800

(1710-1880 MHz).

3.1 Basic Theory
In this section, we will introduce some essential theories which are always used for
designing planar inverted-F antennas as references from “Microstrip Patch Antennas”

authored by Kai Fong Lee and Kwai Man Luk. [24]
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3.1.1 Size Reduction Technique of Patch Antennas
(A) Quarter Wave Patch of Using Shorting Wall

The electric field distributions under the patch for the TM01 and TM10 modes have a
null along the center of the patch. The fields are not perturbed when a short is placed at the
null line, as shown in Fig. 3.1. This results in a shorted quarter-wave patch, with the same
resonant frequency as the regular half-wave patch. The area will be half-wave patch if the
dimension along x remains the same. If the dimension along x is reduced by half (from a to
a/2) so that the aspect ratio remains the same as the original patch, the area will be four times
smaller.
(B) Partially Shorted Patch and Planar Inverted F Antenna

Fig. 3.2 shows the geometry in which the shorting wall, instead of extending fully
across the width of the patch a, has a width s, where s < a. When s/a decrease, the resonant
frequency will decrease and it represent the reduction of the antenna size. The partially
shorted patch in the form shown in Fig. 3.3 is known as the planar inverted F antenna (PIFA),
because the side view looks like an inverted F. The width of the shorting wall w is
approximately 0.2L; while the dimensions of L; and L, are on the order of 1/8A.
(C) Use of Shorting Pin

Another technique for reducing the patch size, very similar to the inverted-F method, is
to use a shorting pin. This is illustrated in Fig. 3.4. The shorting pin causes the fields
underneath the patch to bounce back-and-forth. The field starts to radiate once the bouncing
distance reaches half-wavelength. As a result of the multiple bounce, the physical size of the
patch is reduced. Since the bounces are non-unidirectional, the fields can radiate out from
almost all edges of the patch, resulting in high cross-polarization. However, for certain
applications such as cellular phone communication in a multi-path environment, high- cross
polarized fields are not a concern.

If the shorting pin is close to the feed, the resonant circuit of the patch is capacitively
29



coupled to the pin. This is equivalent to increasing the permittivity of the substrate, which
further contributes to reduction in frequency or size of the patch (measured in wavelength),
and it should be mentioned that the bandwidth can be improved by using multiple shorting

pins.

g
b = Shorting wall
| ] gl
| T ]
g €y i 2
E. Ex
4] a x 0 a x

Figure 3.1 Electric field distributions of half-wave patch and shorted quarter-wave patch.

shorting plane

4
i

a

Figure 3.2 Geometry of partially shorted patch.
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Figure 3.3 Size reduction by using inverted-F patch.

Figure 3.4 Rectangular patch with shorting pin.
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3.1.2 Tuning the Resonant Frequency of Patch Antennas by Using Shorting Pins

The value of & can also be changed by introducing shorting pins at various points
between the patch and the ground plane. These shorting pins present an inductance, and
therefore affect the effective permittivity of the substrate. For example, a rectangular patch
antenna with two shorting pins is shown in Fig. 3.5, and the resonant frequency is dependent
on the separation of the two pins. When the distance between two pins is decreasing, the

resonant frequency can be moved toward lower frequency.

Feed —1.5 cm

€
|
Pins

f— s —|

b=9.0 cm

< a=6.2cm

Figure 3.5 A rectangular patch with two shorting pins.
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3.2 Two Designs of Dual-Band Planar Inverted-F Antenna with Single Layer for GSM
and DCS Application

In this section, a dual-band planar inverted-F antenna will be designed by two kinds of
antenna for the basic PIFA structure. We use patch antenna and the monopole antenna as the
basic structure of the proposed PIFA.

For the PIFA based on patch antenna the lower operating band for GSM900(880-960
MHZz) application is generated by a patch with a shorting pin and then we embed an L-shape
slot to create another patch for resonant frequency of the DCS1800(1710-1880 MHz)
operation. Fig. 3.17 (in section 3.2.2) shows the configuration of the propesed patch based
antenna. The antenna is fabricated on an FR4 substrate of 40x100x1.6 mm? size for industrial
required with a dielectric constant of 4.4 and a loss tangent of 0.02. The width of the fed is 3
mm for the 50 Q input impedance of 1.6 mm thick FR4 microstrip structure. The 6 dB return
loss of the two impedance bandwidths for commercial specification is 3.38 % (903-934 MHz)
and 2.5 % (1.77-1.82 GHz). Moreover we will investigate the parameters which can control
those two resonant frequencies independently.

For the PIFA based on monopole antenna we will etch a rectangle on the ground plane
for the space of the monopole antenna. The lower resonant frequency for operating GSM900
band is generated by the longest path which locates on the down edge of the rectangular
monopole. We also embed a L-shape slot to provide a shorter current path for the application
of the DCS1800. Fig. 3.22 (in section 3.2.2) shows the configuration of the proposed antenna.
The antenna is also fabricated on an FR4 substrate of 40x100x1.6 mm® size and also has a 3
mm feeding for 50 Q input impedance. The 6 dB return loss of the two impedance bandwidths
are 20.28 % (873-1070 MHz) and 10 % (1706-1885 MHz). We also investigate the parameters
which can control the resonant frequencies independently.

The research is carried out by 3D full wave simulator, HFSS. The experimental results

show that the proposed antenna has a good agreement with the simulation of the return loss
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and other radiating characteristics.

3.2.1 The Two Geometries of the Dual-Band PIFA
The operating frequency of a patch with shorting pins can be approximately determined

by the same concept for the quarter-wave patch as follows:

Ad 1 c
e I (1)
c 2
W= 4—f er+1 (12)

where Jq is the wavelength inside the substrate. The length L and the width W can be
subsequently fine-tuned to obtain-an improved frequency match.

On the other hand, general knowledge of antenna theory show that the resonant
frequency of the monopole antenna is approximately determined by quarter propagating
wavelength, and we can expect that the difference between the size of two kinds of antenna
will be small.

At first we will present the design of PIFA based on a patch antenna.

I. Starting from a patch with a shorting pin

The prototype of the antenna operating the lowest frequency for GSM900 band is
shown in Fig. 3.6 and the dimension of this prototype is decided by formulas mentioned
above and the industrial requirement. Fig. 3.7 shows that the operating frequency can also be
controlled by the position of the shorting pin. One reason is that changing the distance
between shorting pin and feeding will contribute different effective inductance; the other is
that the effective permittivity will also be changed when we move the shorting pin. On the
other hand we can also notice in Fig. 3.8 that the input matching is affected by the position of

the feeding but it isn’t related to controlling the resonant frequency.
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Figure 3.6 The prototype of the PIFA for the GSM900 application.
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Figure 3.7 The variation of the return loss as the shorting pin moves.
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Figure 3.8 The variation of input matching as the feeding move along the right edge.

I1. Inserting another patch for DCS1800 by using an embedded slot

We embed an L-shape slot in the patch of the prototype and the second resonant
frequency can be generated without interfering with the first band. The geometry of the
prototype having an embedded L-shape slot and the related parameters are shown in Fig. 3.9.
It can be observed easily in Fig. 3.10 that the length, L,, of the another patch created by the
embedded L-shape slot can control the position of the second resonant frequency
independently, and this parameter doesn’t have any effect to the first band. Moreover, we can
see that the input matching can be tuned by moving the feeding in Fig. 3.11 and we have

mentioned this feature in part I. of 3.2.1.
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Figure 3.10 The variation of the return loss as the value of L, changes.

37



S11(dB)

20 —| = atdown edge

2mm from
down edge

_ 4mm from
down edge
BT T T T T T T

0.6 0.8 1 12 14 16 1.8 2
frequency(GHz)

Figure 3.11 The variation of the input matching as the feed moves.

In the following part, we will present the design of PIFA based on a monopole antenna

I11. Starting from a rectangular monopole with a shorting pin

The prototype of the monopole based PIFA operating for GSM900 band is shown in
Fig. 3.12; the antenna dimension Is determined approximately by quarter propagating
wavelength of the operating frequency. Fig. 3.13 shows that the length, Ly, of the rectangular
monopole can determine the position of the operating frequency and Fig. 3.14 indicates the
position of the shorting pin can change the impedance matching due to the input will see
different imaginary part of impedance when the distance between the feeding and the shorting
pin changes. In other words, the position of the shorting pin determines the compensation for

the imaginary part of input impedance matching.
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Figure 3.12 The prototype of the monopole based PIFA operating for GSM900 band.
U —_—
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Figure 3.13 The variation of the resonant frequency when value of L, changes.
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Figure 3.14 The variation of the impedance matching when the via moves.

IV. A shorter current path created by an embedded L-shape slot for the DCS1800
application

We want to create another higher resonant frequency without interfering to the lower
frequency we have made for GSM900. Fig. 3.15 shows the geometry of the monopole based
PIFA having two resonant frequencies for GSM and DCS bands respectively. We provide
another shorter current path by embedding an L-shape slot in the upper edge of the
rectangular monopole and the total length of the slot is also determined by quarter
propagating wavelength; it should be notice that the effective permittivity is depend on
regions which the radiating wave propagating in. Fig. 3.16 shows that Ls can determine the

position of the higher resonant frequency independently.
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Figure 3.15 The geometry of the monopole antenna embedded by an L-shape Slot for

DCS1800 band.
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Figure 3.16 The variation of the DCS band as the value of L changes.
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3.2.2 Investigating Parameters of Controlling Each Frequencies for the Two Kinds of
PIFA
I. For the patch based PIFA

The structure of proposed patch based PIFA for the application of GSM and DCS
operating bands is shown in Fig. 3.17, and the value of the parameters is listed in Table 3.2.
The simulated return loss of the proposed PIFA is shown in Fig. 3.18; the proposed 6 dB
impedance bandwidth for. GSM900 is about 3.38 % (903-934 MHz) and for DCS1800 is
about 2.5 % (1.77-1.82 GHz). To investigate the reason why these parameters can contribute
these effects; we will study the surface current on the antenna. Fig. 3.19 (a) & (b) show the
distribution of surface current-on-the radiator at 0.9 GHz and 1.8 GHz, however the current
distribution doesn’t obviously indicate that structures of certain parameters dominate the
resonant at target frequency. As a result of the unusual current distribution, we are curious
about the radiation efficiency of the proposed antenna. Fig. 3.20 shows the simulated
radiation efficiency of the proposed antenna; we discover that the radiation efficiency is under
15 % for both two operating bands. Because of the bad radiation efficiency, we wonder that
whether the electric field is radiating out of the substrate. Fig. 3.21 (a) & (b) indicate surely
that the electric field is restricted in the substrate; at 0.9 GHz the electric field is near the edge

of longer path and near the edge of shorter path at 1.8 GHz.
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Figure 3.18 The simulated return loss of the proposed patch based PIFA.
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Figure 3.19 The distribution of the surface current on the radiator at (a) 0.9 GHz (b) 1.8 GHz.
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Figure 3.20 The simulated radiation efficiencies of the patch based PIFA by HFSS.

44



E Field[¥_per_m

1. 3425e+885
1. Z586e+885
1. 1747e+E05
1.8908s+085

1. BBE9e+BAS5

9. 2296e+0@4
G, 3906 +2a4
7.5515e+0@4
6. 7124e+0E4
5. 6734e+0a4
5. @834 3e+00Y4
4, 1953e+084

3. 3562e+0AY4
2,517 2e+084
1. 6781le+0@Y4
8. 39086 +0035
Z,6325e-EAZ

(@)

E Field[¥_per_m

1. 3425e+B85
1. 2586e+BB5
1. 1747e+B85
1. 8985 +085

1. BBE9e+BB5
9. 2296e+0EY
8, 3986e+0BY
7.5515e+08Y

- 6. 7124e+0E4
5. 6734e+bEY
5. B343e+0EY
4. 1953e+08Y

3, 306Ze+EBY
2, 517Ze+0BY
1. 6781e+0BY
8. 3906e+083
2, 6325e-082

(b)

Figure 3.21 The distribution of the electric field in the substrate at (a) 0.9 GHz (b) 1.8 GHz.

I1. For the monopole based PIFA

The structure of proposed monopole based PIFA for the application of GSM and DCS
operating bands is shown in Fig. 3.22, and the value of the parameters is listed in Table 3.3.
The simulated return loss of the proposed PIFA is shown in Fig. 3.23; the proposed 6 dB
impedance bandwidth for GSM900 is about 20.28 % (873-1070 MHz) and for DCS1800 is
about 10 % (1706-1885 MHz). We want to know the reason why these parameters can
contribute these effects; the distribution of the surface current on the metallic monopole
radiator will be shown by using simulator, HFSS. Due to the PIFA structure is based on a
microstrip monopole antenna, we want investigate the surface current on the metallic radiator

rather than the distribution of the electric field in the substrate. Fig. 3.24 (a) & (b) show the
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distribution of the surface current on the monopole radiator at the center frequency of two
operating bands respectively. It can be seen that the surface current is concentrated on the
edge of the metallic monopole radiator. The down and right edge closing to the feeding has
the strongest current density at 950 MHz of GSM band due to rectangular monopole provides
a path which is approximately equal to the quarter propagating wavelength of the frequency
for GSM900. When it operates on the DCS application, the surface current is strong on the
edge around the slot at 1.75 GHz and this can illustrate the slot control the higher resonant

frequency independently.

W

g

Figure 3.22 The proposed monopole based antenna for GSM and DCS bands.

Parameters Wy Lg W L W L

Value(mm) | 40 100 205 275 9 17

Table 3.3 The value of parameters for the proposed monopole based PIFA.
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Figure

I11. The compariso
We can see that the mc : ! ance than the patch
based PIFA on the side of impedanc er for GSM900 or DS1800. The
reason is that the monopole based PIFA has a big amount of air space on the back side of the
antenna and we can think there is an additional air substrate for the monopole based PIFA so
that the impedance bandwidth will be enhanced.
Good radiation efficiency is another advantage for having a big amount of air space;

we have illustrated in the part I. of this section that the radiation efficiency of the patch

based PIFA should be worse than the monopole based PIFA due to it has a complete ground

48



plane on the back side so that the electric field is vulnerable to be restricted within the
substrate. Fig. 3.25 shows the simulated radiation efficiency of patch and monopole based
PIFA and the results are just like the expectation we think.

On the side of the antenna size the patch based PIFA is 29x13 mm? and monopole
based PIFA is 20.5x27.5 mm? and they are both design on the FR4 PCB of 1.6 mm single
layer with one shorting pin for the purpose of miniaturized. However the monopole based
PIFA is a little bigger than the patch based PIFA; the reason is that the effective permittivity
is depending on the region of the electric field propagating in. Most electric field of the
patch based PIFA propagates in the substrate and mainly propagates in air space for
monopole based PIFA. Therefore the effective permittivity of the patch based PIFA is
bigger.

Collecting and considering those features compared above; it is obviously that the
basic structure of a monopole antenna is suitable for a design of miniaturized dual-band
planar inverted-F antenna due to its wider impedance bandwidth and better radiation

efficiency.
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3.3 Simulation and Measured Result

The measurement and simulation of the proposed monopole based PIFA is shown in
Fig. 3.26 and there is a frequency shifting about 40 MHz. The bandwidth of the first
resonant frequency for GSM900 band is 18.6 % (0.936-1.128 GHz); the second resonant
frequency for DCS1800 band is 14.66 % (1.77-2.05 GHz). The measured radiation patterns
of Epand E, on xz plane and yz plane at 0.95 GHz and 1.8 GHz which are the center of
operating frequencies are. shown in the Fig. 3.27, Fig. 3.28, Fig. 3.29 and Fig. 3.30
respectively. Over the 0.95 GHz band, the antenna gain is about 0.8 dBi and -0.15 dBi on xz
plane and yz plane respectively; on the other hand for the 1.8 GHz band, the antenna gain is
about 1.7 dBi and 2.1 dBi-on xz plane and yz plane respectively. The antenna gain for 1.8
GHz is higher than the gain for 0.95 GHz due to the antenna size related to the operating
wavelength is much bigger when the frequency increases from 0.95 GHz to 1.8 GHz.

Finally the photograph of the realistic fabricated antenna is shown in Fig.3.31

J Measurement
= = = Simulation
'36 T | T | T | T | T | T | T

06 0.8 1 1.2 14 16 1.8 2
frequency(GHz)

Figure 3.26 The simulated and measured return loss of the proposed monopole based PIFA.

51



40 /30

180
(b)
Figure 3.27 The measured radiation pattern of Eyon xz plane at (a) 0.95 GHz and (b) 1.8

GHz.
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Figure 3.28 The measured radiation pattern of E, on xz plane at (a) 0.95 GHz and (b) 1.8

GHz.

53



270 |
. -40 30

180

(b)

Figure 3.29 The measured radiation pattern of Egon yz plane at (a) 0.95 GHz and (b) 1.8

GHz.
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Figure 3.30 The measured radiation pattern of E, on yz plane at (a) 0.95 GHz and (b) 1.8

GHz.
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(b)
Figure 3.31 The (a) front side and (b) back side photograph of the fabricated antenna.
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3.4 Conclusion

A design of a monopole based dual-band planer inverted-F antenna miniaturized by
using a shorting pin is fabricated on a single layer of FR4 and the proposed antenna can be
used for applications of GSM900 (880-960 MHz) band and DCS1800 (1710-1880 MHz)
band. We can find the parameters which can control the position of each operating
frequency independently without disturbing the other band and the parameter affecting the
impedance matching is also discussed. The measured return loss for the first band is 18.6 %
(0.936-1.128 GHz) and for the second band is 14.66 % (1.77-2.05 GHz) and the simulated
radiation efficiency for the center frequency of each operating band is 88 % and 88.3 %
respectively. The peak gain of the proposed antenna for GSM and DCS application is about
0.8 dBi and 2.1 dBi. The proposed antenna is In accordance with the feature and
requirement of the modern portable communication device due to its characteristic of small

size, thin thickness without air layer, low cost and multiband.
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