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Abstract

A novel multiple-ear patch antenna for polarization and frequency diversities is
proposed. The proposed antenna uses the PIN diodes and adjacent ears, which are
small adjacent patches, to achieve ‘the diversities purposes. By connecting or
disconnecting the ears and main, patch, both of the resonant frequency and transverse
magnetic (TM) of proposed antenna are changed to achieve the diversities. The
proposed antenna has a compact size and simple structure, which comprises of a main
patch antenna, four adjacent patches and four PIN diodes. With suitable arrangement
of the bias network, the proposed antenna demonstrates either switching frequency in
3.2, 3.35 or 3.6GHz with the linear polarization (LP); or switching polarization in linear,
right hand circular or left hand circular polarization (RHCP/ LHCP) in the same
frequency. The simulated and measured results reveal good impedance bandwidth, axial
ratio, and radiation patterns; hence the proposed reconfigurable mechanism is well

suited for wireless communication applications.
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Chapter 1 Introduction

Chapter 1  Introduction

1.1Background

With advances in technology, wireless communication has become an integral part of
daily life. For example, wireless local area networks (WLAN), wireless personal area
networks (WPAN), and RFID systems, all sorts of wireless applications makes people’s lives
more convenient than the past.”Antennas play an important role in wireless communications.
The performance of the antenna will ‘affect the communication quality.

With the increase of wireless applications and rapid development of technology, wireless
communications desire antennas with frequency diversity and polarization diversity to adapt
in different application platforms and to improve polarization mismatch loss. Antennas with
frequency diversity, such as multi-band or broadband antennas, make antennas operate in
different frequency bands to transmit and receive messages in various telecommunication
services. Polarization diversity can improve the communication quality when receiving signal,
so the signal will not suffer from multipath diffraction or scattering, resulting in polarization
mismatch loss, such as using different polarization antenna to achieve polarization diversity.
Pattern diversity, controlling null position in the radiation patterns, can avoid receiving noise

from other devices and transmitting signals to unrelated devices, such as using antenna arrays
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to achieve pattern diversity.

Although multiband or broadband antennas can operate in different frequencies, they
receive unwanted signals from other frequency bands, which makes the system require
stringent filters and results in increasing costs and space requirement. Different polarization
antennas can receive signals with various polarizations which minimize the polarization
mismatch loss. However, using multiple antennas will greatly increase the space requirement.
Array antennas, which consist of a number of antennas, due to space constraints and multiple

antenna coupling effect, are not suitable for application in handheld devices.

1.2 Related Works

In recent years, software defined radio (SDR) and cognitive radio (CR) have received
significant attention in the field of wireless communications. The SDR/CR device changes its
transmission or reception parameters to’ communicate efficiently between licensed and
unlicensed users. These parameters. include operating frequency, spectrum, signal format
modulation, etc. Hence, some researchers proposed reconfigurable antennas to be a good
front-end solution to accompany the development of SDR/CR networks [1]. These
reconfigurable antennas are capable of achieving diversity in the operating frequencies,
polarizations, radiation patterns as well as gain; therefore, these antennas can fulfill the
requirements of SDR/CR networks. Moreover, signals in the real world suffer multipath,
fading, and diffraction as well as interference. The wireless system uses the reconfigurable
antenna to increase the signal-to-noise ratio of the whole system by achieving diversity

capabilities.

Generally, reconfigurable antennas are categorized in terms of frequency, radiation

pattern, or polarization. The frequency reconfigurable antenna changes operating frequency
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while maintaining radiation characteristics. Compared to multiband antennas, the frequency
reconfigurable antenna could be used in the multiband communication system for better
out-of-band rejection. The frequency reconfigurable antenna only has one operating frequency
in each operation. In other words, it has inherent bandpass characteristics that eliminates the
demand of an isolated filter and hence reduces the front-end circuit complexity [2]-[5].
Consequently, the pattern reconfigurable antenna which changes radiation pattern while
maintaining operating frequency and bandwidth can greatly enhance system performance by
steering its radiation beams or nulls in several predefined reception directions. Therefore, it
also achieves angle/space diversity at a given operating frequency. Pattern reconfigurable
antennas are applied in handheld devices to decrease the interference with other devices and
to improve communication quality [6]-[8]. A pattern reconfigurable bow-tie antenna using a
CPW—to-slot line transition and a switchable polarization patch antenna have been
investigated to increase the signal-to-noise (SNR) ratio. [9]-[11]. Finally, the polarization
reconfigurable antenna has been reported m [12]-[21]. Such antennas are commonly designed
based on the microstrip patch antéenna with truncated corners or slots so as to switch the
antenna polarization states between RHCP, LHCP, LP, vertical polarization, or horizontal

polarization.

1.3 Organization of Thesis

The thesis is organized as follows.
Chapter 2: The essential backgrounds are described. It starts from antenna parameters in
antenna design. And then the introduction of microstrip antennas is given.

Chapter 3: A novel multiple-ear patch antenna for polarization and frequency diversities is
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proposed. The antenna configuration, design concept, and bias network are

described firstly. The parameter study and the antenna operating mechanism is

also described and explored. Next, the simulated and measured results such as

axial ratio and radiation patterns are presented.

Chapter 4: Conclusion

The previous work (a frequency reconfigurable slot antenna using PIN diodes) of

multiple-ear patch antenna for polarization and frequency diversities is given in appendixes.

Appendix A: Introduction of slot antenna.

Appendix B: A frequency reconfigurable slot antenna using PIN diodes is proposed. The

proposed antenna structure and design concept are presented firstly. And then

the measured and simulated results of the proposed antenna such as return loss

and radiation patterns are‘given. Finally, it is a brief summary.
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Chapter 2  Introduction of Microstrip patch Antennas

2.1 Introduction

In this chapter, we introduce the essential background for the antenna design, such as

antennas parameters and theory of microstrip antennas.

2.2 Antenna Parameters

® Directivity D — a ratio of the maximum power density in the main beam direction

to the average radiated power density.

® Radiation Efficiency 5 — aratio of radiated power to the input power.

® Gain G — a ratio of the maximum radiation intensity to the radiation intensity

obtained if power received by the antenna were radiated isotropically.

® VSWR — Voltage Standing Wave Ratio, is a measure of how efficiently

radio-frequency power is transmitted from a power source, through a transmission
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line, into a load.

® Return Loss or Reflection Coefficient /° — a loss of signal power results from
the reflection caused at a discontinuity in a transmission line or optical fiber. Return
loss is usually expressed in dB and equals to -20log(I"). Reflection Coefficient is a

ratio of the amplitude of the reflected wave to the amplitude of the incident wave.

® Bandwidth — a range of frequencies over which important performance

parameters are acceptable.(frequencies were determined by the VSWR =2)

® Polarization — the orientation of oscillations in the plane perpendicular to a
transversal wave's direction of -travel.” Antenna polarizations: Linear, Circular,

Elliptical.

® Radiation Pattern — angular variation of radiation around the antenna, including:
Directive, single or multiple narrow beams, Omnidirectional (uniform radiation in

one plane), Shaped main beam

2.3 Microstrip Antenna

Microstrip antennas have several advantages compared to conventional micro-wave
antennas, such as light weight, low volume, thin profile configurations, low fabrication cost,
and readily amenable to mass production. Based on these advantages, microstrip patch
antenna become one of the most common form of printed antennas and were conceived in the
1950s. Extensive investigation of patch antennas began in the 1970s [22],[23] and resulted in

many useful design configurations [24].



http://en.wikipedia.org/wiki/Signalling_%28telecommunication%29
http://en.wikipedia.org/wiki/Power_%28physics%29
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Fig. 2-1 shows the most commonly used microstrip antenna, a rectangular patch being fed
from a microstrip transmission line. The fringing fields act to extend the effective length of
the patch. Thus, the length of a half-wave patch is slightly less than a half wavelength in the
dielectric substrate material. An approximate value for the length of a resonant

half-wavelength patch is [23].

L~ 0.4914 = 0.49

Ls Half-Wavelength patch

Ver
The region between the conductors acts as a half-wavelength transmission line cavity that is
open-circuited at its ends and the electric fields associated with the standing wave mode in the
dielectric. In Fig. 2-1(b), the fringing field at the ends are exposed to the upper half-space
(Z>0) and are responsible for the radiation: The standing wave mode with a half-wavelength
separation between ends leads-to electric fields that are of opposite phase on the left and right
halves. The x-components of'the fringing fields are actually in-phase, leading to a broadside
radiation pattern. This model suggests an “aperture field” analysis approach where the ptch
has two radiation slot aperture with" electric fields in the plane of the patch. For the
half-wavelength patch case, the slots are equal in magnitude and phase. The patch radiation is
linearly polarization in the xz-plane, that is, parallel to the electric fields in the slots. Pattern
computation for the rectangular patch is easily performed by first creating equivalent
magnetic surface currents as shown in Fig. 2-1(c). If we assume the thickness of the dielectric

material t is small, the far-field components follow from the equations as
Eq = E,cos ¢ [(6,d)
E4 = —E, cos® sind [(6,P)

Where
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W

W o
/(6,¢)= WCOS (BL sin @ cos cl))

= sin@ sinq) 2

And [ is the usual free-space phase constant. The principal plane pattern follows from as

Fg(0) = cos (% sin 6) E-plane, ¢ = 0°

sin B—Wsine]
Fy(8) = cos @ —w——
2

H-plane, ¢ = 90°
——sin@

The patch width W is selected to give the proper radiation resistance at the input, often 50

ohms. An approximate expression for the input impedance of a resonant edge-fed patch is

\2
y (W) O Half-wavelength patch

Zy = 90

er
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Fig. 2-1. (a) Geometry for analyzing the edge-fed microstrip patch antenna. (b) Side view
showing the electric fields. (c) Top view showing the fringing electric fields that are

responsible for radiation. The equivalent magnetic surface M; currents are also shown.
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Chapter 3  Multiple-Ear Patch Antenna for Polarization

and Frequency Diversities

3.1 Introduction

Although reconfigurable antennas are well investigated in the antenna community,
antennas simultaneously processing two“of the aforementioned three reconfigurabilities
(in Chapter 1) are sometimes quite limited owing to complex interaction of antenna structure,
antenna mechanism or radiation characteristics. Hence, relatively few works have proposed.
In [25], the patch antenna with switchable slot (PASS) is capable of selecting the two
frequencies with RHCP, or LHCP, but it has to change the feed position to achieve
polarization switching. In [26], a reconfigurable microstrip patch antenna with frequency and
polarization diversities was proposed, but it has an extra quarter-wavelength impedance
matching network which increases the antenna size. In [27], the single-feed circular
microstrip antenna is able to control all three polarization modes (LHCP/RHCP/LP) at the
same frequency, and one additional frequency with LP. However, this antenna consists of five
switches (PIN diodes), and three matching stubs, which increase the cost and the size of the
antenna at the same time. The problems of combining two distinct diversities together result

from different characteristic of each diversity, and the difficulties of controlling diversity

10
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functions in a limited space. Furthermore, because strong interaction between two diversity
functions is blocked, one antenna with more than two diversity functions becomes hard to

achieve.

In this chapter, a polarization and frequency reconfigurable patch antenna is proposed.
The proposed antenna structure comprises of a main patch antenna, four adjacent patches, and
four PIN diodes. Each PIN diode is located between the main patch antenna and an adjacent
patch. By applying forward bias or reverse bias to the four PIN diodes, the proposed antenna
demonstrates the frequency and polarization reconfigurable ability without an extra feed line
or matching networks. In 3.2, the antenna configuration, design concept, and bias network are
discussed. The parameter study and the antenna operating mechanism is also described and
explored. The simulated and measured results such as axial ratio and radiation patterns are

presented in 3.3.
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- {Co]
W, =L Top layer

D, &N Ls
D, Ly Bottom layer

L L a
S Via

i ™~ C L3

Via Probe feed Via
(b)

Fig. 3-1. Geometry of the proposed antenna. (a) Top view. (b) Cross-sectional view.
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(a) (b)
(c) (d) (e)

Fig. 3-2. The operating mechanism of the proposed antenna for (a) FRy, (b)FR;, (¢)FR g or
PRg5;-(d) PRinep, 01.(€) PRicp.

3.2 Antenna Configuration.and Design Concept

3.2.1 Antenna Configuration and Operating Mechanism

The structure and operation mechanism of the proposed antenna for frequency and
polarization reconfigurable purposes are shown in Fig. 3-1 and Fig. 3-2. The signal is fed
directly to the diagonal line of the main patch antenna via an SMA connector. The PIN diodes
are across the 0.5mm gap between main patch antenna and each adjacent patch. The patches
are located on the opposite side of the main patch antenna. They are positioned near the main
patch antenna and can provide either extended current path for frequency reconfigurable
ability or changed transverse magnetic (TM) mode of the main patch antenna for polarization

reconfigurable ability. The proposed antenna is etched on 30 x 30 mm® (total size) printed
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circuit board (PCB) with h=1.6mm and &, = 4.4. In this design, the PIN diode is
BAR64-02V with a forward bias resistance of 2.1 (2 and reverse bias total capacitance of
less than 0.18pF. The DC bias voltage Vpp is either 3V or -3V and is controlled by a finger
switch for convenient operation. The power source is selected as coin cell batteries for
measurement purpose. The current-limited resistors, R1 to R4, are 470 ohm and hence the
diode current ID is from 0.1nA to 10 mA which is dependent on the diode states. The final

antenna parameters are as follows: L1=19, L2=6, L3=4.5, L4=3.75, L5=2, h=1.6, W1=4.

(Unit: mm)
Table 3-I Frequency reconfigurable scheme
Dl /V1 D2 /V2 D3 /V3 D4 /V4 Freq. Pol.
Freq.
scheme
(GHz)
FRy, OFF OFF OFF OFF 3.6 LP
(-3V) (-3V) (=3V) (3V)
FRp;i N . LP
mid ONGYY opp (-:3V)  OFE(:3V) Qe 33
FR, ON ON@3V) ON@V) - “ON@BY) 32 LP
(3V)
Table 3-II Polarization reconfigurable scheme
Dl D2 D3 D4 Freq. Pol.
Pol.
scheme
/V1 /Vz /Vg /V4 (GHZ)
PRjpep OFF OFF 3.35 LHCP
ON (3V ON (3V
(-3V) (3V) (-3V) (3V)
PRhep ON OFF OFF 3.35 RHCP
ON 3V
3V) (-3V) (3V) (-3V)
PR ON OFF OFF 3.35 LP
e ON (3V)
(3V) (-3V) (-3V)
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| L

l_/WV\_O O DC bias

Antenna End —> Bias Network pp—

I

Fig. 3-3. Conceptual schematic of the dc bias networks

Table 3-I and Table 3-II illustrate the DC bias configuration for the frequency and
polarization reconfigurable schemes. When the antenna is intended to be operated in
frequency reconfigurable (FR) scheme— namely high, middle, and low, all the diodes are
turned off for higher operating frequency (FRp). and-all turned on for lower operating
frequency (FR)), respectively..In addition, either D; or D4 are turned on while D, and D; are
turned off or D; and D4 are turned off while-D, and Ds are turned on for middle operating
frequency (FRpuq). In the frequency: reconfigurable schemes, the adjacent patches and PIN
diodes are used to change the current distribution on the proposed antenna. Consequently,
when the antenna is operated in a polarization reconfigurable (PR) scheme— namely, linear
polarization (PRy,), right hand circular polarization (PRyp) or left hand circular polarization
(PRinep)— Di and D3 are turned on while D, and D4 are turned off for left hand circular
polarization or D; and Dj; are turned off while D, and Dy are turned on for right hand circular
polarization. In Table 3-II, the status of PRy, is completely the same as FRyq but they are
named differently for easy understanding and comparison. The adjacent patches and PIN
diodes affect the phase relationship between TMy; and TM in the PR purpose. In this work,
the proposed antenna is intentionally designed to sufficiently achieve the above-mentioned

abilities in the small frequency because the adjacent patches are too small and the
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performance of proposed antenna is easily interfered with by the DC power line/source. The
equivalent circuit diagram is shown in Fig. 3-3. As shown in Fig. 3-3, the path is comprised of
diodes, adjacent patches, 18nH inductors, DC lines (high impedance lines), and 100pF
capacitors. The 100pF capacitor is placed approximately one-quarter wavelength from the
adjacent patch in order to block RF signals at adjacent patches and hence improve the RF-dc
signal isolation. The value of inductor and capacitor is selected by the simulated result. In the
simulation, a diode in the forward state is modeled as a 0.6nH inductor in series with a 2.1 ()
resistor, whereas a diode in reverse bias is modeled as 0.6nH inductor in series with a 3k()
resistor and a 0.18pF capacitor in parallel. The above configuration ensures that the DC

line/network cannot affect the antenna performance.

S -10- Sim. FR__
mﬂ Sim. FRh
Sim. FR,

-151 —=—Mea. FR__
—e— Mea. FRh
—4&— Mea. FRI

'20 T T T T T T T T T
3.0 3.2 3.4 3.6 3.8 4.0

Frequency (GHz)

Fig. 3-4. Simulated and measured S;; for FR scheme.

3.2.2 Frequency Reconfigurability

The S11 of the proposed antenna for frequency reconfigurable purpose is shown in Fig.
3-4. The simulated and measured results are fair agreement and were taken by the Ansoft

HFSS and the E8364B PNA network analyzer, respectively. In experiment, and FR; is

16
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determined by current flows to adjacent patches when the diodes are turned on, resulting in a

longer resonant length. The operating frequency is determined by Eq. 3-1 to 3-3.

(3-1)
e +1
Eett =
2 (3-2)
L = Lmain + Ladjacent (3_3)

Lmain 1s the edge length of main patch antenna and approximates half wavelength of
fundamental frequency. The Lagjacen: 1S the length of extended current flow through the
adjacent patch and is the dominated element for shifting operating frequency. The increment
of operating frequency is simply in reverse proportion to Lagjacen. It 1s noted that the diode
slightly shift the operating frequency to lower because it can be treated as an inductor and a

resister in series.

-20 - .

3.0 3.2 | 3i4 | 3.6 | 3.8
Frequency (GHz)

Fig. 3-5. Simulated and measured S;; for PR scheme.
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Fig. 3-6. Simulated and measured axial ratio for PR scheme.

3.2.3 Polarization Reconfigurability

The S11 and AR (Axial Ratio) of proposed antenna for polarization reconfigurable
purpose are shown in Fig. 3-5 and Fig. 3-6, respectively: The measured results agree with the
simulated ones. For PRy, and PRyup, the aceepted operating bandwidths are 160 MHz and
195 MHz; meanwhile, the associated AR< 3 bandwidths are 45 MHz and 55 MHz. The patch
antenna can be described as a cavity with TMy; and TM ;o modes [27], [28], on the other hand,
the SMA feed is directly located on the diagonal line to excite two orthogonal modes. When
TM o and TMy; with equal amplitudes and 90 degrees phase difference are well designed, the
LHCP or RHCP can be generated.

The most important parameters which affect the polarization are SMA feed location and
the shapes of the main patch antenna and the adjacent patches. In the case of LHCP, the
electric current flows along y-direction through the D; and D; and two adjacent patches,
resulting longer resonant length than current flows along x-direction in the main patch only.

This indicates that the y-polarized filed leads the x-polarized field. By adjusting the length of
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adjacent patches, the amplitude and phase relationship between TMy; and TM;, are obtained
by
Amp,, = Amp,,
@y, — Pp =90°
In contrast, the case of RHCP, i.e., the x-polarized filed leads the y-polarized field. When
the antenna topology is properly designed, the TM;o and TMy; have the same amplitude and
phase relationship given by
@y — P = —90°
Therefore, the RHCP is generated. Finally when phase relationship does not remain +/-
90°, the polarization of the proposed antenna is linear polarization (LP). It is noted that the
polarization reconfigurability can alseimplement by changing the width and length of the
main patch antenna without the adjacent patches. On the other hand, the proposed antenna
utilizes adjacent patches to obtained more flexibility in the reconfigurable antenna design for

the different purposes.

-5 54

%\ -10+ g -104
o —=—FR,L=2,W=2|® —=—FR, L=1,W =4
151 e FR,L=2,Wz=4| %] —e—FR, L =2, W =4
—+—FR, L =2, W =6 —+—FR, L=3, W =4

-20 T T T T T T T T T -20 T T T T
3.0 3.2 3.4 3.6 3.8 40 30 3.2 3.4 3.6 38 4.0
Frequency (GHz) Frequency (GHz)

(a)

Fig. 3-7. (a) Simulated S;; for different W, in FR,. (b) Simulated S;; for different Ls in FR;.
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Fig. 3-10. Simulated surface current distribution of (a) FRy, (b) FRuid, (¢)FRy, (d)PRyhcp, and (e)
PR»lhcp.
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3.3 Parametric Study and Radiation Characteristics

3.3.1 Parametric Study

The parametric study is useful because it provides a comprehensive picture of the
antenna characteristics. Because the each mechanism in FR or PR scheme are similar, FR;,
PRinp are chosen in the following discuss for simplification. The shape of adjacent patches is
firstly considered for the FR and PR schemes. For FR scheme, Fig. 3-7 show the effect of the
shape of adjacent patches. As Ls and W, increase, the longer current path causes the lower
resonant frequency on each mode. Whereas, for PR scheme, the axial ratio is strong related
current distribution in the adjacent patches as shown in Fig. 3-8. The position of diodes is
another issue in our design. As shown inFig. 3-9, the position of diode is slightly related with
the resonant frequency and axial ratio- By the parameters study as show in Fig. 3-7, Fig. 3-8,
and Fig. 3-9, W, Ls and Ls are chosen for maintaining better operating bandwidth and
polarization performance. Through trial-and-error to optimize the position and the shape of
adjacent patches, the proposed antenna.retains-good impedance matching in each mode and
fulfills the PR scheme with acceptable RHCP/LHCP bandwidth.

The simulated current distribution of each operation of FR and PR scheme firstly present
in Fig. 3-10. According to Fig. 3-7(a) to (c), the proposed antenna operated in the FR scheme;
they have similar current distributions in the FR scheme. As expected, a surface current
remains linear movement along with the diagonal line in one periodicity. Whereas, as shown
in Fig. 3-7 (d) and (e), it is clearly that the surface current rotates clockwise for PRy, or

anticlockwise for PRy, in one periodicity.
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(b)

Fig. 3-11. Photograph of (a) the front side and (b) the back side of fabricated antenna.
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Fig. 3-12. Simulated and measured radiation patterns for (a)PRpiq, (b) PRinep, and (¢) PRyyep
(unit : dBi)
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Fig. 3-13. The simulated and'measured axial ratio at 3.35GHz for PRy, and PRep.

3.3.2 Radiation Characteristics

A photograph of the proposed antenna along with the bias network and SMA connector
is shown in Fig. 3-11. The dc network and ‘battery are attached at the button layer for the
convenient measurement. The radiation patterns of each operation are shown in Fig. 3-12. As
shown in the figures, the agreement between simulation and measurement is fairly well, and
the slight discrepancy can be attributed to the fabrication tolerance, the interference from dc
bias lines as well as the diodes model used in the simulation. Since the patterns of FRy, FR;
and FRpq are quite similar, the Fig. 3-12 (a) only shows the patterns of FRy,4 in xz-plane and
yz-plane for simplification.

The measured backward radiation is a little bit higher than the simulated one, which is
also likely a result of interference from the battery and finger switch that is not used in the
simulation. Moreover, in Fig. 3-12 (b) and (c) show the radiation patterns of PRj,ch and PRy

in the xz- and yz-plane. Good symmetry of radiation patterns along broadside direction is
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shown.

Fig. 3-13 shows the measured and simulated AR at 3.35GHz for PRy and PRy, cases. The
measured axial ratio at 6=0° in 3.35GHz is 1.2 for RHCP and 2.5 for LHCP. An accepted AR
(<=3dB) is obtained in broad angular range from — 88° to 26° for RHCP and -38° to 28° for
LHCP. The measured AR bandwidth is a little bit narrow, and both of measured S;; and AR of

PRinep slightly shifts higher than the simulated one, which may be attributed to fabrication

tolerance.
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Chapter 4  Conclusion

A reconfigurable patch antenna for polarization and frequency diversities had been
shown in Chapter 3. By proper switching PIN diodes on or off, the antenna can operate in FRy,
FRmiq and FR; for frequency diversity, and PRiep, PRine, and PRy, for polarization diversity.
The design concept and operating mechanism have been analyzed and illustrated. In addition,
the proposed antenna uses single probe feed without extra matching networks; therefore, it
has compact size and simple structure, which is’easier to fabricate. The simulation and

measurement are agreement in this work.

SDR/CR devices need to changes its transmission or reception parameters including
operating frequency, spectrum, and modulation to communicate efficiently between licensed
and unlicensed users. By the reconfigurable frequency and polarization capabilities with the
minimal number of diodes, the proposed antenna is suitable for cognitive radio and wireless

communication applications.
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Appendix A.  Introduction of Slot Antennas

The antenna shown in Fig. A-1 (a) consisting of two resonant quarter wavelength stubs
connected to a two wire transmission line. the long wires are closely spaced (w << A) and
carry currents of opposite phase so that their fields tend to cancel. The end wires carry
currents in the same phase, but they are too short to radiate efficiently. In Fig. A-1(b), a half
wavelength slot is cut in a flat metal sheet. Although the width of the slot is small (w<< 1),
the currents are not confined to the edges of the slot but'spread out over the sheet. Radiation
occurs equally from both sides of the sheet. A slot antenna may be conveniently energized
with a coaxial transmission line as in Fig. A=1"(c) or Fig. A-1 (d) for better impedance

matching.

A microstrip-fed slot antenna, which consists of a microstrip line and a slot on the
ground, uses microstrip-to-slot transition to excite the slot. Microstrip-to-slot transition has
been widely used and analyzed by many investigators. A layout of this transition is shown in

Fig. A-2.

A transmission line equivalent circuit of the transition (Fig. A-2.) proposed by Chambers
is shown in Fig. A-3. The reactance Xos represents the inductance of a shorted slot, and Cq is
the capacitance of an open microstrip. Zos and Zoy are the slot and microstrip characteristic
impedance respectively. 6 and 8 ,, represent the electrical lengths (quarter-wave at the

center frequency) of the extended portions of the slot and the microstrip, respectively,
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measured from the reference planes as shown in Fig. A-3. The transformer turns ratio n

represents the magnitude of the coupling between the microstrip and slot.

Metal sheet

o= -

| 7 : | g/. _\;L

(a) (b)

1 Dy v
2 L5
71 72
< Cable bonded ]
to sheet
(c) (d)

Fig. A-1. The stubs of (a) are a poor radiator, the slot of (b) is a good, efficient radiator. (c)
and (d) are slot antennas fed by coaxial transmission lines.
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STRIP ABOVE SUBSTRATE

TR

SLOT BELOW SUBSTRATE

Fig. A-2. A layout of microstrip-to-slot transition

Zaml néé1 Xs 2 Zos
|

Fig. A-4. Reduced equivalent circuit of Fig.A-3.
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Fig. A-5. Transformed equivalent circuit of Fig. A-4

For further analysis the equivalent circuit in Fig. A-3 may be redrawn as in Fig. A-4. Here,

JX e + 12, tan 6,
Zys =Xotan 6,

jxs 'y ZOS

2 \OA 1/ joCy, + jZ 4, tan 6,
Z,,+tan@ /oC,,

After transformation to the microstrip side, the equivalent circuit of Fig. A-4 reduces to that

shown in Fig. A-5. In this circuits,

, Z,. X2

=N 0s S

2 2
Z; + X,

2 Zozsxs
Z2 +X?

0s S
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Finally, the reflection coefficient /' is given by

_R=Zy + j(Xp +X)
R+Z,,+ (X, +X)

From the above analysis, we can determine the characteristic impedance of the slot Zgs to

match the microstrip line impedance Zgp.

Generally, the microstrip extends about one quarter of a wavelength beyond the slot or

using a via to achieve microstrip-to-slot transition [5] [31] [33].

The electric field in the slot is given by

_V, sin k(I —|Z|)
~w - sinkl /4

X

This is identical to the magnetic current Jp, in front of the ground plane.
J =Exn=Exxy=E,z

This is equivalent to the magnetic current Jy, and its image in free space. Hence, the field is

equal to the field generated by 2Jy. Utilizing the following equations for radiation field E»
and E4 due to E(F'j and 3;(?']
ja)ﬂo iR T jkrr ' KR End BN LT
E,=————¢ 0-J dv’'———e" Jalr dv
eIl fo3(7}

jK

7Z'
jou, T ] G B e S | G 7
E =—"""e Jir e dvi+——e g-J
* 4zR J¢ [ J 47R j (

Jkr-F’dV/
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We have

E,=0

~jkR B
E, = iy e v, cos(kl cos @) —coskl
7R

sinkl sin @

The magnetic field H in the far field is simply related to E :

Therefore,

E,~ .e)€ v cos(kl cos @) —coskl
n naR.-’ sinkl sin &

Since 2004, the reduced-size quarter wavelength slot antennas have been proposed
in [36]-[39]. A common schematic diagram is shown in Fig. A-6 [36][37]. The length of the

slot, Ls, is about a quarter guided -wavelength.
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Fig. A-6. Geometry of a microstrip-fed quarter-wavelength slot antenna.
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Appendix B.  Frequency Reconfigurable Slot Antenna

Using PIN Diodes

B.1 Introduction

As mentioned in Chapter 1, with the rapid development of wireless communication
systems, the reconfigurable antenna technologies have received significant attentions in the
world. To cooperate well with the wireless devices, the reconfigurable antenna features higher
integration density, multiple functionality, reconfigurable capability and low cost properties.
The reconfigurable antenna commonly-adapts their properties to achieve selectivity in
frequency, bandwidth and radiation polarization. To achieve operation in several frequency
bands or enhance the available bandwidth, the frequency reconfigurable antenna changes
operating frequency for several services while maintaining radiation characteristics [30]-[32].

In this chapter, we propose a frequency reconfigurable slot antenna. The proposed
structure is based on an open-end straight slot line and the PIN diodes to achieve frequency
reconfigurable capability. The PIN diodes along with DC bias network are located at specific
positions to create short circuit or open circuit across the slot. By carefully controlling these
diodes, the antenna operates as the conventional A /4 slot antenna. The proposed antenna
structure and design concept are presented in B.2. B.3 provides the measured and simulated

results of the proposed antenna such as return loss and radiation patterns. Finally, %?{! 24
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TEZEI o gives a brief summary.

y W, W3 W, « W, ;
D, D A\
) "
5 T
T C
p2 Cpl
'Lbias . Lbias
' ‘
X
Y J
0
(a)
B
n—-l<l—T
O
Via Cpi Lbias
¥
DC port
(b)

Fig. B-1. (a) Configuration of proposed antenna. (b) PIN diodes arrangement and the

associated dc bias network.
B.2 Antenna Configuration and Design Concept

Fig. B-1 depicts the proposed antenna configuration and the layout of bias network. The
antenna is excited using a short-circuited microstrip line fed by an SMA connector. The
antenna consists of a straight slot line on the bottom layer, two PIN diodes, two lump
capacitors, and bias network. Additionally, a quarter-wavelength short-circuit stub is added to

the microstrip line to avoid that the metal sheet which is created by the slot is floating. The
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Fig. B-1. (b) shows the layout of the diodes and the DC bias network. The slot line and the dc
network are isolated by Lyi.s. The C,1 and C,; are used to support the necessary DC isolation
between the both metal sheets on the group plane.

In the design concept, the frequency reconfigurable capacity of the proposed antenna
mostly depends on length from open end slot to the forward state diode. According to Fig.
B-1 (a), the lengths of W+W,+W3, W,+W3+W, are approximately quarter wave length of
2.45GHz and 2.9GHz. Dy, D», C;,; and Cp; located at specific positions are used to switch the
operating frequencies. When the antenna is operated at 2.45GHz or 2.9GHz, the C,; and C,;
behave the zero resistance lump circuit. It should be noted that the position of the diodes and
the capacitors are also used to well match the impedance in our design.

The proposed antenna operates at two modes, i.e., the right side radiated mode (RR mode)
and the left side radiated mode (LR mode). The operating frequency of the proposed antenna
at the RR mode is 2.45 GHz and at the LR mode is 2.9 GHz. When the proposed antenna
operates at the RR mode, D, 1s at reversed state and D, at forward state and then the wave
radiates to -y axis. In reversely, as Dy 1§ at forward state and D, is at reversed state, the wave
radiates to y axis at the LR mode. According to our design experiment, at each mode, the
forward state diode can be used for good impedance matching and reverse state diode is not

significant influence.

B.3 Simulated and Measured Results

The simulation is performed using Ansoft HFSS while the measurement is taken by an
Agilent E8362B performance network analyzer. The patterns of the proposed antenna are
measured in a 7.0 x 3.6 x 3.0 m3 anechoic chamber with the NSI far-filed measurement
software. The proposed antenna is fabricated on a FR4 substrate with a dielectric constant of

4.4 and thickness of 0.8mm. The loss tangent of substrate is 0.02. The optimized parameters
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are as follows: W1=13.75, W2=W3=3.95, W4=4.75, W5=9.7, W6=1.4, S=1, L1=37, L2=1,
unit mm. The overall dimension of the proposed design is 26.4 x 40 mm2. In the following
design Infineon BAR64-02V PIN diodes are used, with a forward resistance of 2.1ohm, a

reverse parallel resistance of 3000 ohm, a diode capacitance of 0.17pF, and a lead inductance

of 0.6nH. The value of C,; and Cp; are 2.2pF while the Ly;,sis 100nH.
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Fig. B-2. Return loss of proposed antenna. (a) LR mode. (b) RR mode.

Fig. B-2 exhibits the simulated and measured return loss at the RR mode and the LR
mode. As shown in the figures, the agreement between the simulation and measurement is

fairly well, and the slight discrepancy can be attributed to the fabrication tolerance, the
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interference from the dc bias lines and connecting cable, as well as from the diodes model
used in the simulation. The proposed antenna can operate at different frequencies by

controlling the positions of the diodes.
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Fig. B-3. Simulated curtent distribution. (a) LR mode. (b) RR mode.
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Fig. B-4. Return loss of proposed antenna at Wi=W,=13.75mm
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The simulated current distribution at RR mode and LR mode are shown in Fig. B-3. It is
obvious that they both closed follow a quarter sinusoidal pattern with the maximum current
concentrated in the forward state diode and the minimum current in the open-end slot. It
should be mentioned that the two modes share very similar properties and the antenna
structure can be applied in other operating frequencies.

According our design concept, the proposed antenna is not only treated as the frequency
reconfigurable antenna, but also is treated as the pattern reconfigurable antenna when both
length of slots at right side and left side are equal. The Fig. B-4 shows the measured and
simulated return loss of proposed antenna when left side structure is as same as right side
structure of the antenna. In this case, at RR mode and LR mode, the operating frequencies are
both 2.45 GHz. and the wave radiates to opposite directions.

Fig. B-5 exhibits the simulated and measured radiation patterns of the RR mode and the
LR mode in xy-,and yz-plane: The measured patterns agree with the simulation results. The
measured gain in the yz-plane at RR'mode (2.45 GHz) and the LR mode (2.9 GHz) is -0.6 dBi
and 0.093 dBi, respectively. The measured gains are slight lower than the simulated ones,
mainly resulting from the PIN diodes and DC bias network. the cross-polarization levels are
generally much lower than the co-polarization ones. The proposed antenna also show good

front-to-back ratio at yz- and xy-plane.

B.4 Conclusion

A frequency-reconfigurable slot antenna has been proposed in Appendix B. By carefully
controlling these diodes, the antenna behaves conventional A /4 slot antenna. According to
the length form the open-end slot line to the microstrip line and the position of the forward
state diode, the proposed antenna can operate at assigned frequencies with opposite radiated

direction at the RR mode and the LR mode. The measured results agree with the simulated
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ones. The maximum radiated gain is around 0.93 dBi for 2.45GHz and 0.95 dBi for 2.9 GHz.

The proposed antenna may apply in various forms of the wireless communication.
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Fig. B-5. Simulated and measured radiation patterns. (a) xy-plane. (b) xz-plane. (¢) yz-plane.
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